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ABSTRACT

The last major episode of deformation occurred in the
area studied during the Grenville orogeny culboo Ma ago).
Deformation of this zone is characterized by a northsast
trending penetrative foliation and asoutheaat plunging mineral
lineation which increase in intenasity and decrease in
inclination from northweat to acutheaat. The deformation waa
imposed during reverse fault movement in which the
scutheastern block (the Grenville province) was verticélly
diaplaced on the oraer of 20 kilometera above the adjacent
block (the Southern province). The Killarney belt of
granitea, which aseparate the Grenville province from the
Southern province in thia area, are intrusive into the
Huronian metaasedimenta and predate the Grenville orogeny.
Theae granites also ahow evidence of Grenvillian deformation.

Paleopiezometry has shown that the differential stress
during deformation increases from less than 1 Kbar to more
than & Kbar from aoutheaast to northwest. The microastructural
strain featurea in quartz and felapar and the mineralogy
indicate that a temperatufe change of 400 C ia aasociated
with this change in differential stréss. Kinematic analysia
of mylonites supporta the reverae fault model of the

Grenville Front.
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CHAPTER 1

Introduction

The Grenville Front, which marks the northwest boundary
of the Grenville Province (Figure 1), manifaesta itself in
many placea as a zone of intense deformation, ranging in
atyle from cataclastic to ductile. This deformation was, in
part, the reault of reverae fault movement along the Front
during the Grenville Orogeny (~1000Ma;e.g. Wynne-Edwardas,
1972). Deformation associated with this displacement,
however, ia not reatricted to a aingle fault plane, but
becomes increasingly penetrative southeastward from the
Grenville Province boundary, and has produced several =zones
of sheared and mylonitized rocks. Due to the complex history
of the Grenville Province, and adjacent structural provinces

of the Canadian Shield, recognition of Grenvillian



deformation is not straightforward.

The northwest boundary of the area mapped is defined by
the contact between Huronian sedimentary rocks, to the
northweat, and granitoid rocks that form a number of
northeast-elongate bodies referred to as the kGrenville Front
Granitea’ by Frarey and Cannon (1968). Thia contact follows a
line connecting Kakakise, Ruth-Roy and Bell Lakes, and,
according to Frarey (1985) and Frarey and Canncon (1968),
separatea the Southern and Grenville Provincea, characterized
respectively by eaat-trending ateeply folded Huronian atrata
and adjacent northeast trending, scutheast dipping gneissic
rocka. Card and Lumbers (1977), however, placed the Grenville
Front farther east, passing through Carlyle Lake and the
southeaat part of Johnny Lake: this is within the Grenville
Front Tectonic Zone of Lumbers (1978).

A amall aegment of the Grenville Front southwest of
Sudbury, Ontario, has been studied in order to characterize
the nature of the deformation which has occurred within part
of the Tectonic zone adjacent to the Southern Province. The
area is underlain by varioua granitoid phaaea and
metasedimentary xenoliths and screens, all cut by dykes of
diabaase, pegmatite and fine grained granite. The development
of the structural fabric, sense of movement along ahear
planea, metamorphic gradient and the petrography of granites

and gneisses have also been studied.
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Figure 1. Subprovinces of the southwestern Grenville
Praovince, after Wynne-Edwarda (1972). S - Southern
Province, C - Huronian cover on the Superior Province

(Cobalt Plate). Paleozoic cover is atippled.



Location and Access

The study area is located approximately 60 km southwest
of Sudbury, Ontario, where the Grenville Front follows
Carlyle, Johnny and Bell Lakes (Figure 2, pocﬁet) in Carlyle
Township . The area mapped is triangular in shape and is
bounded by Ontario Highway 637 to the socuth, the Carlyle
Township Linea to the east and west and the Huronian-granite
contact to the north. The total area mapped encompaasasea 30
square kilometers.

The area is sasily reached by vehicle from highway'637,
the Bell Lake Road and small cottage roads. These roada alao
provide acceaa to a large number of inter- connected lakea
which span the length of the study area.

Mapping of the area was carried out by road, canoce and
foot traverses at a scale of 1:10,000 or less. Foot traverses
were planned baased on outcrop location in air photographs
such that all sizable outcrops were observed. Road and
lakeashore ocutcropa were mapped in detail. Accomodation waa

provided by cottages on Carlyle Lake.



Physical Features and General Geoclogy

The northwest boundary of the area is flanked by the
Lorrain and Bar River Quartzitea of the Huronian Supergroup.
These very resistant units create a rugged toﬁography of
prominent bare white hills and broad east-west trending
ridges which together form the eastern most and highesat part
of the La Cloche Mountains,.

The rocks of the Grenville terrain are much less
reasiastant to erocaion than the quartziteas. The topography
consists of low lying narrow ridges separated by narrow swanmp
filled valleys . Thia topography ia largely bedrock
controlled such that the general trend of the ridges is in a
northeaaterly direction.

Adjacent to, and intruding the Huronian metasediments,
and bounded to the socutheaat by the Grenville gneiasses, ia
the atrip of granitic rocks refered to- by Frarey and Cannon
(1968) as the "Grenville Front Granites". This strip is
composed of a auite of deep red to pink granitic bodies
aligned in a northeasterly direction. The sharp colour
contrast between thease units and the white rocks of the
Southern Province makes this a dramatic and easily recognized
contact. The granites have an intermediate resistance to
erosion relative to the gneiassea and the quartzitea and form

smooth rounded hills separated by narrow, deep lakes.



Previous Work

The Grenville Province which passes through Ontario,
Quebec and Labrador, is the youngest structu?ul province of
the Canadian Shield. It extenda for 2000 kilometera in a
northeasterly direction, from northern Georgian Bay in
Ontarioc to the coast of Labrador. The expoaed width of the
Province variea from 300 to 4350 kilometers.

The northwest boundary of the Grenville Province is a
structural discontinuity known as the Grenville Front.'Along
this boundary, Grenville Province rocks abut rockas of the
Southern, Superior, Churchill and Nain structural provincea.
To the southeaast, The Grenville Province ia buried beneath
Paleozoic cover.

Geological investigations have been carried out in the
Grenville Province for over a century.. In apite of this,
progreaas toward improving our underatanding of the origin of
the province haa been aslow. Due to the complex nature of the
Grenville Province as a whole, any atraight forward
interpretation of origin cannot be made. Several regional
astudies have been published in the paat two decadea, the beat
known being that of Wynne-Edwardas (1S72). Others include
Lumbers (1978) and Stockwell (1982). For a complete review of

the literature on the Grenville Province prior to 1872, the



reader is refered to Wynne-Edwards.

Wynne-Edwards (1972) has divided the Grenville Province
into seven major subdivisions with subsidiary segments based
on differing structural and metamorphic styles. These are:

I Grenville Forland Belt .

Ia) Southern Foreland Zone
Ib> Superior Foreland Zone
.Iec} Churchill Foreland Zone
Id> Nain Foreland Zone

IT Grenville Front Tectonic Zone

IIT Central Gneiss Belt

IV Central Metasedimentary Belt

v Central Granulite Terrain

VI Baie Comeau Segment

VII Eastern Grenville Province

For the purposes of this study, only Ia and II are discussed.

I Grenville foreland Belt

The Grenville foreland belt lies to the northwest of the
Grenville Front. It ia a zone 20 to 60 kilometera wide which
has a northweat boundary defined by the limit of northeaat
trending southeast dipping cleavage, faults and folds

commonly aasociated with the Grenville Orogeny.



Ia) Southern Foreland Zone

The Southern foreland zone lies within the Penoksan Fold
Belt of the Southern Province. In this zone rocks of the
Huronian Supergroup have been deformed during the Hudsonian
Orogeny (~1850Ma). Superimposed on the east-wést trending
folds are northeast trending structures believed to be the
result of the Grenville Orogeny. Radiometric K-Ar dates
determined for rocks of the Southern foreland zone have not
been reset to Grenvillian ages.
II Grenville Front Tectonic Zone

The Grenville Front Tectonic Zone forms a belt 15 to 80
kilometers wide, having a atrong and perasistent northeaat
trending foliation and acoutheaat plunging lineation. The
dominant rock type in the zone is quartzo-feldspathic gneisa
of high metamorphic grade (commonly upper amphibolite to
granulite grade). The belt has conapicuously low magnetic
relief and no magnetic texture which ia in aharp contraat to
the complicated and detailed pattern of the rest of the
Grenville Province. A& negative Bouguer anomaly, SO to 80
kilometers wide and extending for more than 1100 kilometers
along atrike alasoc coincidea with thia zone. Seismic profilea
acroas the Grenville Front Tectonic Zone suggest that the
underlying cruat ia 5 to 8 kilometera thicker than elaewhere
in the Shield (normal thickneass: 34 to 36 kilometers). The

Grenville Front Tectonic Zone ias alao the locus of numerous



parallel zones of cataclasis and mylonitization.

The Grenville Front which marka the northwesat limit of
the Grenville Province haas long been recognized as a major
tectonic feature of the Canadian Shield but ghe exact
definition of the Grenville Front is still an issue of
controveray. The term "“Grenville Front" was firat used by
Derry (1950) on a Tectonic Map of Canada but the feature was
not defined in that publication. Part of the problem arises
from the fact that the structural nature of the Front changes
along itas length. Different segmenta are marked by any'one of
the following: a fault, a fault =zone, a metamorphic boundary,
a locua of mylonitea or shear zonea, intrusive igneocus
activity.

Wynne-Edwards (1972) defined thes boundary on the basis of
geochronology as the line acrosa which K-Ar agea were reset
to 1000 Ma. Stockwell (1982) used a combination of
geochronological, structural and metamorphic criteria to
define the boundary. Other definiticna have alao been
proposaed.

The southwestern Grenville Front has been of particular
intrest since the mid 1800’as. Nineteenth century
inveatigators included Murray (1849,1857), Bell
(1878,1891,1898) and Barlow (1893). Bell (1898) produced the

firast map showing all the major rock unitas. He recognized the
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post-Huronian age of the granites which separate the
metasedimentary rocka of the Southern Province from the
gneiasea of the Grenville Province, which he called "the
Killarney belt of granitea®™. The abrupt change in lithology
from supracrustals to guartzofeldspathic gneiases acroas the
Grenville Front in the Sudbury region and the prevailing high
grade of regional metamorphiasm in the Grenville Province waa
recognized by Wilson in 1918.

Systematic mapping in the southwestern Grenville Province
and the adjacent area in the Southern Province was first done
by Quirke (1917), Collina (1916) and Eskola (1922,in Céllina,
1925). In Collins (1925), the stratigraphic and structural
relationahipa of the Huronian raocka 6£ the Scouthern Province
were established as well aas the marked change in structural
trend acrosa the southweat asegment of the Grenville Front.
Thia boundary Collina referred to aa “the limit of Huronian
atrata™. A few yeara later, Quirke and. Collina (1930)
published their conclusions on specific relationships betwsen
the Huronian sedimenta and the Grenville gneiasea. The
“Killarney belt of granitea" were thought to be melted and
remobilized or metasomatized Huronian sediments and the
gneisses, the result of wholesale granitization, the large
contrast in metamorphiam on either aide of the granites being
the result of great vertical displacement along the

atructural break. Lawaon (1929) after viaiting the area,
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agreed on the post-Huronian age of the granites but gave
evidence for the intrusive nature of the granites.

Until Frarey and Cannon (1968) and Frarey (1985), no
comprehensive study had been done in this area since 1926 but
many specialized studies have been carried ou£. These include
Jonea (1930), Dollase (1962), Brooks (1967,1976) and
Henderson (1967,1972). Even with the restricted areas coverad
by thesae atudiea, the precise location of the aocuthweat

Grenville Front has yet to be agreed upon.



CHAPTER 2
PETROGRAPHY

Introduction

The areal distribution of units, as they have been
defined in this study, is shown in figure 2. Most of these
units have previously been described by other authors who
have worked along this section of the Grenville Front (egq.
Brocksa, 1964: Frarey, 1985). Some of the contacta between
units which were determined through detailed mapping vary
slightly from that published by Frarey (1985). A large number
of contacts were covered by swamps or overburden and had to
be inferred and the nature of these contacts could not
generally be determined. The nature of those contacts that
were obaserved directly includea intruaive, sheared or

faulted, and gradational. The division of the units

12
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described is based largely on fisld descripticons. A more
detailed petrographic atudy of the area may result in
modificationa to many of the boundariea.

The modal proportions of variocus samples were determined
by point counting of thin sectiona on the pet?ographic
microscope using a mechanical stage with a point spacing of
0.3 millimeters. The results of thia are shown in table 1.
The location of each sample counted is shown in figure 2.
Each of these has also been plotted on a quartz-feldspar

triangular diagram (Figure 3).
Bell Lake Granite

Tha‘Bell Lake Granite is the largest and most distinctivs
unit in the area and is one member of the "Killarney Belt of
Granitea™. It ia a lenticular body, extending fron Carlyle
Lake northeaatward for 17.6 kilometersa. to Annie Lake (located
10 kilometers northeast of the study area), and has a maximum
width of approximately.2 kilometers. This unit underlieas
approximately one third of the atudy area which accounts for
the socuthwestern half of the of its total extent.

The Bell Lake Granite is a course grained light pink
to red porphyritic granite to granodiorite with a black
biotitic matrix. The unit can range from maaaive to very well

foliated with the foliation commonly being marked by the



x Qtz,Kap,

Sample Quartz K-apar Plag. Bio. Epidote Musc. Hbd. Cht. Cte. Sphene Mte. Garnet TOTAL Plag Rock Type

P10 34.0 17.8 41.S 4.7 - 0.6 0.3 - - - 0.3 0.1 3290 93.3 Granodiorite
P35-1 20.7 29.5 40.5 4.9 - - c.8 1.5 - 1.8 0.3 - 2052 90,7 Qtz Monzonite
P35S 25.2 16.5 S51.8 3.9 0.9 - 0.2 1.1 - 0.5 0.2 - 2058 93.5 Granodiorite
P3Sa 22.5 i8.1 46.6 3.5 0.8 1.5 - trace - 0.3 0.3 - 41093 87.2 Granodiorite
P4sS 27.6 6.3 59.4 3.4 - 1.9 - - 0.2 0.3 0.5 trace 1134 93.3 Tonalite

PS4 26.5 33.1 32.9 6.1 - 0.1 - - - - 0.9 - 2113 92.5 Granite

P102 26.6 43.0 28.1 0.2 0.2 1.2 - - - - 0.6 - 2035 87.7 Grenite

P109 16.5 23.6 41.5 8.3 4.1 2.4 - - - 1.3 1.2 - 1208 81.6 Granite

P113 0.1 5.1 50.6 8.2 4.4 - 29.4 - - 0.7 0.8 - 1054 55.8 Diorite

P115 15.2 26.1 45.0 7.2 2.8 1.7 - - 0.1 1.1 0.8 - 4053 85.3 @tz Monzonite
P121 22.2 26.3 32.2 9.0 4.6 1.5 - - - 0.5 0.1 - 788 80.7 Granite

P139 24.7 29.0 29.4 8.3 3.8 2.5 - - trace 0.3 0.4 0.1 5160 83.1 Granite

P204 25.6 35.6 11.1 0.4 12.6 2.6 - 10.2 - 1.6 0.1 - 1200 72.3 Granite

P244 20.8 44.8 28.8 0.8 - - 2.5 - - - 0.9 0.5 2078 94.4 Granite

P245 16.9 42.3 24.0 - - - 15.1 - - - 1.0 0.4 2084 83.2 Granite

P2e6s8 26.7 16.3 41.8 5.7 1.4 1.9 - 4.0 - 0.2 1.2 0.6 2055 84.8 Granodiorite
P269 30.9 29.3 28.1 8.0 1.2 2.5 - - - - - 0.5 1021 88.3 Granite

p283 32.3 28.6 35.6 0.7 0.1 trace - 1.5 - 0.1 0.7 - 2062 96.5 Granite

pP28é 28.5 29.4 37.0 0.05 - 0.05 - 3.9 - 0.1 0.8 0.1 2051 94.9 Granite

P347 32.4 30.6 30.7 1.6 1.9 2.5 - 0.1 - - 0.2 trace 6183 83.7 Granite

P361 32.6 20.0 35.1 3.3 3.2 S.6 - - - - 0.1 - 6016 87.7 Granite

P368 31.0 25.5 31.6 1.4 2.5 7.7 - - - - 0.3 - 4102 88.1 Granite

RIS 26.6 28.3 35.7 - 5.5 0.4 2.0 - - - - 0.3 0.4 1167 90.6 Granite

P10-1 7.1 20.8 45.9 20.0 - - - 0.8 - 1.7 1.5 0.2 2638 73.8 @tz Monzodiorits
P10b 22.3 29.4 37.6 - 2.7 - - 7.1 - - 0.8 trace S24 89.3 Granite

P52 20.6 7.3 60.3 10.8 - - - trace - - 0.3 - 2042 88.2 Granodiorite
PS3 32.9 13.9 $0.7 2.2 - C.1 - - - - trace - 2726 97.5 Granodiorite
P460 16.4 5.1 45.9 18.3 4.4 7.5 - 0.1 - 0.6 0.1 0.2 1485 77.4 Granodiorite
pS527 13.5 15.6 45.6 23.0 1.1 - - 0.3 - 0.1 0.7 - 1071 74.7 Qtz Monzodiorite
P529 22.6 20.4 47.0 5.2 0.1 - 3.7 - - 0.3 0.5 - 1018 S0.0 Granodiorite
P602 21.1 21.1 40.1 16.4 - - - 0.6~ - - 0.3 - 2136 82.3 Granodiorite
TABLE 1: Modal Analyases. * - Serpentine

vi
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QUARTZ

K- FELDSPAR 7Y PLAGIOCLASE

Figure 3. Triangular plot of modal analyses of
batholithic rocks discussed in the text and listed in
Table 1 with more than 80% Quartz + Plagioclase +
K-Feldspar. Clasaification based on that of

Streckeisen (1976).
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parallel alignment of biotite flakes (Figure 4a). The
phenocrysts range from 0.5 to 6 centimeters in length with
the average being 2 centimeters. These are locally arranged
in parallel alignment which ias moat likely a primary feature
(Brooka, 1976: Figure 4b). The modal abundan&e of
phenocryata variea widely, from 10 to 75 percent, but ia
normally close to SO percent.

The matrix is generally coarse grained, phaneritic,
hypidiomorphic granular having an average grain size of S
millimeters. The matrix conaists of gquartz, microcline,
perthite, oligoclase-andesine and biotite. Minor compohents
and acceasories include hornblende, muscovite, magnetite,
allanite, sphene, epidote, garnet, sulphidea, chlorite and
calcite. The modal composition of the Bell Lake Granite
locally variea widely (Figure 4c) in all of the major, minor
and acceasory components.

The northwest contact of the Bell Lake Granite is
intrusive into the Huronian metasediments from the northeast
tip of Bell Lake to the aocuthwest tip of Ruth-Roy Lake. Thia
contact 1s generally marked by a zone a few tens of meters
wide in which Bell Lake Granite has intruded along bedding
planes of the quartzite. As this zone is crossed to the
southeast, the proportion of granite to quartzite increases
until the quartzite occurs as definable xenoliths in a

granitic body (Figure Sa,b). From the southweat tip of
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Ruth-Roy Lake the Bell Lake Granite, no longer in contact
with the Huronian metasediments, begins to taper down toward
Carlyle Lake where it is drawn out into a thin band or zone
interlayered with non-porphyritic coarse grained granite,
pegmatites, fine grained porphyritic felsite aykes and
mylonite.

The southsast boundary of the Bell Lake Granite is a
sheared contact which followa a line extending from the
northeaat at Turbid Lake to the aocutweat tip of Carlyle Lake.
Along this contact the Bell Lake Granite is astrongly deformed
and can generally be recognized aa a black augen mylonite
(Figure 6a,b).

A large number of sedimentary xenoliths are found within
the body of the Bell Lake Granite. These include large
quartzite or quartz-arenite xenoclitha ranging in size from
one to a few tens of meters (Figure 7a,b,c), s=mall,
elliptical, fine grained, black quartz-biotite xenoliths
which generally posaess ‘dents du cheval’ texture (Figure 7d)
and a large argillaceoua xenolith which extenda for ~200
meters along the west shore of the central section of Johnny

Lake (Figure 7e,f).



is

Figure 4a. Foliated Bell Lake Granite. The foliation
can be seen to be defined by the parallel alignment
of biotite flakes which are concentrated into narrow

zonea. Bell Lake Road, asocuth of Bell Lake.

Figure 4b. Primary foliation in the Bell Lake Granite
defined by the parallel alignment of feldspar pheno-

cryasta. Bell Lake Road, eaat of Bell Lake.
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Figure 4c. Compositional variations in the Bell Lake

Granite. Bell Lake Road, East of Bell Lake.
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Figure S. Interlayering of quartzite and Bell Lake
Granite along the northwestern contact a) at Johnnie
Lake (hammer rests on an inclusion of amphibolite),
b) at Ruth-Roy Lake. Hammer aligned north-south, head

to the south.






Figure 6. Augen mylonite produced from a Bell Lake
Granite parent. a) Johnnie Lake, Scm lens cap for

scale. b) Carlyle Lake, 4cm wooden match for acale.
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Figure 7a. Bell Lake Granite enclosing a xsnolith
of Lorrain Quartzite (foreground). White gquartzite
peak in the background (Silver Peak) is in the

Huronian proper.

Figure 7b. Close-up of the xenolith in figure 7a.

Johnnie Lake.
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Figure 7c. Folded Quartzite xenoclith in Bell Lake
Granite. The fold axial surface is oriented parallel

to the local foliation. Johnnie Lake.

Figure 7d. "Dent du Cheval" texture in an
argillacecus xenolith enclosed by Bell Lake Granits.
Light crystala are feldspar, black crystalas are

quartz. Bell Lake Road, east of Bell Lake.
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Figure 7e. Deformed relict sedimentary structures in

an argillacecus xenclith in the Bell Lake Granite.

Johnnie Lake.

Figure 7f. Migmatite and boudinage developed in the
argillaceous xenolith at Johnnie Lake. Pencil tip

pointa north.
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Figure 7g.

Diorite xenolith enclosed in Bell Lake

Granite. Johnnie Lake.

Figure 7h.

Fractured xenolith of diabase enclosed

in Bell Lake Granite. Johnnie Lake.

25



25



26

Many of the quartzite xencliths still retain their primary
sedimentary features. When the bedding planes of these
xenoliths are oriented parallel to the northeast trending
regional fabric, the internal structure remaina relatively
undeformed. Those xenoliths which have bedding oriented
normal or oblique to the regional foliation are invariably
folded such that their fold axial surfaces follow the
regional planar fabric (Figure 7c¢). Other inclusions include
diorite (Figure 7g) and amphibolite or diabase (Figure 7h).
The Bell Lake Granite is intruded by a number of dykes
the most abundant of which are thin, fine grained, locélly
porphyritic pink or purple felsite dykes. As well as these

there are more rarely pegmatite and diabase dykes.

Terry Lake Diorits

The Terry Lake Diorite is an irregular shaped body
located north of Carlyle Lake between Terry Lake and the
Huronian. It extends for approximately four kilometers from
the southwest end of Ruth-Roy Lake southwestward to Kakakise
Lake. The texture of the diorite is phaneritic,
hypidiomorphic granular with an average grain size of S
millimeters. The unit has a black and white speckled
appearance and is composed of plagioclase and blue-green

hornblende with minor biotite, epidote and potassium
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feldspar. Accessory minerals include quartz, sphene,
magnetite, zircon and apatite. It locally has developed
within it short thin discontinuous shears or a weak
foliation. It also containa pods of essentially pure
hornblende.

The boundary of the Terry Lake Diorite is not exposed
but, like the Bell Lake Granite, it contains large xencliths
of quartzite near its contact with the Huronien
metasediments. Its northwestern contact is therefore bselieved
to be an intruaive one. Xenoliths of Terry Lake Diorite are
found within both the Bell Lake Granite and the Killarney
Granite implying that it is the oldest unit of the Killarney

Complex.

Killarney Granite

The main body of the Killarney Granite is located near
the village of Killarney from which it continues
northeestward into the southwestern end of the study area. It
was previously mapped by Frarey (1985) and Frarey and Cannon
(1969) aa such where it occurs north of Carlyle Lake. Other
bodiea occuring asocuth of Carlyle Lake and acroasas the atudy
area to the east have a similar character and composition and
have therefore included as part of thias unit.

The Killarney Granite is & course grained, phaneritic,
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hypidiomorphic granular, red to pink granite, granodiorite or
quartz-monzonite. The largeat ayatematic occurence of
quartz-monzonite ias indicated in figure 2. The Killarney
Granite ia maaasive or moderately foliated and haa a
distinctive deep red weathered surface. Where a foliation is
developed, it is marked by the parallel alignment of biotite
flakes and can be either planar and consistent or short and
discontinuous, depending largely on the abundance of biotite.
Where transected by major shear zones (eg. southwest tip of
Carlyle Lake) it forms a deep red glassy mylonite.

The Killarney Granite is composed of orthoclase,
microcline, oligoclase, quartz, biotite and locally contains
one or more of chlorite, muscovite or hornblende. Accessory
minerals include sphene, magnetite, allanite, calcite, pyrite
and zircon. It is generally leucocratic with mafic minerals
accounting for lesa than 15 percent of the rock. The
plagioclase in the Killarney Granite is finely twinned and
sericitized. Crystals are irregular to well formed euhedra
and may show zoning. Sericigized plagioclase is often
surrounded by a potassium feldspar rim. The quartz occurs as
irregular grains filling interstices between feldspars. The
quartz content of this unit varies from 10 to 25 percent.

The Killarney Granite is intruded by diabase dykes; where
it occurs sbuth of Carlyle and Johnny Lakes, it contains

numerous pegmatite dykes.
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Fine Grained Granite

The fine grained granite occurs in the study area as a
thin strip which trends northeasterly along the south shores
of Carlyle and Johnny Lakes. It also occurs interlayered with
the Bell Lake Granite on the north shore of Carlyle Lake. The
unit is dominantly fine grained pinkish-grey to red, its
weathered surface developing an orange hue. It is’
leucocratic, composed of quartz, potassium felspar and
plagioclase with minor amounts of biotite, muscovite and
chlorite. Accessories include epidote, sphene, allanite,
zircon, apatite and magnetite. The texture of the granite is
massive to foliated, hypidiomorphic granular to porphyritic.
Where porphyritic, 1 to S millimeter euhedral potassium
feldspar phenocrysts are apparent in ocutcrop by their paler
pink to white weathering. The foliation that develops in the
granite is expressed by the parallel alignment of biotite
flakes. Foliation surfaces are generally closely spaced
(1-Smm) and are best developed where the biotite content
locally increases. The granite has been intruded by thin

pegmatite dykes.
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Tonalite

Tonalite, which occurs southeast of Johnny Lake, extends
in a northeasterly direction from highway 637 to the eastern
boundary of the map area. This unit ia a fine grained purple
rock in fresh exposure which weathers deeply to a paler pink
colour. It is composed of quartz, plagioclase (~60%),
potassium feldspar and biotite with minor muscovitae.
Accessories include calcite, spinel, magnetite, allanite and
zircon. Sillimanite was also observed in thin section. The
unit was seen everywhere to have a well developed planér and
persistent foliation, parallel to the regiocnal trend, which
ias locally folded. It is invariably cut by a large number of
pegmatite dykeé which, in some outcrops, account for 60
percent of the exposed rock. The boundaries of the pegmatites
are sharp to gradational and inclusions of country rock are
locally found within the dykes. The foliation within these
inclusions conforms with that surrounding the pegmatitas.
Pegmatites which crosscut the foliation are generally folded
such that their fold axial surfaces parallel the local
foliation. In many cases, deformation during folding has
reduced the pegmatites to a string of large tailed felspar

augen surrounded by a matrix of recrystallized gquartz.



Figure 8. Biotite pods surrounded by halos of mafic
free country rock. a) Elliptical pods, Johnnie Lake
Road. b) Pink folded vein containing elongated

biotite poda, Highway 637 south of Carlyle Lake.
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Figure 8c. Slab of Tonalite containing the pink

segregation banda. Sample ia cut normal to that

ashown in figure 8b. Highway 637,

Lake.

aouth of Carlyle
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One characteristic feature of this unit, on which the
field clasgification was based, is the development of pink
bleached halos surrounding equant or elcongated to linear pods
of biotite or magnetite (Figure 8a,b). Within these pods,
preferentially oriented books of biotite are surrounded by a
rim of easentially mafic free country rock. These pods may
develop into bands which vary from a few millimeters to 2
centimeters wide (Figure 8c). These bands also appear folded
but show little to no internal deformation. This may be a
precursor to the pink and black banded gneiss which occurs

just east of this unit along highway 637.

Augen Gneiss

The augen gneiss occupies the southeast corner of the map
area. It is a very coarse grained granite, granodiorite or
quartz-monzonite which rangea in colour from black and white
to pale pink to deep red and weathers grey to pale pink or
purple. It consigsts mainly of closely packed polycrystalline
potassium and plagioclase feldspar augen, 0.5 to 1 centimeter
in diameter, surrounded by a black matrix of fine grained
quartz, feldspar and biotite or hornblende giving it a
bimodal appearance (Figure 9a). The augen contain inclusions
of biotite, magnetite hornblende and quartz. Accessories

include allanite, sphene, magnetite, garnet and serpentine.
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The abundance of magnetite increases locally to the point
where it becomea an important conatituent of the rock. This
unit may be resgsponsible in this area for the atrong positive
aeromagnetic anomaly which occuras along the Grenville Front
Tectonic Zone.

The foliation, defined by the matrix and the slongation
of feldspars, is generally wavey or anastomosing around
cloaely spaced feldspar augen and often displays a C and S
fabric (see Figure Sa). Where the level of deformation
increases to that of a protomylonite, the grain size reduces
to a point where the foliation becomes rectiplanar. Thé unit
locally develops into a grey to purple mylonite.

The augen gneiss is intruded by pegmatite dykes which are
generally oriented parallel to the local and regional
foliation. Those that crosscut the foliation are folded
irregularly about axial surfaces that trend parallel to the
foliation (figure 9b,c). The foliation is commonly observed
to penetrate the outer few centimeteras of the pegmatite
boundary. The dykes are seen to crosscut one another with the
later, often thinner, dykes being much lesa deformed than
those they crosscut. The augen gneiss is alsoc intruded by
thin, fine grained granitic dykes which generally trend
parallel to the local foliation and large but discontinuous
dark green amphibolite dykes which locally contain up to

meter sized blocks of deformed country rock.



Figure 9a. Red and black augen gneiss which displays
a well developed C and S fabric (surfaces indicated).

Highway 637.

Figure 9b. Ptygmatic folding of a pegmatite dyke
enclosed in augen gneisa. North of highway 637,

weat of the Bell Lake Road.
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Figure Sc.

Megacrystalline pegmatite,

augen gneiasa. Bell Lake Road.

folded within
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Paragneiss

Along the northwestern boundary of the Bell Lake Granite
at Ruth-Roy and Johnny Lakea is a strip of gneias raefered to
by Cannon aa "Streaky Biotite Gneiaa' (aee Frarey, 1985)
which occurs in close association with large outcropa of
cataclaatic breccia. Other occurencea of paragneias exiat
aoutheaat of the Bell Lake Granite, eaat of Johnny Lake.

Streaky Biotite Gneisas

The Streaky Biotite Gneiss (Figure 10a) has a granular
texture and consists of quartz, biotite, muscovite, potassium
feldspar and acceassories. Tourmaline stars are locally
developed. It poasesses a planar to wavey or irregular
foliation which ia defined by the concentration of randomly
oriented, 3 millimeter flakea of biotite and muscovite into
thin layera aeparated by banda of quartz and feldapar. The
apacing in the layering ranges from 2 millimeters to a few
centimetera. It ia bounded on the aouth aside by Bell Lake
Granite and on the north aide by Lorrain Quartzite. Within
the gneiaa occur xenolitha of quartzite and amphibolite which
are themaelvea foliated and which cause the fabric in the
gneisa surrounding them to be diarupted. The gneiaa can alaco
be seen locally as interlayered with both Bell Lake Granite
and quartzite. The asasemblage has been intricately folded

(Figure 10b) but evidence of this is only apparent locally.



Figure 10. Streaky Biotite Gneiss. Northwest contact
of the Bell Lake Granite at Ruth-Roy Lake.

a) Vertical section showing the strong foliation.

b) Horizontal surface showing the irregular fold

pattern.
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Figure 11. Quartz-feldspar-biotite paragneiss with
crosscutting pegmatite vein. a) Vertical section.
b) Horizontal section. Bell Lake Road, east of

Johnnie Lake.
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Figure 1l1lc. Isoclinal folding in the quartz-feldspar
-biotite paragneiss. Bell Lake Road, east of Johnnie

Lake.

Figure 11d. Folded migmatite in argillite. Bell Lake

Road, east of Johnnie Lake.
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Other Paragneisses

The other supracrustal gneisses (Figurse lla,b,c,d), which
occur easat of Johnny Lake, include biotite paragneiss or
argillite, various phases of quartzite gneiss and an
intermediate paragneiss similar to the Streaky Biotite
Gneigsa. Within this block of metasedimentary gneisses, which
extends eastward to Tyson Lake (+3 kilometers east of Turbid
Lake), occur what appear to be the deformed equivalents of
some of the units occuring in the Huronian Supergroup. Some
of these have been described aas "unmiastakably Lorrain' by
Frarey (1985), while the more argillacecua unita appeaf to be
Gowganda equivalentsa including a small ocutcrop on the Bell
Lake Road of paraconglomerate. Wherever primary bedding ia
seen in these unitas it is invariably intricately folded but

is generally unrecognizable.
Breccia

As was mentioned previously, the streaky gneiss occurs in
close association with a large volume of cataclastic breccia.
The compoaition of the breccia variea locally and is largely
dependent on the host rock. Clast composition ranges from
quartzite to Quartz- arenite where it ia in contact with
Lorrain Quartzite to the northweast. As it is traversed acrosas

atrike, the claat compoaition changea to include claata of
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granitic schist, green chlorite-muscovite schist,
amphibolite, and Bell Lake Granite (Figure 12a,b,c,d). Clasat
sizes range from a few centimeters to as large as 8 square
meters and shapea vary from angular to rounded. Planar
features within the clasts are randomly orienfed. The matrix
of the breccia is also highly variable. Within the quartzite
breccia which occurs on the peint along the south shore of
the north section of Johnny Lake, the matrix is void £filling
euhedral quartz with crystals as large as 8 centimeters in
length. More generally the matrix ia fine grained quartz,
quartz-chlorite or quartz-muscovite. Where the breccia is in
contact with the Bell Lake Granite, the claata are largely
composed of Bell Lake Granite and the matrix appears
granitic. The breccia gradea over a short diatance into
maasive Bell Lake Granite which is locally cut by amall
brittle faulta, aome of which contain paeudotachylitic

material.

Pegmatites

A large volume of pegmatite occurs within the study area.
Scutheast of Carlyle and Johnny Lakes, pegmatites are
ubiquitous. To the northwest of theae lakea pegmatites are
generally thinner and much leas abundant. Pegmatitea occur as

dykes, aheets or irregular magsases which individueally are
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rarely more than a few meters in width. The composition of
the pegmatites which varies only in its mafic component, is
normally gquartz, microcline and one or more of biotite,
hornblende, magnetite or muscovite. Graphic intergrowth of
quartz and feldspar ia common. Garnet is alsa found in sone
pegmatitea. The mafic mineral which occurs appeara to be
controlled by the hoat rock suggeating local development or
migmatization. The crystal size ranges from 1 to SO
centimeters with an average size of 5 to 10 centimeters. The
very large crystals are found in the large mass of pegmatite
which occurs midway along the Bell Lake Road within the block
of metasedimentary gneisses.

All pegmatites observed have undergone some deformation
but the amount of deformation varies, not only between
outcropa but alasc from one pegmatite to the next within the
same outcrop. Thia range in deformation coupled with
croaacutting relationahipa auggeata that there has been more
than one epiaocde of pegmatite generation or continuoua
production through a long deformational hiatory.
Deformational stylea include cataclasis, shearing and
concordant folding. The limba of folded dykea which are
oriented subparallel to the foliation are generally thinner
than those in an oblique orientation. Boudinaged limbs are

also common.



Figure 12. Cataclastic breccia. a) Angular to rounded
quartzite fragments in a quartz-chlorite matrix.
Johnnie Lake. b) Quartzite and Bell Lake Granite

clasts in a crushed granitic matrix. Ruth-Roy Lake.
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Figure 12. Cataclastic breccia. c) Rounded Bell Lake
Granite claats in a cryatalline gquartz matrix. Ruth-
Roy Lake. d) Angular Bell Lake Granite clasts in a

granitic matrix. Johnnie Lake.
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CHAPTER 3

STRUCTURAL ANALYSI3: MACROSCOPIC

Introduction

Structural analysis has two main objectives. The first
objective ia to deacribe the nature, orientation and
relationahipa between the varioua atructural elementsa
observed, i.e. geometric analysis. The. second objsctive is to
interpret these data based on existing theoretical and
empirical observations in order to determine principal stress
and strain directiona as well aa thoae mechanisma responsible
for the development of the obaerved fabric. The second
objective conaitutea a kinematic and dynamic analysasias.

The atructural analysis of the study area has been
divided into two sectiona. The firat section, on macroscopic

structure, deals with those structures observable, both
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directly and indirectly, on the scale of an outcrop or
larger. The second section will deal with microscopic
atructure, observable in thin section.

The structural fabric of the Grenville Front Tectonic
Z2one, including the area atudied, is characte&ized by a
penetrative northeaat trending foliation and aocutheast
plunging lineation, (eg. Davidaon, 1986). Thia fabric ia
observed in all rock types which occur in the area but the
nature and intensity of this fabric tend to vary with both

location and lithology.

Structural Geometry

The orientation of planar and linear elements were
measured in the field. Planar elementa are generally
expreased aa a preferential alignment of minerals, normally
biotite, forming a foliation or sachiatosity. In many outcrops
there exiat two meaaurable foliation aurfacea, these being a
achiatoaity (S) and a ahear (C) foliation. When both of these
planar elements form in reaponae to the asame tectonic event
or astress field they define a C & S fabric (Berthe et al,
1979), which can be uased as a kinematic indicator. Other
planar elements measured include:

1) minor fold axial surfaces, which occur mainly in

sedimentary xenoliths, dykes and metasedimentary gneisses,
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2) joints, and

3) gneissic banding, which occurs in the paragneisses and
rarely within other units.

Linear elements are generally expressed as a minsral
lineation which can be seen on foliation surfgces. The
mineral lineation is defined by aggregates of quartz or
quartz and feldapar, forming roda or_ribbons, or, where leas
atrongly developed, by the parallel alignment of biotite,
muacovite, magnetite or hornblende. Where fold axea could be
defined they were alao meaaured.

Several shear zones were mapped which wers axprasséd as
either faults with associated breccia, or mylonite zonea,
recognized by the reduction in grain size and intense
development of both a foliation and mineral lineation.

The area haa been divided into six atructural sub-areas
based largely on lithology and internal atructural
homogeneity (Figure 13). These are:

Area 1: The northwest contact of the Bell Lake Granite;

Area 2: The main body of the Bell Lake Granite,the
Killarney granite north of Carlyle Lake and the Terry Lake
Diorite;

Area 3: The socutheastern contact of the Bell Lake
granite; Area 3A: The granite-granite contact along Carlyle
and Johnny Lakes (the Johnny Lake Shear Zone); Area 3B: The

extension of thia zone along the granite-paragneiss contact
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at Turbid Lake;
Area 4: Metassdimentary gneisses sast of Johnny Lake;
Area 35! Granitic unita south of Johnny Lake bounded to
the aoutheaat by the augen gneisa contact;

Area 6: Augen gneiss.

Geomatry of Area 1

Area 1 is underlain by the contact between the Bell Lake
Granite and the Huronian metasedimenta. Due to a lack of
expoaure southweat of Ruth-Roy Lake, the Huronian contact
with the other intrusive unita of the Killarney Complex,
which likely fall within thia zone aé well, will not be
diacuased. The intruaive nature of this contact is best
exposed along the southeast ahore at the northeaat end of
Bell Lake. Over a strike normal distance of ~100 meters, the
proportion of gquartzite to Bell Lake Granite changes from
30:10, the Bell Lake Granite occurring as dykea intruded
along bedding planea of the quartzite, to 10:90, the
quartzite occurring as xenolitha within the Bell Lake
Granite. A similar contact has been documented by Henderson
(1967) for the Chief Lake Batholith which occura northeast of
the atudy area. Southweatward along this shore the Bell Lake
Granite containa numeroua xenolitha of argillacecua material

and quartzite.
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Along the southwestern half of Bell Lake the Bell Lake
Granite ia in aharp contact with a fine to medium grained
pink to grey quartzofeldapathic unit of unknown origin. Thia
unit appears metasedimentary in aome placea and granitic in
others. Neo unambiguoua evidence has been seeﬁ which would
allow classification aa one or the other.

From the southweatern end of Bell Lake to the
northeaatern end of Ruth-Roy Lake thias contact ia faulted.
Numerocus outcropa of breccia occur containing large blocksa of
both quartzite and granite porphyry in a matrix of either
void filling quartz or crushed rock. Associated with this
breccia ias the Streaky Biotite Gneias which continuea to the
southwest end of Ruth-Roy Lake where it tapers out. At this
peint the Bell Lake Granite and the quartzite become
aeparated by the Terry Lake Diorite.

The Bell Lake Granita, quartzite and quartzo- feldspathic
unit along Bell Lake posaess a very well developed foliation.
Locally, S to 10 centimeter wide, discontinuous mylonite
zonea are developed within them; theae zonea have a very
atrong mineral lineation of quartz roda. The planar elementa,
in general, have a conaistent strike direction which ia
aubparallel to the granite- quartzite contact. Foliation
surfaces have dip valuea which fluctuate by 10 degrees to
either side of vertical but the mylonite foliation

conaistently dips ateeply to the aoutheast.
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Where the Streaky Biotite Gneiss and breccia occur, the
Bell Lake Granite ia less consiatently foliated, locally
becoming maaaive. Many microfaultas cut the granite, generally
with orientationa normal or oblique to the foliation; these
microfaulta are filled with fault gouge or epidote. Rarely,
amall thin veina of paeudotachylite occur.

Folding occurs in this arsa within the Streaky Biotite
Gneias. Generally these are tight isoclinal folda. Fold axial
aurfacea were found to be concordant to the foliation and
fold axes that could be measured were found to plunge
moderately to the east.

All foliations and lineations have been plotted on equal
area (Schmidt) nets in figure 1l4. Theae plots have been
contoured using a Gausaian distribution weighting function
(see Robin and Jowett, 1986) baased on the proportion of data
poeinta per one percent area. The plota illuatrate the general
north to eaat atrike and steep southeast to vertical dip of
the foliationa and the ateep aoutheaat plunge of the mineral

lineationa.
Geometry of Area 2
Area 2 encompasses the main body of the Bell Lake

Granite, the Killarney Granite north of Carlyle Lake and the

Terry Lake Diorite. All unitas in thia area are generally
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massive to weakly foliated. The foliation in these units is
defined by a preferential alignment of micas or hornblende
which become concentrated into discrete planea. The
orientation of thia foliation tenda to be inconaiastent where
poorly developed. A second type of foliation ;lso occurs in
the Bell Lake Granite which ias expreased aa a preferential
alignment of feldapar phenocryata. This foliation, which ia
moat likely primary, followas the same trend as the biotite
foliation.

Many metasedimentary xenoliths occur within the Bell Lake
Granite in area 2. The largeat proportion of these are
compoaed of gquartzite or quartz-arenite and generally retain
their original sedimentary structures, auch as bedding and
ripple creata. When the bedding of theae xenolitha ia
oriented obliquely to the local foliation, the xenoliths are
folded about fold axial aurfaces which trend parallel to the
local foliation. A large metagreywacke to argillite xenolith
also occura in thia area within the Bell Lake Granite. Moat
of the primary featurea of this xenolith have beeh obacuread
by folding and migmatization.

Locally developed in area 2 are brittle faults, narrow
discrete shear zones (possibly brittle-ductile faults) and en
echelon tenaion fracturea. Many fault aurfaces are coated
with a fine grained, commonly micaceous, material or fault

gouge often appearing as a shiny black lineated surface;
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others have brecciated wall rocks.

Foliations and lineations are plotted on contoured squal
area neta in figure 15. Again these plots show the
atatiatically aignificant prefered orientation characteriatic
of the Grenville Front. Foliations, in gener;l, strike
northeasterly and dip moderately to ateeply to the southeast
with lineations plunging moderately to steeply to the
southeaat, but the orientationa of structural elements in
thia area show more variability than thoase in other areas,
and evidence for a number of crosacutting features exiata.

In all casea, the brittle faultas are the youngest feature
ocbaerved. Where obaerved theae faulta cut all rock unita,
foliationa, mylonite zonea and‘dykea; The strike of these
faulta variea from 75 to 215 degreea with dip valuea ranging
from vertical to 80 degreeas to the right of atrike. All ahow
some, although minor, movement in the atrike-alip direction.
Vertical diaplacements could not be inferred. Another notable
variation in planar features ia the large number of
foliations striking either north or southeast. In many casaes,
theae variable orientationa are associated with amall shear
zonea containing mylonites which may or may not crosacut a
previoualy exiating foliation. Pegmatitea in this area are
seen to croascut and be cut by other fine grained granitic
and pegmatite dykea. Theae dykes are alaa aseen to croaacut

and be cut by amall mylonite zones.
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Figure 14. Contoured steroeplots of poles to
foliation surfaces and lineations measured in

the field in area 1. a) Poles to foliations,

Bell Lake. b) Lineations, Bell Lake. ¢) Poles

to foliations, Johnnie Lake North. d) Lineations,
Johnnie Lake North. e) Poles to foliations, Ruth--
Roy Lake. £f) Lineations, Ruth-Roy Lake.

All plots are contoured based on the number of
standard deviations above an even distribution.
The first contour represents an even distribution.
The second contour represents an even distribution
plus two standard deviations. Each subsequent
contour represents an increase of four standard
deviations. Valuea for the standard deviation of

each plot are given in tables 2 and 3.
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Figure 15. Contoured stereoplots showing a) poles to

faliation surfaces measured in area 2 and b) lineations

measured in area 2.
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Locally developed within the Bell Lake Granite and the
Killarney Granite in area 2 ia a C & S fabric. The
distribution of occurrences of this fabric is patchy, but is
generally associated with the occurrence of mylonite zones or

faulta.
Geometry of Area 3

Area 3 is underlain by a large shear zone which follows
the aoutheastern boundary of the Bell Lake Granite along
Carlyle and Johnny Lakea, (the Johnny Lake Shear Zone). Along
these lakea thia shear zone aeparatea the Bell Lake Granite
from granitoid unita to the southeaa£ (area 3A). From the
eaatern end of Johnny Lake through Turbid Lake to the limit
of mapping, area 3B followa the contact beween the Bell Lake
Granite and metaaedimentary gneiasea.

This area is characterized by rocks which have undergone
intense deformation. Through Carlyle and Johnny Lakes (area
34), mylonite ia ubigitous. The continuation of thia zone
through Turbid Lake (area 3B) alaso diaplays evidence of
penetrative deformation but the volume of mylonite ia greatly
reduced.

Area 3A

Within the Johnny Lake Shear Zone, mylonitized

equivalents of Bell Lake Granite, Killarney Granite, Fine
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Grained Granite and pegmatite are interlayered forming banded
mylonites. The characteriatics of each mylonite band depend
largely on compoaition, inherited from the parent rock.
Mylonitea derived from the leucocratic unita, i.e. gquartz
rich Killarney Granite, Fine Grained Graniteland pegmatite,
are red and glaaay. The more mafic component of the Killarney
Granite forma a red and green laminated, glasay mylonite. The
foliation developed within these mylonites ia very fine
compoasitional banding of alternating lamellae of quartz and
feldapar. Plunging down dip on the foliation surfaces is a
very strong mineral lineation of quartz and feldspar rods
(Figure 16a).

The mylonitized equivalents of the Bell Lake Granite are
generally black, leas glasay and apeckled with asmall feldapar
augen. The foliation ia marked by quartz aggregatesa, biotite
and the "taila™ of feldapar augen. These mineralas also define
the lineation seen on the foliaetion aurfaces.

The extent to which theae units are mylonitized,
recognized in the field by the extent of grain asize
reduction, tends to fluctuats randomly across sach band and
from one band to the next, but with an overall increaae
towards the south. Interlayering of units is most common
along the north shore and on the ialands of Carlyle Lake
(Figure 16b). At the southwestern tip of Carlyle Lake, along

the narrows between Carlyle and Johnny Lakea and at the
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northeastern tip of the south section of Johpny Lake is seen
the wideat and highest grade development of mylonite. At
these locations, red glassy mylonite occurs continuocusly
acroas diastancea of greater than 60 meters.

Along the boundaries of the Johnny Lake Sﬁear Zone the
increase in atrain is gradational acrosa diatancea varying
from a few meters to a few tens of metera. Thia increasae in
atrain ia seen on asurface aa an increase in the intensity of
both a foliation and a lineation and a decreaase in apacing
between foliation aurfacea which corresponda to a decrease in
grain size. When observed in sections parallel to the
lineation and normal to the foliation (i.e. XzZ2¢) the
following systematic progression canrgenerally be seen across
the boundary. The unita atart out initially aa maaaive
granular granite. A weak and somewhat inconsistent foliation
then developsa having a general northeaaterly trend in atrike
and vertical dip. No mineral lineation. can be recognized on
these foliation asurfacea. Aa the intenaity of thia foliation
incresaea, ita orientation becomes more consiatent and a
lineation may or may not be developed. At thia point, a
second foliation developa, having esaentially the aame trend
in atrike direction but dipéing moderately to ateeply to the
aoutheast, i1i.e. a C & S fabric resulta. This seacond
foliation, which can be aseen to croascut the firast,

invariably haa a mineral lineation associated with it.



Figure 16a. Powerful mineral lineation of quartz and
feldspar rods developed on a foliation surface.

Johnnie Lake.

Figure 16b. Interlayered Bell Lake Granite, fine
grained granite and pegmatite. North shore of Carlyle

Lake.

60



60




Figure 16c. North trending (older) mylonite swings
into parallelism with the northeast trending mylonite
of the Johnnie Lake Shear Zone (under water). Brunton

compass points toward north. Johnnie Lake.
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Figure 17. Contoured stereoplots of area 3. a) poles to

foliations, Carlyle Lake. b) Lineations, Carlyle Lake,
c) Polaes to foliations, Johnnie Lake South. d) Lineations,
Johnnie Lake South. e) Poles to foliationsa, Turbid Lake.

f) Lineations, Turbid Lake.
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Foliation spacing, apparently controlled by feldspar grain
size (or vice versa?) then decreaseas as the grain aize
decreases until a single strongly lineated foliation exists
within a very fine grained rock, i.e. mylonite.

Many of the mylonites seen in outcrop hav; undulating
foliation asurfaces. These undulaﬁions define very open
cylindrical folds with fold axes oriented parallel to the
mineral lineation. Thia folding has resulted in a variation
in the strike orientation of foliation surfaces of up to S50
degreea, acroas diatancea of 10 to 15 metera, about the
general northeasterly trend. Variations in the mineral
lineation orientationa are minor in comparison.

Several crosscutting features were observed along Carlyle
and Johnny Lakea. At the aouthweatern tip of Carlyle Lake,
mylonite with an unusual north to northweat trending
foliation has been cut by small well defined faults, with
minor offaet, which trend northeaaterly. Other amall faulta
with minor offaset are seen locally within the interlayered
units along the shore of Carlyle Lake. At the entrance to the
narrowa, on the south shore at the eaat end of Carlyle Lake,
the northeasterly trending interlayered unitas have been
crosacut by a fine grained granitoid dyke which in turn has
been offaet 30 centimeters dextrally by a amall fault which
trenda north. At the aouthweatern end of Johnny Lake on the

aouth shore, mylonite trending north-aouth can be seen to
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swing eastward into parallelism with the northsasterly
trending mylonite which lines the shore (Figure 16¢). Minor
folda occur in the earlier mylonite.

Foliations and lineations measured along Carlyle and
Johnny Lakes are shown in the contoursed steréoplots in figure
17(a-d). Although minor local variationa exiat in the
orientation of these elements, the intensity of the prefered
orientation of fabric elementa ias high.

Area 3B

From the northeastern end of Johnny Lake through Turbid
Lake, to the eaatern limit of mapping, the Bell Lake Granite
ia in contact with quartzite gneisa. The nature of thia
contact is equivalent to that seen aiong the nothwestern
boundary of the Bell Lake Granite. A penetrative foliation
developad within botﬁ the granite and the quartzite is
defined by flattened and elongated quartz aggregatea and
phylosillicatea. The Bell Lake Granite. locally develops and
augen gneissic foliation.

The mylonites which form along this section of the
contact are narrow, rarely more than one meter wide. Locally,
mylonitized quartzite xenolithas are aurrounded by very well
foliated granite. A shear band foliation ia locally developed
within the Bell Lake Granite which trenda northeasterly but,
on Turbid Lake, dips moderately to the northweat. This

foliation ia seen to truncate feldspar phenocryata within the
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granite.

Foliations and lineations have been plotted on figure
17(e,f)>. Foliation surfaces trend northeaasterly and
generally dip aoutheasterly but aurfacea dipping
northwesterly are not uncommon. Mineral line;ticns ars fewer
and leaa concentrated than thoae along the granite-granite
contact to the acuthwest but the prefered orientation

plunging to the southeast can atill be identified.
Geometry of Area 4

Area 4, which is located east of Johnny Lake, is
underlain by metasedimentary gneissses, pegmatite and granitic
dykea. The metasedimentary gneiasses include qu;rtzite,
feldapathic gquartzite, argillite, metagrey- wacke and
biotite-muacovite achiat. Pegmatite haa intruded theae unita
along foliation aurfacesa, adding to the banded appearance of
the gneisaea. Foliationa measured in thia area are shown in
figure 18a. Theae asurfacea have an inconasiatent orientation
and are everywhere tightly and irregularly folded. Surfacesa
were measured only where they maintained a relatively
consiastent orientation over a diastance of about a meter. In
general, planar features preferentially trend eastward and
are steeply dipping either north or south. From this point

maximum, poles to foliation surfaces define half of a great
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circle trending south, the pole to which plunges moderately
to the east.

Few mineral lineations could be measursd (Figure 18b).
Those that were measured were found to plunge moderately to
the east or southeast. |

Pegmatite and granitic dykes in area 4 are generally
undeformed, although a few foliated or mylonitized dykes were

seen.
Gaeometry of Area 3

Area S5 is located south of the Johnny Lake Shear Zone and
is bounded to the southeast by the augen gneiss. The area is
underlain by fine to coarase grained granite and fine grained
tonalite. The rocks in area S are characterized by a
peraiatent and conaiatent foliation and a large number of
pegmatite dykea.

The intensity of the foliation is variable and rangss
from poorly developed to ﬁylonitic. commonly within a single
outcrop. Generally, poda of weakly to moderately foliated
rocka ranging in aize from a few metera to a few hundreda of
metera, are aurrounded by rocka which have auffered much
higher atrains. The intenaity of the foliation, which has a
patchy distribution in the northweat part of the area, tends

to increase toward the southeast. Commonly a C & S fabric is
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developed in the coarser grained units where the intensity of
the foliation is high.

The foliations and lineations measured in the arsa arse
shown in figure 19. These diagrams illustrate the very strong
preferential orientation of fabric elementa thch ia
characteriatic of the Grenville Front Tectonic Zone.

The pegmatites occurring in area 5 display a wide
variability in orientation, form and level of deformation.
Pegmatite sheeta, which range in width fron a few.centimetera
to a few meters, may occur in positions which conform to the
foliation or they may trend obliquely. Where the fcliation
intenaity in the hoat rock ia high, obliquely oriented
pegmatitea are folded about the foliétion and all pegmatitea
show evidence of strain. Strain evidence in pegmatitas
includea the development of a foliation and lineation,
recryatallized or fine grained quartz, fractured, broken or
rotated feldapars and a reduction in bulk grain aize
producing mylonite. Pegmatite material may also occur in
irregular massea of migmatite which have gradational
boundaries with the country rock. These masses commonly
interfinger along foliation surfacea of the hoat rock.
Inclusiona of foliated country rock occur within these
migmatitea, which themaelvea may or may not display a

foliation.
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Figure 18. Contoured stereoplots of a) poles to foliations

and b) lineations measured in area 4.
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Figure 19. Contoured stereoplots of a) poles to foliations

and b) lineations measured in area S.
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Several folds are seen in the rocks in Area 5. These are
most commonly sharp noased 2-foldas with amplitudea of a meter
or lesa developed in the foliation. Pegmatite and diabaae
dykea are concordantly folded. The trend of axial aurfacea of
these folds ranges from 25 to 30 degrees. Foid limbs trend
north to northeast and dip moderately to steeply east to
ascutheaat.

The mylonites developed in area 5 tend to be restricted
to narrow zones which range in width from a few centimeters
to a few metera. These myloniteas are extemely fine grained
and strongly foliated and lineated. They are generally
white, pink and black banded and may contain feldapar augen
aa large aa S centimeters. More commonly, feldapar
porphyroclasta in the mylonitea, which are apparently derived
from pegmatites, are one centimeter or leas in diameter. In
many places mylonite ia seen to form in pegmatite dykea
oriented parallel to the foliation while the host rock
adjacent to these pegmatites shows a much lower level of
deformation. In a very few outcrops, brittle microfaults are
aeen to offaet dykea and veina in thia area by a few

centimeters.
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Geometry of Area 6

Area 6, located in the southeast corner of the study
area, is underlain predominantly by red and black augen
gneiaa. Foliationa are well developed everywhére in thia area
and commonly define a C & S fabric. Foliation apacing rangea
from a centimeter to leaa than a millimeter where mylonite ia
developed. Mylonite zones gently anastomose around pods of
lesa deformed rock. A mineral lineation is also strongly
developed in this area on foliation surfaces and is defined
by quartz and feldapar roda. All dykea occurring in thia area
have undergone some deformation. Dykes oriented parallel to
the foliation are generally mylonitized and those in oblique
orientation are folded and may also be mylonitized.

Planar and linear elementa are plotted on contoured equal
area nets in figure 20. Fabric elementa in this area are not
only more abundant than in any of the other areaa, but alao
ashow the atrongeat preferred orientation. Foliationa atrike
conaiatently to the northeaat and dip moderately to the
southeast. Lineations plunge southeast and essentially follow

the true dip direction of the foliation surfacea.
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Figure 20. Contoured stereoplots of a) poles to foliations

and b) lineations measured in area 6.
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Regional Shear Zone Geometry
Introduction

The Grenville Front has been well documented as a major
zone of north to nothweatward reverase fault movement (eg.
Davidason, 19886). Evidence for such movement can be seen at
all scales from regional to microscopic.

Ramsay (1980) has ocutlined the general geometry and some
associated features which can be applied to most large scale
shear zones. Many of these features can also be appliea to
smaller scale structures, which will be discussed later.
Those features discussed by Ramsay (1980) which pertain to
the Grenville Front Tectonic 2one in Carlyle Township are
ocutlined below.

Shear zones can be defined as areas in which intense
deformation is localized into narrow subparallel sided zonss.
Theae zones can be divided into three major types; brittle,
brittle—ductile and ductile.

1) A brittle shear zone (Figure 21a)} more commonly
called a fault, is characterized by the existence of a clear
diascontinuity which exiasts between the two sides of the =zone.
The walls of the fault may be either totally unstrained or
they mby be brecciated. All features seen in brittle faults

can be attributed to brittle failure which is controlled by
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the elastic properties of the rocks involved.

2) A brittle-ductile shear zone may occur in one of two
forms. The first and most commonly recognized, is that in
which a fault clearly exists, seen as a discontinuity between
the two sides, but the walls of the fault show permanent
strain (Figure 21b). The extent of the atrain and the
distance to which it penetrates the wall rock depends on such
things as strain rate, temperature and confining pressure.
This feature is sometimes called a “drag fold" implying that
the folding is a result of frictional drag effects but the
permanent deformation may, in fact, predate the actual.
movement along the fault. In this type of brittle-ductile
shear zone the conditions existing during deformation are
such that the rock behaves ductilely at the onset of
deformation but reaches the point at which straining has
“hardened” the rock and continued stress causes the rock to
fail brittlely. (The mechanism involved in strain hardening
will be discussed in a later chapter).

The second type of brittle-ductile shear zone is that
which is known as extension failure or extension opening. In
this type of shear zone the bulk of the rock shows a coherent
permanent deformation similar to that of a ductile shear
zone. During continued deformation extension fractures or
gaps form which crosscut the shear zone fabric, making an

angle of 30 degrees or more with the shear zone boundary
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(Figure 21c). If the shear zone boundary cannot be
identified, these fractures appear as an en echelon aet in
which the tips of the fractures define the boundary. These
gapa may be filled with fibrous crystalline material such as
quartz or calcite. As in the previous case, these fractures
develop after the limit of coherent flow in the rock has been
reached but failure in this case is a result of tensile
rather than sheér streas.

3) In a ductile shear zone all deformation and
differential displacement has been accomplished by ductile
flow (Figure 21d). This commonly occurs in crystallinev
basement rocks since it is the dominant deformation mode
which allows large volumes of homogeneous rock to change
shape. Ductile shear zones can form under metamorphic

conditions of greenschist and above.

Regional Development of Shear Zones: Relationships

Between Deep Level Ductile and High Level Brittle

In an area where regional scale thrusting has occurred,
the general sequence includes crystalline basement with a
sedimentary cover. In such a situation the crystalline
basement will contain ductile shear zones. Such a shortening
of basement rocks produces uplift in the core of the =zone

resulting from cruatal thickening. Assuming the sedimentary
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sequencs is thick enough, the ductile shear zone will pass
through the basement unconformity into the overlying
sediments. As the shear zone continues to higher crustal
levels, the ductile nature will change to brittle-ductile as
the confining pressure is progressively relaxed. The exact
level at which this occurs will vary depending on the
mechanical properties of the rocks through which it passes.
As the zone approaches the surface, the internal deformation
of cover rocks becomes less important. The continuation of
the thrust through the upper sequence occurs at low angles
through the less competant layers while cutting througﬁ the
competent layers at a high angle as a purely brittle fault.
During thrusting, movement of the upper side of the zone
brings material from lower more ductile laevels adjacent to
that which has been deformed under less ductile conditions.
When such an event is followed by a long inactive peried,
subsequent erosion can expose evidence showing all levels of

deformation from brittle through ductile.



Figure 21a. Brittle fault geometry.

Figure 21b. Brittle-ductile fault geometry.

Figure 21d. Ductile fault geometry.
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Figure 21c. Ductile-brittle fault geometry showing

extension opening. (From Ramsay and Huber,

1985) .
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Distribution of Brittle/Ductile Strain

Based on field observations of macroscopic geometry, a
general transition in deformational style frqm brittle to
ductile can be recognized across the study area.

Area 1, which follows the northwestern limit of mapping,
is characterized by a style of deformation attributable
largely to brittle processes. The large volume of cataclastic
breccia which contains large and angular fragments along with
the occurrence of void- filling quartz crystals is indicative
of a high level brittle fault. The Streaky Biotite Gneiss
which is associated with this fault is a less competent unit
than either the quartzite or the granite and could therefore
deform more ductilely by slipping on the phyllosilicate rich
layers. The existence of microfaults containing microbreccia
which penetrate the granite in this vicinity, as well as the
occurrence of pseudotachylite, also attest to the brittle
nature of this deformation.

The location of the fault, along the granite- gquartzite
contact does not appear to be coincidental. Intrusion of the
granite along the bedding planes of the gquartzite and the
mixing of these components to form the Streaky Biotite
Gneiss, produced a boundary zone which was weaker than either
unit involved. A large part of this weakness resulted from

the heterogeneity or banding produced as a result of the
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intrusion. The strain that resulted from the imposed stress
on the system would tend to concentrate along this
heterogeneity, especially if the heterogenseity was planar and
auitably oriented for alip.

It is not clear whether the vertical orientation of the
bedding in the quartzite and the banding in the contact was
imposed prior to the onset of the deformation which produced
the brittle fault. Rotation of planar elements in the early
to mid stages of deformation followed by late faulting is
also possible.

Areas 2 and 3 are dominated by deformation styles
characteristic of the brittle-ductile regime. In area 2, the
areal digtribution of fabric development is inconsistent and
the preferred orientation of this fabric is weak relative to
areas to the south. This variability in orientation, although
partially due to a pre-existing fabric, is largely due to the
low ductile strain levels that existed in this area during
their formation. Although a penetrative fabric is widely
developed in area 3, many of the surfaces show dislocation
(Figure 22a) indicating brittle-ductile strain. In the
outcrop of tonalite which occurs on the south shore of Johnny
Lake, a series of en echelon tension fractures are developed
(Figure 22b),also indicative of brittle-ductile deformation.
The large number of crosscutting features in these areas,

which involve both the foliation and small shear zones



Figure 22a. Foliation surface in Bell Lake Granite
showing dislocation, offsetting a thin folded
granitic dyke. Movement on the surface was largely

in a dip-slip direction. Johnnie Lake.

Figure 22b. A series of en echelon tension fractures
in tonalite. Colour banding is a result of water

alteration. Hammer handle points north. Johnnie Lake.
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indicate that the ductile deformation may be the result of
more than one deformational event. The mylonitea developed at
"non-Grenvillian'" orientationa which have been crossacut by
mylonitea in a "Grenvillian" orientation or by late brittle
microfaults require at leaat two separate deformational
eventa. The fact that the brittle faulta are aeen everywhere
to croascut all other featurea, indicates that the last
stages of deformation in the area occurred under high level
(brittle) conditions while the lateat developed mylonitea
required brittle-ductile or ductile conditions. In area 2,
deformation appears to have been restricted to the
brittle-ductile regime at all times while, in area 3,
deformation which began under ductile conditions was later
succeeded by brittle deformation resulting from uplift during
thruating.

South of the Johnny Lake Shear Zone, in areas 4,5 and 6,
deformation ia generally reastricted to that of a ductile
nature. A penetrative fabric ia developed which increases in
intensity toward the aoutheast. The mylonitea in these areas
are lesa glaasay in appearance than those occurring in area 3
and the frequency of late crosscutting microfaults drops to
zero. The increase in fabric intensity and ita aasasociated
ductility also corresponds to an increase in the volume of
pegmatite and migmatite. The occurrence of little to

non-deformed pegmatites in areas 4 and S5, which is not seen
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in arsa &, suggests that pegmatite generation occurred during
deformation, but that this deformation continued in area 6
after that in other areas had begun to subside.

The diatribution of atructural atyles and macrosacopic
fabric development in the atudy area correspSnds to the
tranaition from brittle to ductile deformation which ias
characteristic of regiocnal reverse fault syastema (Ramsay,
1380). Thia evidence therefore aupports the theory that the
Grenville Front has been the locus of reverse fault movement
at aome time in the past. Although deformation has not been
reastricted to a single event, the event responsible for the
brittle ductile deformation (i.e. the reverse fault movement)
overprints all earlier deformation and was therefore the last
major event to have affected thia area. Other evidence for
raeverse displacement will be discussed under kinematic

analyaia.

Regional Trends in Fabric

Foliations measured in the field are shown in figure 23,
(pocket). A similar map of lineations is shown in figure 24,
(pocket). The general trend of both foliationa and lineations
appears to be relatively constant throughout but the density
of measurementa in the north and northweastern parts of the

area ia low.
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Figure 25. Stereoplot of the modes for the poles to

foliations (¢) and lineations (°¢) given in tables 2 and 3.
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TABLE 2

FOLIATIONS
Location Average Mode 1 Mode 2 Mode 3 N g

S D S D S D S D

Ruth-Roy 48 48 30 SO 39 .44
Lake
Bell 60 68 65 85 58 .53
Lake
Johnny 41 66 S9 75 18 72 40 77 62 .55
LLake N
Area 2 58 67 52 82 32 66 170 .91
Turbid 59 67 49 75 70 80 66 .37
Lake
Area 4 67 65 77 77 15 60 33 .40
Johnny 30 39 47 60 60 .54
Lake S
Carlyle 63 61 64 60 143 .84
Lake
Area S 56 64 37 65 210 1.01
Area 6 44 S4 43 52 167 .90
Bell Lake 52 64 36 67 54 58 19S5 .98
Granite
All 53 62 5Q¢ &0 735 1.90
Foliations
Mylonite S2 59 44 55 68 64 120 77
Foliations

S5=Strike;D=Dip;

N=# of data points;d=standard deviation.



TABLE 3

LINEATIONS

Location Average Mode N o

S D S D
Ruth-Roy 125 71 139 73 9 .21
Lake
Bell 100 86 166 8S 21 .32
Lake
Johnny 135 &9 139 73 15 .27
Lake N
Arsa 2 140 70 133 75 53 .51
Turbid 159 71 136 65 19 .31
Lake
Area 4 126 58 143 58 7 .19
Johnny 128 S9 134 S8 28 .37
Lake S
Carlyle 128 S8 129 S8 91 .67
Lake
Area § 132 60 140 &0 127 .79
Area & 146 S1i 151 SO 106 .72
Bell Lake 134 64 135 68 64 : .56
Granite
Mylonite 132 S9 138 38 67 .37
Lineations

A=Azimuth;P=Plunge;N=# of data pointsg; &=standard
deviation.
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Although the structural signature of the Grenville
Orogeny has largely overprinted any possible evidence of
earlier events in areas 1,2,3B and 4, the fabric diagrams
(Figures 14, 15, 17c, and 18) are diffuse when compared to
the areas to the south. This indicates that ﬁhe imposed
atructural fabric is lesa intense in theae areas than in
areaa 3A,5 and &,which have a astrongly concentrated fabric
(Figurea 17a-d, 19 and 20) typical of the Grenville Front
Tectonic Zone. Any evidence that a pre-Grenvillian
deformational event occurred along thia aection of the
Grenville Front is most likely to be preserved in areaas
1,2,3B and 4 since the tectonic overprint has not been strong
enough in these areas to completely destroy previous fabrics.
The east-weat trend in fabric in area 4 corresponds to a
fabric which is typical of Huronian rocks resulting from the
Penokean Orogeny. Thia supports the conclusiona of Frarey
(1985) that these paragneisses are Huronian equivalents. Also
area 4 is located in a poaition which corresponds to the
extenasion of the McGregor Anticline.

Values for the average and the mode of ths foliation
distribution are ahown in Table 2. These values were
calculated during the computer plotting of the contoured
fabric diagrama. In cases where more than one mode occurs,
the values are liasted in order of importance. The order in

which the locations are listed essentially corresponds to
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their occurrence from north to south. Area 4 has been listed
above the Johnny Lake Shear Z2one due to the diffuse nature of
the fabric.

It can be seen from the data in table 2 that the strike
values do not focllow any sort of regional trénd other than
their being northeaaterly. Although the range in atrike
values varies by as much as 60 degrees (eg. area 4), this
variation appears random both from northwest to southeast and
from northeast to aouthwest. This variation in strike values
can be attributed, not only to remnant fabricsas from earlier
events, but also to the undulatory nature of the mylonite
asurfacea aa they are traveraed along atrike. The aame
undulation is seen on the outcrop acale with the same or
larger variationa in strike. Since all of the movement on
these surfaces was restricted to eassentially dip slip,
undulations along strike would not present a mechanical
problem. It is, in fact, to be expected in mylonitic terrains
(Bell and Hammond, 1984).

The dip values for the mode of each area do follow a
definite trend. These values show a strong tendency to
decrease acroas the area from the northweat at the
granite-metasediment contact to the southeast in the augen
gneiaasic terrain. Another noteworthy feature of these data is
the decrease in the amount of variation in measurements which

is displayed by the difference between the average and the
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mode. The increased concentraticn in attitudes follows the
same trend aa the decrease in dip values and the trangsition
from brittle to ductile behavior.

The average and the mode of the lineation distribution in
each area are listed in Table 3. The variatioﬁ in azimuth is
generally less than 20 degrees which is much smaller than
that of the corresponding foliationa. Plunge values, on the
other hand, appear to follow the same trend as the foliation
dip values. Although the foliation surfaces on which these
lineationa occur fluctuate in strike direction, the
lineations maintain a consistent orisntation. To illustrate
thia, the poles to foliation modes from table 2 have been
plotted with the lineation modes from table 3 on the
atereonet in figure 25. Thia geometry correaponda reasonably
well to that which would result from sliding on a corrugated
surface. The conaiatency in attitude of mineral lineationa
and the increase in abundance of lineations toward the
southeast indicates that this feature has resulted from a

single deformational event.



CHAPTER 4

MICROSTRUCTURES

Introduction

This chapter will deal with deformational features which
are observable in thin section. Many of these featurea are
expreaaed in hand asample, i.e. mylonites, C & S fabricsa, but
the development of theae fabrica occura at a grain or
aubgrain acale and therefore can only be characterized in

thin aection.
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Mylonites

During deformation within a shear zone, dynamic
recrystallization is common and leads to the formation of
mylonite. The term mylonite was first introduced by Lapworth
in 1885. It is derived from the Greek word "mylon" meaning
mill, and waa used to describe rocka of the Moine Thruat Zone
in Scotland which had apparently been crushed during thrust
movement. Since that time, the mechaniama involved in the
formation of mylonitea, as well aa the definition of the word
itself, has been the subject of repeated controversy. When
firat introduced, the term mylonite was meant to imply
brittle deformational processea and was used aa gsuch by later
authora (eg. Christie, 1863; Higgins, 1971). More recently,
the importance of ductile procesaes in mylonite formation has
been recognized (eg. Bell & Etheridge, 1973) such that the
term "mylonite” is now used aa a field term and must be
accompanied by a complete description of the nature of the
deformation.

At the annual meeting of the Canadian Tectonics Group in
1984, each of the members waa asked to aubmit a definition of
the word "mylonite". The reaultas of thia survey led to the

following definition:
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"Mylonite occurs in shear zones, that is, zones across which
one block of rock is displaced with resapect to another, and
which show no evidence of major loss of material continuity.
They develop primarily by ductile deformation proceasea. They
are well foliated and commonly well lineated, and show an
overall reduction in grain size when compared to their hosts.
Mylonitea commonly contain a suite of diagnoatic asymmetric
atructurea, auch aa rotated porphyroclaata/blaata and S-C
textures. Mylonite zonea can develop at any acale, in rocka
of any composition and fabric." (Mawer, 1986)

The microstructural development of mylonites has been
paid a great deal of attention in the past decade. Much of
this research has been confined to the study of quartz fabric
development (eg. Ransom,1971; Shelly,1972; White, 1976,1977;
Bouchez, 1977; Carreras et al.,1977; Chriastie & Ord,1980;
Gapaia & White,1982; Culahaw & Fy=aon,1384; Evana & White,
1984;: Burg,1986), while others deal with the overall fabric
development of quartzo-feldapathic rocka (eg. Bell &
Etheridge,1973; Burg & Laurent,1978; Lister & Price,1978;
White et al.,1982).

At present the processes and mechanisms involved in the
formation of mylonite in quartizites are fairly well
underatood. Reaearch ias now tending toward the more
heterogeneous (and more common) rock types such as granites.

Becaugse the varioua minerala within granitic rocka behave
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differently under the same metamorphic conditions, mylonite
formation muat be atudied in rocka deformed under different
metamorphic gradea. An area which has undergone regional
thruat faulting ia ideally suited for thia type of atudy.
Such an area contains not only an abundance of mylonite, but
it also providea acceaa to a seriea of mylonitea produced
under increaaing metemorphié conditions.

Thin sectiona cut from aamplea of granitic rock,
collected across the study area, have been examined in order
to characterize the the nature of the deformation in quartz
and feldspar during mylonite formation. The level of |
deformation within these samples ranges from relatively
undeformed to mylonitized and samplea apan a wide range in
metamorphic conditiona. All aectiona have been cut parallel
to the lineation and perpendicular to the foliation (i.e.

XfYf) unleaa atated otherwiae.
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QUARTZ MICROSTRUCTURES

Progressive Development of Microstrucural Strain Features

One aseriea of aamplea wasa collected midwgy acroaa the
study area in area S5 (ses Figure 13) and shows the transition
from not viaibly deformed in hand apecimen to mylonitized.
Thia aeriea consiata of three asamplea collected approximately
one meter apart at location P35 (aee Figure 2) with the
average composition being that of a granodiorite (Table 1).

In the aample not viaibly deformed (P35-1), the quartz
occurs as aggregates filling the interstices between feldspar
cryatala. The grain asize within theae aggregatea rangea from
imm to O0.05mm. Grain shapea are irregular. Strain featurea
cbaerved include undulatory extinction and deformation bandsa.
The deformation bands (Figure 26a) are broad and may have
either faint or aharp boundariea, often within a aingle
grain.

The second sample examined (P35) was collected
approximately one meter away from that described above. This
aampla poaaeasaa a penetrative C & S fabric and in thin
aection diaplaya a much larger number of atrain featurea.
Quartz occcura in two forma which can be directly aasaociated
with location relative to large feldapar grains. Quartz
occurring in protected areaa auch gaa preaaure ahadowa beaide

feldaspar augen, displays the same atrain features described
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for the first sample, i.e. undulatory extinction and
deformation banda, as well aa deformation lamellae and
subgraina (Figure 26b). Deformation lamellae differ from
deformation bandas in that they are much thinqer. The apacing
of deformation lamellae in Figure 26b is 0.0135mm. Quartz in
this sample also occurs in the form of ribbona (Figure 26c¢)
which define the foliation. The ribbons are composed of
aggregatea of quartz and contain both subgrainas and
recrystallized grains which are elongated. The long axes of
these graina are oriented at 30 degrees to the ribbon
boundary. These ribbons are similar to those described by
Boullier and Bouchez (1978) aa "Type 4 polycryatalline
ribbona'". Ribbonsa vary in width from 0.2 to O0.Smm and are
generally one grain wide. The length of ribbéns ia highly
variable, being two ordersa of magnitude or larger than the
width. The overall quartz grain aize in this sample ranges
from 0.5 to 0.05mm with the larger grains occurring in the
protected areaa. Grain boundaries are irregular and serrated.
The boundariea of the quartz ribbon aggregatea are generally
amooth.

The third sample in the series (P335a), collected
approximately one meter away from the second, ia a
quartz-feldapar augen mylonite of granodioritic compoaition.
In hand sample, the rock contains large pink feldspar augen

(average aize ~1lcm) aurrounded by an extremely fine grained
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black matrix. This rock possesses a very powerful mineral
lineation which can be z2een on aubmillimeter sapaced foliation
aurfacesa. All quartz in this sample is confined to the matrix
and occura in one of two forma; 1) asa ribbong or 2) as amall,
preferentially oriented, inequant grainas which together with
fine grained feldapar and mica, compose the bulk of the
matrix (Figure 26d).

The quartz ribbons are narrow, 0.2mm wide aggregates of
recrystallized grains and subgrains. The ribbons are
generally atraight aided but in the vicinity of large
feldspar augen they become curved. Ribbon boundaries aépear
sutured aa they grade rapidly into the finer grained matrix.
The aubgraina and recryastallized graina within the ribbona
are elongated with long axea oriented again at 30 degrees to
the ribbon walla. Subgrain and recrystallized grain
boundaries within ribbona are irregular and serrated.

The majority of quartz occuras as 0.05Smm inequant graina
(average aapect ratio of 2) which are combined with grains of
feldaspar and mica of aimilar size to form the bulk of the
matrix. The long axea of theae quartz gréins have a atrongly
praefered orientation parallel to the foliation direction.
Grain ahapea vary from aquare or rectangular to elliptical,
grain boundariea are irregular and may be serrated.
Undulatory extinction ia common in both matrix and especially

ribbon quartz.



Figure 26a. Deformation bands in quartz occurring
in a quartz-monzonite which appearas undeformed in

hand specimen. Field of view 3.25mm. P35-1.

Figure 26b. Strain featurea in quartz occurring in

a deformed granodiorite which possesses a C & S Fabric.
Featurea include deformation lamellae (1), undulatory
extinction (u) and subgraina (ag). Field of view 1.3mm.

P35.
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Figure 26c. @Quartz ribbon aggregate in a deformed
granodiorite. Subgraina and recryatallized graina
are elongated at an angle of 30 degreea to the

ribbon boundary. Field of view 3.25mm. P35a.

Figure 26d. GQuartz-feldspar mylonite of granodioritic
compoaition. Average grain size is 0.05mm. Subgrains
within the larger, 0.2mm wide quartz ribbon are
elongated and oriented obliquely to the ribbon wall.

Field of view 3.25mm. P3S5a.

el
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Variations in Microscopic Strain Features

A number of samples of deformsed rock, collected
throughout the atudy area, have been examined.in thin section
to determine the variation, if any, in microatructural atrain
features in quartz from northweat to aoutheaat. Although aome
of the variations obaerved may be in part the reault of
differencea in hoat rock compoaition, all aamplea atudied are
quartzo~-feldspathic rocks believed to be of plutonic origin,
the mean composition of which ia granodiorite.

Along the northwestern boundary of the study area (aresa
1, Figure 13), within the Bell Lake Granite, ductile atrain
features are reastricted largely to undulatory extinction and
deformation banda. Some graina have aerrated boundariea and
rarely very amall (~5S micron) recrystallized grainas are seen
along these boundaries. The most pervasive type of
deformation, seen in all crystals, is brecciation (Figure
27). The microfaults which cut through the granite contain
angular fragmenta of quartz and feldapar aurrounded by rock
flour (or gouge).

Within area 2, a much larger number of ductile strain
features can be observed in quartz. Subgrain formation and
dynamic recrystallization have led to the formation of quartz
grain aggregates which occur in a number of different forms.

The aimplest form ia that in which an original quartz grain
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has undergone incomplete recrystallization to form a guartz
aggregate that atill retains the ocutline of the original
grain (Figure 28a). Within the aggregate, aubgrains (diffuse
boundariesa) and recryatallized graina (aharp.boundaries)
display undulatory extinction, deformation bands and
deformation lamellae. Grain boundaries are highly irregular
and aerrate. Grain ashapea are alao irregular and grain aizes
range widely from 3mm to leaa than 0.0lmm. Flattening of thia
type of aggregate by either pure or simple shear, leada to a
quartz ribbon aggregate auch aa that ahown in Figure 28b.
Highly elongated aubgraina, which again show undulatory
extinction and deformation banda, are preferentially oriented
along the foliation direction. Grain shapes, although largely
elongated, remain irregular and grain boundaries serrate.

A second type of gquartz aggregate which commonly occurs
in area 2, ia that which haa been deacribed by White (1976)
aa a core and mantle structure (Figure 28c). During
deformation under conditiona of high differential astresa, the
atrain gradient can become extremely high along grain
boundariaa. Thia atrain concentration leada to the formation
of dynamically recryatallized graina along the grain
boundary, leaving a relatively undeformed core. If the atreas
level ia maintained, thia proceas can continue until the
recryatallizing mantle totally consumesa the core leaving a

quartz aggregate composed entirely of very fine grained
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recrystallized quartz. The cores of these structures may show
undulatory extinction, deformation bands or deformation
lamellas, or may themselves be subgrained but the surrounding
mantle ia always finer grained. In the core gnd mantle
structure shown in Figure 28c, the recrystallized grain size
in the mantle is less than 0.0lmm. The core shows undulatory
extinction aa well as a faint deformation band. A core and
mantle astructure ia not reatricted to equant graina. Many
highly inequant grains are also seen to have thia structure
but flattening through either pure or aimple ahear, may have
occurred before, during or after mantle formation. Figﬁre 28d
illuatratea an example of thia feature. The remnant hoat
grain ahowa evidence of having undergone a large amount of
atrain, i.e. deformation banda and kink banda. Recrystallized
grains in the mantle are generally equant and extend from the
hoat farther at the tips than in the center.

In the northeast section of area 2, gquarts ribbons are
aimilar to thoae occurring in the central section of area 3,
which have already been described under progresaive
development of atrain features. In thia area however, the
ribbon morphology is not as well developed. Aggregates tend
to be more tear drop shaped but the configuration of
elongated subgraina and recrystallized grain oriented
obliquely to the long axis of the aggregate is the same as

that deacribed previously.



Figure 27. Fault gouge in a microfault within the
Bell Lake Granite. The fault gouge consista of
angular fragmenta of quartz and feldspar in a rock
flour matrix. Deformation banda can be aeen in the
gquartz grain at the right hand side of the photo.

Field of view 6.5mm. P204.
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Figure 28a. Recrystallization of a quartz grain

to form a quartz aggregate. Note irregular grain
ahapea, highly sutured boundariea and undulatory
extinction. Aggregate ia croaacut by late brittle

fracture. Field of view 6.5mm. P121.

Figure 28b. Quartz ribbona in deformed Bell Lake
Granite. Ribbona are compoased of elongated and
irragularly ahaped aubgraina which ahow undulatory
extinction. Ribbona alaoc contain amall recryatallized
graina. Grain boundariega are aerrated. Field of view

3.25mm. P347.

10
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Figure 28c. Core and mantle
unrecryatallized core ahowa
and deformation banda. Note
boundary as the core grades

view 1.3mm. P11S5.

Figure 28d. Core and mantle

Hoat remnant 1a elongated and showa atrong undulatory

structure in guartz. The
undulatory extinction
highly autured grain

into mantle. Field of

structure in quartz.

extinction. Initiation of quartz ribbon atructure.

Field of view 3.25mm. P115.
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All quartz observed in samples from area 3 occurs in the
form of ribbona. Along the northwestern boundary of the
mylonite zone in area 3A theae ribbons conaiat of highly
elongated continucus guartz graina that can be up to two
ordera of magnitude longer than they are wide (figure 29).
Grain widtha in ribbona range from 0.3 to 0.05mm. Along their
length quartz ribbons display undulatory extinction,
deformation bands, kink banda and subgrain boundariea. The
boundariea between ribbon grains are generally serrated and
lined with very fine (£0.0l1mm) recrystallized guartz grains.
The long axea of ribbon grains define the foliation which
anaatomoses around large feldspar augen with no diacrete
breaks in crystal continuity. Th?se quartz ribbons correspond
to Type 1 polycryatalline quartz ribbona of Boullier and
Bouchez (1978).

Within the mylonites of the Johnnie Lake Shear Zone of
area 3A, quartz ribbona consiat of very fine, 0.02mm
polygonal aubgraina and recryatallized grains. Remnant hoat
grains are rare and occur only in preasure shadowed areas
adjacent to feldapar porphyroclaata. Host remnants are highly
elongated parallel to the ribbon boundaries which define the
mylonite foliation (Figure 30). The extinction pattern of
recrysatallized graina within the ribbon also trends parallel
to the ribbon boundary. It ias likely that asegments of the

quartz ribbon containing similarly oriented grains and
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sugrains, indicated by similar extiction angles, originated
from a aingle hoat grain (Ranzaom,1971). Very fine grained
recryatallized quertz ribbona such aa these correspond
generally to Type 2 polycrystalline quartz r;bbons of
Boullier and Bouchez (1978).

Quartz ribbons in area 5 occur in three distinctly
different morphologies. Those examined from the northsern part
of area 5 are equivalent to that just deacribed, i.e. gquartz
ribbon aggregatea of very fine polygonal grains. Within the
central section of area 5, quartz ribbons with well defined
boundaries are composed of elongated recrystallized grains
and subgrains which are oriented obliquely to the ribbon
boundary (Figure 26c¢,d). Individual graina may be irregular
in shape and have serrated boundarieasa.

In the southern part of area 5 and in arsa 6, quartz
occurs moat commonly aa ribbona aimilar te Type 3 ribbona of
Boullier and Bouchez (1978).Thia type of quartz ribbon hasa
alao been deacribed by Culshaw and Fyson (1984) in rocks from
the Central Gneias Belt of the Grenville Province in Ontario.
These ribbona consist of elongated quartz aggregatea which
normally have the width of a single grain and may be several
graina long. Individual grain boundaries within these ribbons
are smooth or aerrated and tend to be oriented at a high
angle to the ribbon boundary. Grain shapea vary from equant

to highly ineguant along the length of the ribbon and may be
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irregular to square or rectangular in outline (Figure 3la,b).
All of the guartz microatructurea decribed previous to thia
can be attributed largely to deformation and
recryatallization in a dynamic regime. Thia gype of quartz
ribbon requires initial dynamic recryatallization to produce
the ribbon itaelf which muat then be followed by an epiaocde
of static grain growth (Boullier & Bouchez,1978). Late
annealing ia neceaasary to alleow grain boundariea to become
amooth. Static grain growth occurs through the migration of
grain boundarieas along the length of the ribbon such that
favorably oriented graina grow at the expense of thoseAnot
favorably oriented. Grain growth in a direction normal to the
ribbon length is constrained by minerala of a non-quartz
composition along the ribbon walla. In the quartz ribbons
deacribed here other strain features are also apparent.
Undulatory extinction and deformation banda are common and
sutured contacts between graina are seen. These other atrain
featurea become leas evident toward the southeaat boundary of
the atudy area. Since the morphology of theae quartz ribbona
generally conforma to deacriptiona given‘by other authorsas,
the deformational history must involve the process mentioned
above. In addition to thia, a dynamic episcde following the
atatic growth period is necessary to account for the other
atrain featurea. An alternative to thia would be that during

metamorphism, temperatures were high enough that dynamic
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recrystallization and static grain growth were competing
processea. In a regional thrust fault aystem such as this,
which involvea uplift of material from deep crustal levels,

ejither acenario would be posasible.

Discussion of Quartz Microstructures

The progressive development of microstructural strain
features in guartz has been documented by many arthors (egq.
Bell & Etheridge,1973; White,1976,1977; Carreras et al.,1977;
Bouchez,1977; Burg & Laurent,1978; Poirier, 1980; whité et
al.,1980; Burg,1986) and correaponda well with the aequence
which haas been deacribed for this area. It is now agreed
that quartz microstructures which develop in mylonites are
the reault of different glide or creep procesaea which act at
the lattice level.

When a crystal is subjected to differential stress, the
crystal responds through the formation of dislocations in the
lattice, thuas increaasing the internal energy of the crystal
in an attempt to attain thermodynamic equilibrium with the
surroundinga. The higher the differential atreaa, the more
dislocations are necessary for equilibrium to be maintained.
Once formed, dislocations tend to migrate through the cryatal
until they reach a atable configuration such aas a dislocation

wall. Should these diaslocations bhecome pinned or tangled, eg.
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due to an impurity in the crystal, so that dislocations can
no longer move through the crystal, astrain hardening results
and further deformation can only be accommodated through
brittle processes. At temperaturea greater than 0.4 to 0.5 of
melting, hot creep conditions exist which aliow dislocations
to move around obatacles and continue migration until a
atable configuration ia reached. (For more information on
dialocation theory aee Hobba, Meana & Williama, 1976: Nicolaa
& Poirier, 1976).

At the onset of deformation the first optical strain
feature to occur ia undulatory extinction. This gtrain
feature can result from one or more of three posaible
substructures (White,1976):

1) A large density of individual dislocations,

2) The formation of closely spaced dislocation walls,

3) The presence of lattice rotations.

Of these 2) is most commonly responsible for undulatory
extinction in quartz. Dialocation walla are generally
oriented along prism planes and all have a similar sense of
tilt.

The next optical strain features which develop in quartz
are deformation banda and deformation lamellae; these
conatitute the next level of atrain following the formation
of dislocation wallas. Small segmenta of dislocation walls

form parallel to a rhomb plane such that the final product is
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the concentration of elongated subgrains into bands which lis
parallel to priam planea. Deformation bands may form either
parallel or perpendicular to the mosat active alip plane in
the cryastal. Deformation lamellae are aimila: to deformation
banda in their make-up but tend to be much thinner and more
intense. In deformation lamellae, narrow zones of subgrains
form subparallel to a basal plane.

With increasing strain, elongate and squidimensional
subgrains will form. Before the development of discrete
aubgraina, the hoat grain may appear polygonized (lattice
misorientations of ~1 degree). Aa the amount of
misorientation between the subgrain and the host grain
increasesa, the walls become better defined. After a
miaorientation of between 7 and 10 degrees has been reached,
a atrain free new grain ia formed.

In a rock adjacent to a shear zone, which appears
undeformed in hand sample, all of the above features can be
seen in thin section. The location of each feature within the
grain indicates the atrain distribution. As the level of
strain increases, undulatory extiction and deformation bands
and lamellae are most often seen in quartz located in
“protected”" areas which include grain cores (White,1976;
White et al.,1980), inclusions in feldspar grains (Bell &
Etheridge,1976) and adjacent to the sides of large feldspar

porphyroclasts which are oriented normal to the foliation
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(Lister & Price, 1978). Figure 32 illustrates another sexample
of quartz which haas asuffered lower atrain through the
protection of a large feldspar grain. Subgrains and
dynamically recryatallized graina may be reagricted to grain
boundariea where the atrain gradient ia higheat (Figureaa
28c,d) while other quartz grains may be completely converted
ﬁo aggregatea (Figures 28a,b). The ahape of quartz graina and
quartz aggregatea indicatea the amount of atrain the cryatal
haa undergone.

Once the deformation becomes highly visible in hand
specimen, the majority of original quartz grains will hava
been converted to polycrystalline aggregates which are
elongated parallel to the main stretching direction, i.e.
ribbona. The size of the recrystallized grains is mainly
controlled by the differential stress although strain rate
and temperature may have some influence. Mylonites produced
in high grade environmenta tend to have a larger
recryatallized grain size than those from lower grade
environments. Because of this dependencse, the stress gradient
acroaa a ahear zone may be aeen aa a change in recryastallized
grain size. This point will be diacussed in more detail in a
later section on streass estimates.

During mylonite formation, the percentage of grains which
have been recryatallized continuously increases until the

rock acquires a steady state microstructure. In quartzites
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this occurs at a shear strain of 5 (White et al., 1980). Once
a steady state has been reached, any further straining has
very little effect on the microstructural appearance. On a
subastructure scale, steady state corresponda‘to that in which
the strain hardening rate, i.e. the dislocation density and
diaslocation entanglement, is balanced by the recovery rate,
i.e., subgrain formation (White, 1976). In quartzo-feldspathic
rocka, large, strong feldspar porphyroclaats have a major
influence on the strain distribution within the rock (Lister
& Price, 1978). Much higher strain is required before a
ateady atate can be reached (if at all). In this type of
rock, a steady state microstructure may develop in the matrix
where it is removed from the influence of the porphyroclaata.
An overall ateady satate fabric will only occur after all
pophyroclaata have been reduced and incorporated into the

matrix.
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Figure 29. Quartz ribbon texture. Ribbons may extend
for up to 3mm aa a single grain. Large ribbon grains
have aubgrained boundariea. Undulatory extinction is

ubiquitoua in large graina. Field of view 1.3mm. P268.

Figure 30. Dynamically recryatallized quartz ribbon
aggregate with small elongate remnant of hoat grain.
Hoat remnant ia flatten=ed in the plane of the foliation
which followa the extinction pattern in the ribbon.

Field of view 3.25mm. P26S8.
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Figure 3la. Guartz ribbon aggregates in a deformed
granite. Ribbons are generally one grain wide and
several grains long. Grain boundaries within the

ribbon are generally normal to ribbon walla. Field

of view 3.25mm. PS4.

Figure 31b. Deformation textures in a granite.
Recryatallized quartz graina form irregular or
ribbon ahaped aggregateas which wrap around large
feldspar porphyroclasts. The very fine grained
material contains dynamically recrystallized grains
of K-feldapar, plagioclase and minor hornblende.

Field of view 6.5mm. P244,
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Figure 32. Deformed quartz grain in a guartz-feldspar
mylonite which illuatratea the difference in atrain
between "protected"™ and "unprotected" regiona. The
portion of the quartz grain located in the "V'" of the
feldapar grain haa been protected from the high lavel
of atrain which haa affected the reat of the grain.

Field of view 1.3mm. P139S.
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FELDSPAR MICROSTRUCTURES

Progressive Development of Microstructural Strain Features

The same gseries of three samples used to define the
progressive developmaent of quartz fabrics during mylonits
formation have been used to deacribe feldspar fabric
development. Due to the widely varying behavior of feldspars
under different metamorphic conditions, thease samples do not
neceasarily represent the moast common behavior of feldsapars
in deformed granitea. Becauaa these aamplea were collected
approximately half way between the northweat and socutheast
boundariea of the atudy area, they are taken to be
representative of the average behavior of feldspar for the
purposea of thia study. 4ll slides have been stained for
K-feldgspar (Deer et al., 1966; p.311).

In the sample not visibly deformed (P35-1), plagioclase
occurs moat commonly as equant graina with irregular
boundariea. The average size of these grains is 2.5mm.
Fracturing ia common in these graina and may be short and
diacontinuous or may be throughgoing. Approximately one half
of the fractures cbaserved occurred along crystallographic
cleavage directions. The reat are croasscutting. Small
fractures may occur at the boundary or isolated within a

cryastal. These fracturea, long and short, show no offaet but
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may be filled with guartz, biotite or epidote. Twinning
occurs in saome plagioclase but the diatribution of twins
within a grain may be highly irregular. Commonly, twina are
very thin and taper to a point or end abruptly within a grain
(Figure 33a) indicating that these are deforﬁation twins
(White, 1975). Bent twina are seldom seen, although
undulatory extinction does occur. Aggregates of very fine
grained (0.05mm) felapar, both plagioclase and K-feldapar,
also occur giving both feldspar types a bimodal distribution.

Alkali feldspar occurs in this aample in very irregular
shapes, filling interstices between plagioclase grains. The
range in grain size and bimodal distribution is aimilar to
that of plagioclaae but because of the highly irregular grain
shapes, this feature is leas obvious. Small zones of
undulatory extinction can be seen in some of the large
K-feldspar grains. Fracturing occurs as in plagioclase.
Myrmekite is commonly seen associated with or grown into
K-feldapar.

In the sample displaying a C & S fabric, fracturing is
the same aa that deascribed in the previoua sample.
Deformation twins are the only twins seen in plagioclase.
Bent twins and undulatory extinction are common. Kink bands,
not seen in the previous sample, occur in two different
forma. The most obviocus kink bands have narrow diffuse

boundaries and traverae the entire grain. Twins can be szeen
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to bend into and out of the band which has a different
extinction angle than the reat of the grain (Figure 33b). The
kink bands in this sample invariably occur at an angle of 25
to 30 degrees to the quartz ribbon boundaries (i.e the shear
foliation direction) but in the opposite sensé to that seen
for elongated quartz subgrains. As well as this, kink band
boundariea are invariably oriented at a high angle
(aubnormal) to the twin lamellae. From thia it appeara that
theae kink banda do not form in feldapar graina unleaa they
have a apecific crystallographic orientation with reapect to
the shear foliation. Other kink banda, which are rare in this
sample, are discontinuous, ending abruptly at microfractures
within the grain. A large number of these kinks can occur
within a single grain resulting in a very diastinctive
“"krinkled®” extinction pattern.

Plagioclase grains vary from squant to slightly inequant
and are generally subrounded in ocutline. Inequant grains are
oriented with their long axes subparallel to the quartz
ribbon elongation direction.The bimodal distribution in grain
aize atill exiata but the number of finer graina ia greater.
Large graina are on the average 1.5mm in diameter. Grains
larger than 2.0mm are generally aggregatea. The fine graina
are 0.05mm in diameter.The boundaries of the large
plagioclase grains are serrated where they are in contact

with other feldspar grains and smooth where they are in
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contact with biotite or gquartz. Small recrystallized grains
can be seen along the serrated grain boundaries in a core and
mantle configuration.

Features observed in K-feldspar are generally the same as
that seen in plagioclase with two exceptions; no kink bands
were obaerved and the twinning is that of microcline. Large
K-feldspar grains are less abundant that that of plagioclase.
Myrmekite, which is not common in this sample, is associated
with K-feldspar and appears more pristine than that in the
previous sample. These well developed vermicular intergrowths
are found only along the sides of K-feldspar grains that face
the finite flattenning direction.

In the mylonite, feldspars occur as porphyroclasts widely
dispersed throughout a fine grained quartz + feldspar
foliated matrix. The great majority of porphyroclasts are
plagioclase; K-feldspar porphyroclasts are rare but some very
large ones do occur. Porphyroclasts vary from largely equant
to inequant; the orientation of long axes of inequant grains
relative to the foliation direction is variable (Figure 33c;
see Ghosh & Ramberg, 1976, for rigid body rotation in a
ductile matrix). Many porphyroclasts have well rounded
ocoutlines while others display a well developed core and
mantle structure (Figure 33d). This difference in behavior
may reflect a difference in plagioclase composition. The

progressive decrease in grain size from core to outer mantle
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is well illustrated in Figure 33d. In these grains the fine
grained outer mantle appeara to bhe apalling off to become
incorporated into the matrix. It is theae graina which are
seen aa the taila of feldapar augen. Thia proceaa of grain
size reduction is responsaible for the high proportion of fine
grained plagioclase in the matrix. The well rounded
porphyroclasts, as well as the cores of mantled augen, show
very little evidence of internal deformation other than minor
fracturing. This indicates that much of the stress imposed by
neighbouring feldspar grains is relaxed as the proportion of

matrix, which can accommodate high strain, increases.

Variations in Strain Features in Feldspar

The feldspars in area 1 (Figure 13) have undergone
deformation by fracturing and brecciation. Fractures within
grains are randomly oriented and may be filled with micas,
epidote or gouge. Microfaults which crosscut all grains are
common and contain angular fragments of quartz and feldspar
in a gouge matrix (Figure 27). Plagioclase is almost
completely replaced by epidote +/- chlorite, muscovite and
quartz resulting in aggregates of these minerals in the form

of pseudomorphs.



Figure 33a. Plagioclase grain in a guartz-monzonite
which appeara undeformed in hand apecimen. Within

the grain, very thin deformation twins taper out or

end abruptly at dislocation walla. Field of view 1.3mm.

P35-1.

Figure 33b. Plagioclase grain from a deformed
granodiorite which poaaeasea a C & S fabric.
Developed within the cryatal are deformation twins
and a well developed kink band. Field of view 1.3mm.

P35.
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Figure 33c. Well rounded plagioclase porphyroclasts
from an augen ultramylonite of granodioritic

compoaition. Field of view 6.5Smm. P35a.

Figure 33d. Core and mantle atructure in a feldapar
porphyroclast from the same sample aa above.
Recryatallized grains in the mantle are "apalling off"
to become incorporated into the fine grained quartz

and feldapar matrix. Field of view 3.25mm. P3Sa
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In area 2 a large number of strain features can be
observed in feldspar. Alteration to hydrous minerals has been
restricted to the plagioclase feldspars although the extent
to which this has occurred is much less than that of area 1.
As in area 1, the most obvious strain feature is fracturing.
Between area 1 and tha center of area 2, the fractures change
from being randomly oriented to having a preferred
orientation normal to the foliation. These fractures show no
apparent offset and are interpreted as being tensile
fractures. Midway through area 2, conjugate shear fractures
become the dominant form. The number of fractures which are
antithetic to the deduced sense of movement on the shear
foliation are more than twice as frequent as the number of
sympathetic fractures. In plagioclase, these fractures are
generally filled with fine grained quartz, plagioclase or
phyllosilicates (Figure 34a). In K-feldspar, fractures may
contain very small abraded fragments or recrystallized grains
of the host feldspar (Figure 34b). Many feldspar dgrains are
largely broken down into angular fragments. Plagioclase
fragments are more angular than those of K-feldspar.

Several more ductile strain features are also seen in the
feldspara of area 2. The abundance of these features tends to
increase from the socuthwest to the northeast of the area. The
most common of these features is deformation twinning. Twins

occurring in plagioclase are commonly much thinner than those
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formed in K-feldspar. Twins appear to both pre- and postdate
the ahear fracturea, the latter ending abruptly at the
fracture boundary. Deformation twins which predate fractures
are offaet acroaa the fracture and may be bent along fracture
boundariea (Figure 34a). Undulatory extinction, deformation
banda and kink bands are common within plagioclaae.

In the northeastern half of arsa 2 feldspar grains may be
incompletely fractured. Shearing along these fractures leads
to the formation of feldspar "dominoes' (Figure 35; Tullis,
1878). In the central section of area 2, deformation perthite
amd myrmekite begin to appear, becoming more common toward
the northeast. The deformation perthite (Figure 36) which
occurs in K-feldspar, consists of flames of plagioclase which
originate at grain boundaries generally oriented along the
foliation direction. The flames themselves trend
perpendicular to the boundaries and therefore the flattening
plane. The width of these flames is generally the greatest at
the grain boundary, tapering to a point within the grain.
Flames are frequently sigmoidal in shape. Myrmekite also
occurs along these boundaries in K-feldspar grains. Both
features may occur within a single grain.

Along the northern boundary of area 3A, feldspars show
grain size reduction through continued fracturing and
separation along the foliation. Fractured fragments which are

still in contact with one another are angular; those which
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have been separated are rounded. A wide range of grain sizss,
from 8mm to 0.008mm, is represented in all samples observed.
Generally grains larger than 0.7 or 0.8mm are fractured,
usually along cleavage planes, into rectangu;ar fragments.
Grains less than this size are rounded and display very
little fracturing (Figure 37). The dominant fractures are
shear fractures. The even representation of all grain sizes
is evidence that grain size reduction has occurred through
fracturing rather than recrystallization.

In the mylonites, strings of feldspar augen are connected
along the foliation by a thin band of very fine grained (8
micron) feldspar (Figure 37). Individual strings are
generally restricted to a single feldspar composition and are
separated from one another by gquartz ribbons. This
compositional banding indicates that all grains along a
single string have probably been derived from the same parent
grain.

Other more ductile strain features are also observed.
Deformation twinning (Figure 38a), kink bands (Figure 38b and
bent twins are ubigitous. Deformation perthite is developed
to such an extent that the grains are commonly composed of
half plagiocase and half K-feldspar in a zebra pattern.
Myrmekite is not seen.

Well within the mylonites of area 34 and in area 3B

feldspars begin to behave in a truly ductile fashion.
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Fracturing of grains is much less common. The fractures which
do occur are minute and show no offset. Feldspar grain sizes
in the rocks of these areas show a bimodal distribution, the
difference in =2ize between grain poulations being one to two
orders of magnitude. One grain population consists of
feldapar augen which can vary in size from 12mm tc O.1lmm.
Plagioclase augen are generally equant and rounded.
K-feldapar augen may be equant or elongated; the size of
equant grains is normally greater than that of inequant
grains.

The most common deformation feature in feldspar is
raecrystallization at grain boundaries producing a core and
mantle structure (Figure 39a). This process of
recrystallization has produced the second grain size
population. The recrystallized grain size shows little
variation within a sample but may vary from one location to
the next. Fine grain sizes range from 0.07 to 0.0lmm. The
width of recrystallized mantles may be small where
recrystallized grains have moved away from the host grain
through grain boundary sliding to form tails on the feldspar
augen. All feldspar augen, with or without a well developed
mantle, have highly serrated boundaries which indicates that
grain size reduction is occurring through the process of
recrystallization.

Recrystallization is not restricted to grain boundaries.
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Within grain cores, narrow straight bands of recrystallizsd
grains occur across which there is measurable lattice
misorientation (Figure 39b). This misorientation is seen as
either an abrupt change in extinction or, in the few crystals
which possess twins, a slight change in orientation of twin
lamellae. These zones correspond to the "Type III segregation
bands" described by Hanmer (1981,1982).

Undulatory extinction, which is rare, is irregular due to
intracrystalline microkinking (Figure 33c¢c). Kinking generally
occurs within the host crystal close to the grain boundaries.
Deformation twins, deformation perthite and kink bands are
also rare. Myrmekite is well developed in K-feldspars
especially on the long sides of inequant grains which
invariably face the finite shortening direction. Some
myrmekite occurs in all K-felspar grains.

The deformation of feldspars in area 5 has been described
in the previous section under progressive development of
strain features. The strain features in feldspar in area 6
are essentially equivalent to those of area S. Mantle
recrystallization (Figure 40a) and myrmekite (Figure 40b) are
common. Deformation features in the core grains are rare; the
abundance being dependant on the abundance of large feldspar
porphyroclasts in the sample. Recrystallization of
K-feldspars has resulted in new mantle grains of a different

(plagioclase) composition.
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Figure 34a. Fractured feldspar porphyroclast
diaplaying bent deformation twina and minor kink
banding. Fractures are infilled with muscovite
quartz and fine grained plagioclase. Field of view

1.3mm. P115S.

Figure 34b. Shear fractures in K-feldspar which
are offsetting deformation twina. Fractures may
be infilled with abraded fragments of the host

grain. Field of view 1.3mm. P11S.
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Figure 35. Strain fesatures in feldspar from

area 2. The large K- feldapar grain in the center

of the photomicrograph shows rotation of fragments
along shear fracturea to produce '"dominceas'.

Internal strain features include undulatory sxtinction
and deformation twina. Adjacent plagiogleaa grain

ia being replaced by hydroua minerala. Quartz grain
included in the plagioclaae grain ia unatrained.
Myrmekite can be aeen growing into the large
K-feldapar grain in the corner of the photo. Field

of view 3.25mm. P231.

12¢
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Figure 36. Perthite flames produced during
deformation of a K-feldapar augen. Flamea are
oriented approximately normal to the foliation.
The grain haa been fractured internally. Field

of view 3.25mm. P347.

Figure 37. Feldspar fracturing and separation

along the foliation in an ultramylonite from

area 3A. Slide haa been atained for both Ca (pink)

and K (yellow). Individual strings of connected

augen are reatricted to a aingle feldapar compoaition.
Late shear fractures crosscut the ultramylonite
normal to the foliation. Plane light. field of view

6.5Smm. P269.
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Figure 38a. Deformation twins in a plagioclase
augen within a mylonite from area 3A. Field of

view 3.25mm. P102.

Figure 38b. Fracturing and kink banding leading
to "crinkled" extinction in plagioclase. Field of

view 1.3mm. P102.
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Figure 3%a. Well developed core and mantle structure
in a feldapar within an augen ultramylonite leading
to a bimodal distribution in feldsapar grain asize.

Field of view 1.3mm. P460.

Figure 39b. Recrystallization along a dislocation

wall in plagioclase similar to Type III segregation
banda deacribed by Hanmer (1982). Grain miaorientation
acroaa the band ia indicated by the miaorientation in

twinn lamellae. Field of view 1.3mm. P10O.

Figure 39c. Irregular undulatory extinction in

orthoclase. Field of view 1.3mm. P10-1.
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Figure 40a. Core and mantle structure in a
K-feldapar within an ultramylonite from area 6.
The recryatallized graina in the mantle have a
different compeoaition than the core. Field aof view

6.5Smm. P327.

Figure 40b. Recrystallization and myrmekite growth

in feldapar from area 6. Field of view 3.25mm. P3529.
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In the southwestern corner of area 6, feldspar grain
shapea become more inequant, the long axea of which define
the foliation and control the gquartz ribbon orientation. The
felapar cores diasplay undulatory extinction gnd do show some
fracturing with no offset (Figure 31b). These fracturea show

a atrongly prefered orientation normal to the foliation.

Feldspar Fracture Distribution

A large number of feldspar fractures were measured in
each sample studied. Some of the results of these
maasurements are shown in figure 41. The size of fractures
and their importance as a deformation mechanism in feldspars
decreases from northwest to southeast, becoming of minor
importance within area 3. Southeast of area 3 fractures are
generally minute and insignificant. In area 2, most fractures
measured separated fragmenta which had been offset by
ashearing. Many of these fractures occur in conjugate aets,
but fractures which are antithetic to the sense of movement
on the C-surfaces are much more abundant than sympathetic
fractures (Figure 4la,b). According to White et al. (1982),
antithetic offset results from the rotation of fragments in
the same sense as the major shearing directioh causing
movement along fractures which formed initially as tensile

fractures. Conversely, fractures showing a sympathetic sense
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of movement to the major shearing direction, formed
originally as shear fractures. Subsequent rotation of these
fracture fragments is in the opposite sense to that of the
tension fracture fragments (Figure 42). Manylof the fractures
showing the same sense of rotation as the major shearing
direction contain fine grained matrix material indicating
that a small amount of separation has occurred. Thus, the
majority of the fractures occurring in feldspars in area 2
originated as tensile fractures. This accounts for the large
number of fractures showing antithetic movement.

Along the northern boundary of the shear zone in area 34,
the majority of fractures showing offset are sympathetic to
the sense of movement on C-surfaces (Figure 41c¢,d). This
change in fracture pattern therefore corresponds to a slight
change in the behavior of feldspars from area 2 to area 3. In
all cases, sympathetic fractures make a smaller angle with
the shear foliation than do antithetic fractures. Values for
sympathetic fractures Qary from O to 50 degrees while those
for antithetic fractures vary from 20 to 70 degrees.

Very few fractures from the southern aside of the mylonite
zone in area 3 and none from area S5 and 6 show evidence of
digplacement. The orientation of fractures from the first two
of these areas are equivalent to those of offset fractures of

either shear or tensile origin (Figure 4le,f,g).



Figure 4la-i. Rose diagrams of feldspar fracture
orientationa. All sections measured are aubvertical
in orientation with northweat to the left, aocutheast
to the right in all diagrams. Fractures were measured
relative to the foliation which occupies a vertical
poaition in all diagrama. Dashed linea aeparate
antithetic (dextral) fractures from aympathetic

(ainetral) fracturesa.
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Figure 42.

rotation.

a) Shear fracture rotation.
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b) Tensile fracture
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The orientation of fractures from area 6 (Figure 41h,i)
are in a tensile fracture position, oriented normal to the
foliation direction. Since the dominant type of deformation
in these areas is one involving crysatal plastic (ductile)
processes, these fractures are probably a late feature
produced following uplift to a higher crustal level during

thrusting.

Discussion of Feldspar Microstructures

Recently there has been a great surge in intrest in the
behavior of feldspars during deformation in ductile shear
zones. A large volume of recent literature now exists which
deals largely with microstructural strain features in these
minerals (eg. White,1975; Marshall & McLauren,1977; Tullis &
Yund, 1977,1980; Debat et al., 1978; Borges & Wh;te,1980:
Boullier,1980; Brown,1980; Vidal et al.,1980;

Hanmer, 1981,1982; White et al.,1982; Fitzgerald et al.,1983;
Vernon et al.,1983; Andrews, 1984; Jensen & Starkey,1985;
Olsen & Kohlstedt,1985; White & Mawer,1986).

Unlike quartz, which begins to behave in a ductile
fashion at the onset of greenschist facies metamorphic
conditions, feldspars remain strong, deforming largely in a
brittle fashion, well into amphibolite grade. This behavior

is well illustrated in the rocks described here. By far the
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most apparent strain fsatures in feldspars observed from
areas 1 to 3 are microfracturing and microfaulting. In areas
3 to 6, recrystallization becomes the dominant process.

Feldspar fractures from a mylonite formeq in lower
greenschist grade metamorphic conditions (300-400°C) have
been described by Boullier (1380). She found that under these
conditions, only tensile fractures are produced in a position
normal to the stretching lineation. These fractures are wide
and usually filled with quartz and/or albite. Andrews (1584)
also described fractures produced during shearing under
greenschist facies conditions (350 to 500°C) but found>the
majority of these to be sympathetic shear fractures.
Therefore it appears that the transition from tensile to
shear fracture dominance in feldspars corresponds to a slight
increase in metamorphic grade. As the grade of metamorphism
increases, the number of fractures showing displacement
decreases (Debat et al.,1978) and the bulk strain becomes
accommodated by grain boundary sliding in recrystallized
grains.

The deformation of feldspar at lower greenschist to lower
amphibolite facies conditions is accomplished through
continued fracturing and physical separation leading to grain
size reduction. This process continues with increasing strain
until the grains reach what appears to be an equilibrium

size. Once the equilibrium size has been reached, further



l44

straining does not appear to change it very much. The
formation of fractureas ias independent of aspect ratio
(Boullier,1980). All feldspar grains which are larger than
the equilibrium size, regardleas of shape, w;ll fracture.
Grain size populations in which the entire range of sizes is
evenly represented ia an indication that grain asize reduction
has occurred through fracturing.

Deformation by crystal plastic processes in felspar
begins under conditions of amphibolite facies metamorphism
(White,1975; Hanmer,1982; Olsen & Kohlstedt,1985). Many of
the strain features produced by these processes are similar
to that described for gquartz but several important
differences exist. For the minerals in which deformation
mechanisms are most frequently studied, eg. quartz and
calcite, no compositional change can occur during
deformation. Conversely, the feldspars are very sensitive to
minerolagical changes. A& second important difference lies in
the fact that most feldapars are solid solutions and
therefore, in their most stable form, have a highly ordered
crystal structure. During deformation, the internal energy of
a feldspar grain can be increased through chemical changes
and lattice disordering as well as through the formation of
dislocations. Deformation under conditions below amphibolite
facieas (~500°C) occurs while feldspars are still in their

ordered state (White,1975). The higher the An content of the
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feldspar, the higher the degree of ordering within the
crystal. Much higher temperatures are required to plastically
deform anorthite than albite. Pure albite is not a solid
solution and therefore, like quartz, begins to show signs of
recovery (i.e. subgrain formation) under greenschist facies
conditiona. An equivalent deformation feature in highly
ordered plagioclase to one seen in quartz requires, and
contains, much higher energy because of the extra energy
needed to disorder the lattice. Plagioclase also requires
much more energy to diffuse a dislocation through the
lattice; 1) dislocation diffusion disrupts the order of the
’lattice and 2) dislocations of opposite sign tend to pair in
feldspars creating a larger dislocation that must diffuse
(White,13975).

During cataclastic fragmentation of feldspars, dilation
must occur within the rock. This dilation allows water to
enter the systen, thus making it available to react with the
deforming feldspars. This availability of fluids is capable
of increasing diffusion rates by several orders of magnitude,
leading to the formation of deformation perthite and
myrmekite. The same sort of process can occur, although at a
vastly different scale, as the number and ordered
configuration of dislocations within the deforming mineral
increases. Increasing the temperature within the system,

increases the rate of formation of these features by 1)
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increasing the rate of diffusion and 2) by allowing more
diffusion pathways (dislocation pathways) to form within the
mineral. This accounts for the increase in the penetration
diatance, and intracrystalline formation, of_deformation
perthite toward the southeast of the area.

The development of dislocation walls, which lead to the
formation of undulatory extinction, deformation bands, bent
twins or kink bands, is the same as that described for quartz
with the exception of the much higher energy required. Once
these dislocation walls have formed, they provide a pathway
for diffusing atoms, i.e. deformation enhanced diffusion.
Recrystallization along these boundaries (Figure 39b) can
then be accomplished by the nucleation and growth of new
grainas.

Recrystallization along grain boundaries, leading to the
formation of a core and mantle structure, is initially
accomplished through nucleation and growth of new grains
(White, 1975). The formation of new feldspar grains having a
different compeosition than the host grain (Figure 40a,b) or
new untwinned grains derived from a twinned host are evidence
that this process has occurred. Once recrystallization
starts, much of the strain can be accommodated through grain
boundary sliding. This relieves some of the stress on the
host grain resulting in fewer intracrystalline strain

features. The creation of voids resulting from grain boundary
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sliding and rotation, allows the ingress of fluids so that
the process may continue (White,1973).

Once the temperature becomes high enough that sufficient
energy is available for feldspars to exist in a stable but
disordered state, the rate of dislocation diffusion increases
dramatically and the crystal behaves, like quartz, in a truly
ductile fashion. The critical temperature at which this
occcurs, varies depending on feldspar composition. Commonly,
necessary temperatures are those which occur under upper
amphibolite to granulite facies metamorphic conditions (Olsen
& Kohlstedt,1985; Jensen & Starky,198S; White & Mawer,ieae).
Recrystallization under these circumstances occurs, as in
quartz, through grain boundary migration and subgrain
rotation.

Feldspar deformation which has occurred through either
nucleation and growth or subgrain rotation will have a
bimodal diatribution of grain size. The change from an even
distribution to a bimodal distribution of feldspar grain
sizes can be seen in the study area within area 3. Therefore
the change in the behavior of feldspar from largely brittle
to largely ductile occurs across the mylonites of the Johnnie

Lake Shear Zone.
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KINEMATIC ANALYSIS

Introduction

A large number of fabric elements exist in the rocks of
this area from which the sense of movement can be deduced.
Since this area is known to be within a zone of regional
reverse fault movement, the reliability of some commonly used

kinemetic indicators can be tested.

C & S Fabrics

The concept of a C & S fabric was first introduced by
Berthe et al. in 1979. They noted that an initially isotropic
rock which had been disturbed by a single deformational
event, had developed two different foliations which had a
specific angular relationship both to each other and to the
regional shear zone. Up until that time, multiple foliations
had been used to indicate that the rock had been subjected to
multiple episodes of deformation. Since its inception in
1979, this fabric has become widely accepted as an important
kinematic indicator (Simpson & Schmid,1983; Bell &
Hammond,1984; Lister & Snoke,1984).

When a rock undergoes non-coaxial deformation, twa

different foliation surfaces may develop; 1) S-surfaces,
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which are related to the accumulation of finite strain and 2)
C-surfaces, which are related to areas of high locallized
shear strain. S and C surfaces develop with a specific
angular relationship to one another and to the shear zone
itself. The existence of both of these surfaces within a
single rock constitutes a C & S fabric.

S-surfaces define the plane of preferred mineral
orientation and thus the schistosity within a rock. During
the initial stages of deformation these surfaces correspond
to the XY plane of the finite strain ellipsoid and contains
the maximum extention direction. Both pressure shadows‘at the
extremities of feldspar porphyroclasts and the 001 cleavages
of phyllosilicates tend to lie within this plane.

C-gsurfaces, which form initially at 4S5 degrees to the
S~-foliation, maintain a constant orientation during
progressive deformation. These planes are active slip
surfaces which contain a mineral lineation or
slikenstriations at all stages of development. This lineation
defines the stretching direction.

During progressive deformation, the angle between C- and
S~-surfaces decreases from 45 degrees by rotation of
S-gsurfaces. On a map scale, the configuration of S-surfaces
conforms to the Ramsay and Graham (1970) model for the
development of schistosities within shear zones. Associated

with this change is an increase in the number of C-surfaces.
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This increase is due to: 1) the creation of new shear planes
with increasing strain and 2) the activation of S-surfaces as
they rotate into parallelism with C-surfaces (Berthe et al.,
1979). As ultramylonite is approached, S- and C-surfaces are
essentially parallel and equivalent surfaces. At this stage
the finite extension di;ection is obligque to both C- and
S-surfaces. Both S-surfaces and X rotate about the Y axis but
the S-surfaces rotate more rapidly than X (Berthe et
al.,1979). Because of this the use of the angular-
relationship between S and C planes to determine quantitative
strain estimates should be avoided.

The most important feature of mylonites resulting from S
and C relationships is the assymetry in the fabric which is
produced and maintained long after S-surfaces can no longer
be recognized. In cases where the parent rock possessed a
foliation from a previous deformation, the large amount of
strain required to produce a mylonite is more than sufficient
to completely obliterate any previous fabric. Since all
mylonites form during non-cocaxial deformation, all mylonites
possess this asasymetry. The mylonites occurring in this study
area contain some excellent examples of assymetrical strain
features. The consistency in the sense of assymetry is by far
the most reliable kinematic indicator.

Lister and Snoke (1984) have divided S-C mylonites into

two categories. Type I S-C mylonites are those in which the
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S-surfaces are mesoscopically visible (Figure Sa). They are
observed to anastomose in and out of narrow zones of high
shear strain, i.e. C-surfaces. In these rocks continuity is
generally maintained across these ductile shgar zones.
S-surfaces asymptotically approach C-surfaces producing a
sigmoidal pattern between each C-plane. The sense of shear
implied by this configuration reflects the sense of the bulk
shearing direction (Figure 43).

In Type II S-C mylonites, the C-surfaces alone define the
mesoscopic foliation. These occur at much higher strain
levels than Type I, as C-surfaces become very closely épaced.
Microscopic scale features representing S-surfaces are seen
commonly in quartz aggregates between C-planes. The
boundaries of quartz ribbons may be sigmoidal between
C-surfaces (Figure 44) or elongated grains within the
aggregate will have a preferential orientation obligque to the
C foliation (Figure 26¢c). Commonly, different degrees of
obliquity will exist between the long axes of these grains
and the C-surfaces within a single thin section. The attitude
of elongate grains within aggregates depends on the amount of
shear astrain that has accumulated since the last
recrystallization. Those grains whose orientation is closest
to the C-plane are the oldest, those with a high angle are
the youngest. This process can continually repeat itself such

that continued recrystallization can lead to a constant
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resetting of the "finite strain clock"” (Lister & Snoke,1984).

In mylonites having a very high content of fine grained
phyllosilicates in the matrix, S-surfaces are commonly traced
by the preferential orientation of these mingrals (Figure
45) . Very large mica grainas commonly develop into
aagymetrical “mica fish" (Figure 46a; Lister & Snoke, 1984).
In these grains the stable configuration is one in which the
001 cleavage of the mineral is inclined obliquely to the
shearing direction so as to face the shortening direction
(Figure 46a,b). Only in this orientation can these otherwise
soft minerals remain intact within an ultrqmylonite. Aﬁy
other configuration would result in destruction of the
mineral though kinking, folding, cleavage fracture or
slippage along the cleavage planes.

Tails on feldspar augen which are generally composed of
fine grained feldspar, can also be used as a kinematic
indicator. Much discussion has been focused in the past on
the interpretation of these features (eg. Davidson et
al.,1982; Simpson & Schmid,1983; Hanmer, 1984) some of which
seems ambiguous. Since feldspars often act as a rigid
inclusion in a ductile matrix, the morphology of the tails
they possess may be modified by grain rotation. The sense and
amount of rotation that can occur is dependent on such things
as aspect ratio, finite shear strain, porphyroclast to matrix

ratio, metamorphic grade, etc. It is the variability in



153

rotation of these porphyroclasts which can lead to ambiguity
in interpretation. Of the tailed porphyroclasts examined in
the area, those occurring in mylonite as isclated inclusions
in a fine grained matrix which had been defo:med under
ductile conditions for feldspar always indicated the same
sense of shear as the other kinematic indicators in the
sample. Tails are generally sigmoidal and follow the S
foliation (Figures 33d & 47). As the number of porphyroclasts
increases locally, they begin to influence the flow of the
matrix, disturbing the regular sigmoidal pattern (Figure 47).
In cases such as this, an indication of the shear sense may
be derived by following the tail away from the concentration
of augen. A much safer practice is to avoid using
interpretations derived from local zones of high augen
content. The shape of feldspar augen tails can also vary with
metamorphic grade. Below the brittle-ductile transition in
the behavior of feldspars, augen and their tails are produced
by brittle processes. Rigid body rotation is much more
important in these rocks than those of higher grade and again
may lead to ambiguity in interpretation fFigure 46a) .

The distribution of fractures in feldspars is another
feature which, in some circumstances, can be used as a
kinematic indicator. If the sense of offset can be determined
for the majority of fractures, that population which is

distributed at the lower angle to the mylonitic foliation
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will generally have the same sense as the bulk shearing
direction. Ambiguities arise where the two populations have
an equivalent but opposite angular relationship with the
shear plane. The size of either population has no bearing on
the sense indication. These should only be used in
conjunction with more reliable indicators.

Another feature which appears to be useful as a kinematic
indicator is the perthite formed during deformation. Because
this feature is most likely a strain induced diffusion
phenomenon, it will ideally form along a direction parallel
to the maximum stress direction in a typical tension fracture
orientation (Figure 46b). This feature has been observed with
the same spatial relationship by Debat et al. (1978). A
similar feature to this, which would indicate the principal
stress direction from which the sense of shear can be
determined, is the deformation induced myrmekite. Like much
of the perthite, myrmekite forms preferentially along grain
boundaries which are oriented along the flattening plane
(Simpson, 1985). Therefore grain boundaries which correspond
in orientation to S-surfaces, can be identified as those
showing myrmekite growth. These two features by themselves
cannot be used as kinematic indicators if any evidence exists
that grain rotation during or after their formation may have
occurred. Much more research on deformation-induced

diffusion phenomenon is necessary before these features are
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commonly used as kinematic indicators but, based on a small
number of empirical observations, they may be used as
supportive evidence in conjuction with other, more reliable
features which are confined to the matrix.

The kinematic indicators in the study area support the
interpretation that deformation has been produced through
regional thrusting from southeast to northwest. By far the
most reliable of these indicators is the fabric assymetry

resulting from 5-C relationships.
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Figure 44. Sigmoidal quartz aggregate defining
the S-foliation in a quartz-feldapar mylonite.
Movement on C-plane isa sinistral (southeasat side

up). Fileld of view 6.5mm. P115.

Figure 45. Phylosilicate rich augen ultramylonite.
The preferrential orientation of micas around
caompetent feldspar augen definea the flattening
plane. Taila on feldspar augen follow the same
pattern aa micas. Sinestral shear is indicated.

Field of view 6.5mm. P460.
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Figure 45a. Biotite "mica fish® in an ultramylonite.
the 001 cleavage ia oriented parallel to the XY plane
of flattening. Slight asaymmetry of "fish' and the
angular relationahip between the 001 cleavage and the
mylonitic foliation both indicate ainaeatral ahear.

Field of view 3.25mm. Plane light. P269.

Figure 46b. Large muscovite grain isclated between

two C-planea. The 001 cleavage ia parallel to the

XY plane of flattening. The angle between the cleavage
and the ahear plane ia 40 degreea. Deformation
perthite in the two adjacent K-feldspar crystals show
perthite growth to be in a direction normal to the

001 muscovite cleavage. Sineatral ashear senae ia

indicated. Field of view 1.3mm. Plane light. P3&8.

15¢
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Figure 47. Polished slab of ultramylonite showing

well developed tailila on feldapar augen. P3S5a.
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CHAPTER S

STRESS, STRAIN AND METAMORPHISHM

THEORY AND APPLICATION QF PALEOPIEZOMETERS

Introduction

When a rock undergoces deformation and metamorphism the
cryatal ayatem within the rock will change in an attempt to
re-equilibrate with ita thermodynamic environment.
Equilibration may occur through breakdown and
recryatallization of pre-exiating minerals to form new
minerals, through grain growth (static annealing) or through
grain size reduction (dynamic recryatallization).
Experimental studies of crystal systems subjescted to varying
temperatures and preasures have shown that the equilibrium or

steady state grain size can be directly related to the
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differential stress under which the system was deformed.

The mechaniaem which plays a major role in

recrystallization is dislocation creep. The boundary of a

grain can be conaidered a continuocua aurface of dialocationa.

Dialocationa are also found within cryatals in asubgrain
boundariea, in deformation lamellae and in iaclated point or
line defecta. By means of experimental calibration the
denaity of dislocations, subgrain aize, recryatallized grain
size and lamellae spacing can be used to determine the flow

stresses that were acting at the time of recryatallization.

Energy Controls

Energy is stored in the bonds within crystals. Lowering
the number of vacant electron aitea in the ocuter orbitala of
the atoma within the cryatal through bonding, increaasesa the
atablity of the crystal. All cryatals have boundarieas in
which there are necesaarily vacant electron aitea. The total
number of vacant sites per unit volume will have an energy
propaortional to that of ita thermodynamic environment. If
vacant aites exist within the crystal, the boundary need not
posaeaa the total energy per unit volume necessary for
equilibrium. In a high energy (high stress) environment more
vacant aites are required per unit volume to attain
thermodynamic equilibrium. The majority of vacant electron

aitea are located in the grain boundary. Since surface area
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varies as d2 and volume varies as d3, small grains can
possess much more energy per unit volume than large grains.
Based on this there ahould theoretically be a atable or
steady state grain size for any given stress state.

When a rock changes from one streassa atate te another,
re~equilibration will occur if the temperature is high enough
to overcome kinetic barriera. The higher the temperature, the
more rapidly equilibration will occcur. This procesas takes
place through the creation or removal of diaslocationsa leading

to recryatallization.

Diffusion of Point Defects

The rate of diffusion of any type of crystal defect is
dependent on a number of factors.
1) Diffuaion rate ia directly proportional to
temperaturse.There is a minimum temperature (sxcitation
energy) necessaary before any diffuaion can proceed. Once thia
temperature is reached, increasing the temperature enhances
the rate of diffuaion.
2) Increasing the concentration of point defects generally
increases the rate of diffusion by creating a pertubation in
the cryatal’a electric field where defecta are concentrated.
Through the diffuasion of these defects the crystal attempts
to decrease the severity of thia perturbation.

3> Increasing pressure inhibits the diffusion of dislocations
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by introducing a volume constriction on the system. Under
conditiona of high pressure, more energy ia required to make
the neceasary adjuatmentsa to the crystal lattice and allow
for defect migration. Under auch conditicna, it appeara that
it would be energetically more favorable to concentrate the
defecta on cryatal boundariea, and allaow atraining to proceed
through grain boundary sliding.

It can therefore be seen that the strain rate of a
mineral is influenced by the thermodynamic enviromment in
which it exiata by affecting both the diffusion rate and the

concentration of dialocationa.

Darivation of the Paleopiezomater

Basaed on the arguments presented it should be possible,
in principle, to infer the differential atress from:

1) dislocation densaity

2) subgrain aize

3) recrystallized grain size

4) deformation lamellsae apacing

Twiss (1977) has presented the derivation of such a
relationship for subgrain size and recrystallized grain size.
By combining theoretical controla with experimental resulta,
a quantitative relationship haa been determined. Some of the
aaaumptiona that he has used are that:

1) the formation of subgrains and recrystallized grains
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is an energetically favorable process.

2) the energy stored in the subgrain and recrystallizead
grain boundariea is equivalent to the ateady atate
dialocation denaity for a given atresa atate. Thia meana that
a unique grain dimension (d) exists for any given stress
atate.

3) the smallest stable grain size is the one that
develops, ie. a newly recrystallized grain will contain no
internal dialocationas.

For a more detailed discussion of the derivation and its
inherent assumptions refer to Twiss (1977). Similar
derivationa to this have been carried out by various authora
and the reaultant paleopiezometera for guartz are liated in

table 4.

Limitations

There are certain limitations which must be taken into
conaideration when using a paleopiezometer such aa those
liated in table 4. Theae equationa aaaume that the grain aize
meagsured is the equilibrium grain aize for the deaired stress
astate, but this ia not alwaya the case.

An underestimate in stress results if grain growth during
dynamic recryatallization ia not taken into consideration. If
the smallest possible recrystallized grain is the one that

forma, it follows that a grain will not recrystallize until
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it has reached two timas this size. The mean grain size
measured will be between d and 2d. If annealing haa proceeded
paat 2d and the differential stress is only maintained for a
ahort period of time, the mean grain aize meaaured will be a
larger multiple of d. If the temperature ia maintained after
the atress haa been relaxed, atatic annealing will proacsaed,
thuas increaaing the grain aize. Since annealing occurs most
rapidly in crystalas having a high diaslocation density or
amall grain size, those textures resulting from high stress
are the leaat likely to be preserved. Unlesa the aystem haa
been quenched in some way either during or immediately
following the relaxation of the stresa field, the grain size
meaaured will be larger than the asteady atate grain asize and
uge of thia grain aize reaulta in an undereatimate of the
differential atresa.

There are also circumstances which may result in an
overestimate of the differential stress. Such would be the
case if the initial grain size were amall and the applied
atreas level waa low enough that an unreasonable length of
time would be neceasary to allow the grain aize to
re-equilibrate. The same result occurs if grain growth or
recrysatallization is inhibited by neighboring minerals of a
different composition (Twiss, 1977). Because of these
limitations it is necessary to determine if the obaerved

grain aize haa reaulted from an increaae or decreaae of the



original grain size.

Paleopiszometers appear to be most useful whan applied to
the recrystallization aaacciated with major thruat faults. If
thrusting haa occurred at, or proceeded to, a high crustal
level, there is a good chance that the steady state grain
size has been preserved, since temperatures could not be
maintained at thia level. Reaults from several studies
(Twiss, 1977; Weathers et_al, 1979; Kohlatedt & Weathersa,
1980; Ord & Christie, 1984) of mylonites from majer thrust
belts indicate that the differential stresses involved in
thruasting range from 200 to 2000 bara, with average values of
~1000 bars.

Differential stress values based on the recrystallized
grain aize of gquartz have been determined for this area
(Table 3). Calculationa were done using the calibration of
Chriastie et al. (1980). Two conclusiona can be drawn from
these valuea: 1) The differential streaa decreasesa acrosas the
area from northwest to southeast and 2) maximum values for
differential atreas are much higher than thoae normally
calculated for major thruat belts. Median wvalues, i.e. those
calculated for the center of the area, do correspond to
average values calculated by other authors. The higher than
average valuea determined for the northweatern part of the

area may be the reasult of one or more of the following:
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Table 4
Palecopiezometers for gquartz

(a) Recrystallized grain size(D,ym) (MPa) = AD™R

A n Reference

381 0.71 Mercier et.al. (1977)
803 Q.68 Twiss (1977)

4090 1.11 Chriatie et.al. (1980)
3902 1.43 Christie et.al. (198Q0)

(b) Subgrain size (d,ym) (MPa) = Bd™RM
B m
200 1 Twiss (1977)

(c) Dislocation density (N,cm~2) (MPa) = CNP

C p
6.3 x 1073 0.5 Gostze (1375)
1.64 x 10~4 0.66 McCormick (1977)
2.47 x 1073 0.5 Twiss (1977)
6.6 x 1073 0.63 Kohlstedt et.al. (1979)
6.6 x 1073 0.5 Weathers et.al. (1979)
2.89 x 10°4 0.67 Kohlstedt & Weathers (1980)

(d) Deformation lamellase (syum) (MPa) = Ds~1

D 1l

6.35 x 103 2.18 Koch & Christie (1981)



TABLE S

Quartz Grain Size Paleopiezometry

Sample Grain Sizs Differential 3tress
(mm) (Kbar)
P204 0.005 6.8
pP231 G.005 6.8
P368 0.01 3.2
P11S 0.007 4.7
P139 0.01 3.2
P460 0.008 4.1
P268 0.01 3.2
P102 .02 1.5
P10 0.02 1.5
P35S 0.05 0.5
P45 0.04 0.7
PS27 0.07 0.4
P54 0.07 0.4
P244 0.1 0.2
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1> The exposed crustal level is higher than in most
thruat belts;

2) The differential stress was higher;

3) The grain size reduction in this part of the area was
due to brittle processea and ia therefore not related to
differential stress;

4) Calculations have not been done by other authors over
as wide an area.
0f these possibillities, the fourth is the most likely. The
second is unlikely since the average values calculated for

thia area correspond to those calculated for other zones.

STRAIN ESTIMATE

A sample of ultramylonite from the Johnnie Lake Shear
2one has been cut along both the XZ and the XY planesa in
order to determine the type of atrain in three dimensions.
Quartz ribbon widtha in the XZ section ranged fraom 0.2 to
0.01lmm with the average width being 0.07mm. In the XY aection
quartz occurs as elongated grain aggregates which are on the
average 2mm wide and 7mm long. The long axea of the
aggregates defines the mineral lineation. These measurements
give an average volume for the aggregates of 1.4mm3 which is

aimilar to the volume of individual quartz graina in the

relatively undeformed aggragates in the rock from which the
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mylonite was derived. Reducing this to an order of magnitude
calculation, beginning with an initial unit cube, the atrain
has produced a final rhombohedron having dimensiona 10mm x
imm x O.1mm. Theae numbera give a atrain ratio of 100:10:1
with a k value of 1 implying that there has been very littleae
volume loss (Ramsay, 1967). Also the intermediate dimenaion
haa changed very little from that of the original, indicating
that deformation haa been produced largely through simple
shear. The amount of shear atrain neceasary to proeduce this
tranaformation ia 9 which corresponda to an angular shear of
~85 degrees. Thia value appears to be a reasonable estimate
for shear strain in an ultramylonite (White et al., 19801,

Although theae eatimatea are grosaly oversimplified, they
do appear to be reasonable and help to characterize the
atrain involved in the formation of these mylonitea. Another
feature which aupporta aome of these conclusaiona is shown in
figure 48. Biotite flakea which have a highly asymmetrical
d;stribution pattern in the X2 section are seen in the XY
aection to bhe aymmetric on either side of feldapar augen. All
flakea are preferaentially oriented parallel to the mineral
lineation, rarely tapering to a point to get around obataclea
created by other grains. Thias feature supports the concluaion
that the majority of the strain has been restricted to the XZ
plane with very little affect on the Y direction. If a

aignificant pure shear component had acted in the Y



Figure 48. Symmetrical distribution of biotite
flakea on either aide of a feldapar augen in an
XY gsaection of ultramylonite. Field of view 6.5mm.

P269.
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direction, mica flakes with a component of that orientation
would be expected. Thia does not occur. Quartz preagure
ahadowa on feldapar augen in the XY aection ahow similar

behavior.

METAMORPHISHM

This study has been confinsd to the granitic units
occurring in the study area. Due to the restricted chemical
composition of these units, a well defined metamorphic
gradient is not eaaily determined on a mineralogical bésis.
In figure 439 a crude iasograde map hasa been constructed baaed
on the appearance or disappearance of certain minerals. The
mineral aaaemblagea for each thin aection zstudied are
outlined in table 6. The asamples in table € arse liated in
arder of theilr occurrence from northweat to aocutheast. In all
of theae aasasemblagesa, quartz + K-feldapar + plagioclases alao
occur.

The characteristic mineral assemblage of the northwestern
boundary of the area ia bio-muac-chlor-ep-sph. It is found in
both the Bell Lake Granite and the Killarney Granite.
Immediately nothwest of the Johnnie Lake Shear Zone along the
northern boundary of area 3, small garnet porpyroblaats are
developed in the Bell Lake Granite as well as rare

alllimanite. Within area 3, hornblende becomea a common
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constituent in addition to the assemblage mentioned above.

The nothweatern boundary of area & easentially coincides
with the disappearance of muacovite from this assemblage.
Slightly aoutheaat of thia, chlorite, epidote and aphene
become acarce. Asaemblageas found aocutheast of thia line are
one of;: qtz-kap-plag-bio, gtz-kap~-plag-bio-hbld or gtz-kap-
plag-bio-hbld~-alm. In the aocutheaatern corner of the map
area, along highway 637, ia a amall patch, with poorly
conatrained boundariea, of amphibolite retrograde.from
granulite. Thia patch marks the disappearance of biotite
leaving the aaaemblage qtz-kap-plag-hbld-alm. In thin aection
the hornblende can be seen to be a retrogresaive product from
the alteration of pyroxenea, of which only very small
fragmenta remain. In outcrop this rock ia maasive, granular
and weathers to an amber-brown colour.

Based on the thin sections examined a general increasa in
metamorphic grade from greenachist to granulite can be
recognized from northweat to aocoutheaat. A aimilar increase in
metamorphic grade to that indicated by the mineralogy, can be
inferrad fromvthe change in the deformational behavior of

quartz and feldapar.
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Mineral Assemblagss

Sample Bioc Musc Chlor Ep Sph Hbld Sil

P204
P121
P11S
P113
P109
P368
P361
P347
P139
P102
P460
P268
P269%
RIS

P286
P283
P10O

P10O-1 X x x
P35 tr x x
P45S

PS29
P327
PS2

PS3

PS4

P&602 x
P244 I
P243 =
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X
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All assemblages include gtz + K-spar + plag.

tr - trace

bio- biotite; musc- muscovite; chlor- chlorite;
ep- epidote; aph- aphene; hbld- hornblende;
sil- aillimanite; gar- garnet.
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Figure 49. Isograd map based on the appearance or

disappearance of minerals acrosa the area.
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Quartz

The variations in microstructural strain features in
quartz, discussed in chapter 4, are indicative of an increase
in metamorphic grade from northweat to aocutheaat. In area 1
the predominant mode of deformation is brecciation which
indicatea that conditiona during deformation were below lower
greenachist facies.

As area 2 is traversed, both from northwsst to southeast
and from southweat to northeaast, ductile deformation features
become more important and brecciation of gquartz no longer
occura. A core and mantle satructure becomea dominant and
indicatea that temperaturea had reached or aurpaassed 0.4 of
the abaolute melting temperature of quartz, which correaponda
to lower greenachiat faciea or higher,

Along the northwestern boundary of area 3A, Type 1 quartz
ribbona are the common form of quartz. These ribbona have
heen recognized by Simpaocn (198S5S) in rocka deformed under
lower greenachiat facies conditions. Within the mylonitea of
area 3A, Type II quartz ribbona occur and according to
Simpaon (1985) correspond to conditions during deformation of
mid to upper greenachiat grade.

In the central part of area 5 as well as in area 3B, Type
IV quartz ribbona are the dominant form of gquertz. Thia
change in quartz morphology may indicate that the metamorphic

grade has increased above upper greenachiat. In the southern
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part of area 5 and in area 6, gquartz occurs as Type III
ribbona. These ribbons are indicative that the metamorphic
grade during deformation waa at epildote-amphibolite grade or
higher (Simpaon, 1985).

Feldspar

The variation in microstructural strain fsatures in
feldspars and the corresponding me£amorphic grade necessary
for their formation haa been diacuased previously in chapter
4. Using these features the following increase in-metamorphic
grade can be inferred.

Between the northwestern limit of mapping and the
northern part of area 2, the type of fracturing occurring in
feldapar indicates that temperaturea during deformation were
below 300°C. Within the central portion of area 2, the
predominance of antithetic fractures indicatea that
temperatures were between 300 and 400°C, lower greenschist
facies, (Boullier,1980; White,1973). In the socuthern part of
area 2 along the contact with area 3A, as well as a large
portion of the northeaatern half of area 2, aome feldapars
begin to show evidence of crystal plastic behavior, i.e.
deformation twinning, undulatory extiction, deformation bands
and kink banda. Aa well asa thia, aympathetic ahear fractures
are the dominant mode of deformation. The combination of
theae featurea indicatea that temperaturea during deformation

in these areasa were near 500°C, (Andrews,1984; White,1975).
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In the center of area 34 and in area 3B, fracturing of
feldpar is replaced by recryatallization through nucleation
and growth as the dominant deformation mechanism. Thia change
in mode of deformation correaponda to a change from upper
greenachist to lower amphibolite grade conditions, having
temperaturea alightly above 5S00°C. Thia change alao
corresponds with the appearance of hornblende as a stable
mineral.

Beginning within area 5 and increasing in impoertance to
the socutheastern limit of mapping, dynamic recrystallization
occurs in feldapars indicating that deformation took piace

under metamorphic conditions of mid amphibolite to granulite.

DISCUSSION

Based on minsralogy and the microstructural strain
featurea of quartz and feldapar the metamorphic grade
exiating during deformation ranged from below lower
greenachiat grade along the northwestern boundary to
granulite grade at the southeastern boundary. This
corresponds to an increase in temperature across the area of
~400°C. Within the area, the transition from greenschist to
amphibolite facies occurs across the Johnnie Lake Shear Zone
in area 3A. The extension of this isograd to the northeast

awinga up into the Bell Lake Granite in area 2.
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The increase in metamorphic grade toward the northeast
may be responsible for the decreaae in abundance of glassay
mylonite along the extension of the Johnnie Lake Shear Zone
in area 3B. At a higher metamorphic grade the deformation ias
more penetrative and the strain need not localize along
diacrete aurfacea. The cryatal plaatic behavior of feldapar
would allow a large proportion of the atrain to bhe
accomplished through feldapar deformation. The occurrence of
metasadiments in thia zone would alsoc allow a large portion
of the atrain to be accommodated through deformation of the
aofter quartz rich sedimenta.

The increase in metamorphic grade discussed above
accompanies the increase in recrystallized quartz grain size,
diacussed at the beginning of this chapter. The increaae in
grain size corresponds toc a decrease in differential stress
or, equivalently, to an increaae in confining preasure with
depth at consatant maximum streaa. Based on the valuea for
differential atressa derived through paleopiezometry, this
would imply an increaae in confining preaasure aaroaa the area
of about 6 Kbar. Thia value ia reasonable for a temperature
increase of 400°C. These valuea indicate that there is a
differantial ercaion level of approximately 20 kilometera
from northweat to southeast or, equivalently, a vertical
diasplacement of the southeaat block over the northweat block

of 20 kilometers during thrusting.
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Recent investigations by Indares and Martignole (13985) of
the Grenville Front Zone in @Quebec indicate that the
metamorphic conditions during thrusting are characterized by
temperatureas between 500 and 650°C and pressurea between 7
and 8 Kbar. Assuming that these conditiona are more or leaa
repreaentative of the majority of the Grenville Front Zone,
they agree reasonably well with the increase in temperature
and pressure determined above, atarting from an initial grade
of below lower greensachist facies. Although varying amounts
of movement have taken place along the length of the
Grenville Front, vertical movements of 15 to 20 kilometers
are caommon (Wynne-Edwarda, 1972).

The direction of movement of material during thrusting
followa that expected in a regional reverse fault ayatenm,
paaaing from a deep ductile regime to a high level brittle
regime through a competent cover. The competent cover ia
represented here by the Bell Lake Granite through which the
zone would be expected to ateepen. The increaage in
inclination of atructural elementa from aoutheast to
northwest corresponds to this change in attitude.

A change in the nature of the foliation ia aasociated
with the change in attitude. In the extreme southeaatern
section of the map area, a single foliation defined by the
long axea of both quartz and feldapar exiata. This foliation

dipa moderately toward the aoutheaat. Northward from thia
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boundary, the expression of this surface changes, becoming
leaa penetrative until it occura aa diacrete aurfaces with
diacernible offaet (C-surfacea) northweat of area 3. This
change in the nature of the C-aurfaces ia accompanied by an
increase in importance of S-surfaces in the northwest, which
are aimilar in nature to the C-surfacea in the southeast,
i.e. S-aurfaces are defined by the long axes of gquartz and
feldsapar.

At the onset of deformation, at deep crustal levels, the
differential streaas is low while the abaoclute streas and
temperature are high. Thruating causes diaplacement of these
rocks to higher crustal levela, thus decreasing the confining
preaaure. In the deep, plastically deforming rocka an
apparent flattening foliation is pervasive. Those rocks which
are aubaequently aubjected to retrogresaive metamorphiam
during thrusting, i.e. thoae raised toc a higher crustal
level, become gatrong with the decrease in confining pressure.
With this increase in strength, the flattening foliation can
no longer keep up with the progreaaive aimple ahear sauch that
shear diacontinuities develop within the rock (Robin, pers.
comm.). Thia proceaas correaponda to an increaae in
differential stress and is associated with the more brittle
deformation of feldapar and a amaller recryatallized grain
size in quartz.

It follows from the above discussion that the majority of
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the area had an original foliation which dipped shallowly
toward the southeast. These surfacea were subszsequently
rotated during uplift into a steeper orientation. Since the
external streasa remained non-coaxial and constant in
orientation, a aecond foliation (C) was impoaed ovar the

firat.



CHAPTER 6

CONCLUSIONS

Across the portion of the Grenville Front Tectonic Zons
covered in this study, there has been an increase in
metamerphic grade from lower greenschiat to upper amphibolite
or granulite grade. This metamorphic gradient involvea a
change in temperature of approximately 400°C and in presaure
of 6 Kbar. Vertical diaplacement of the aoutheast block
upward has been accomplished through reverse fault movement
and is estimated to be on the order of 20 kilometers.

Deformation of the rocks which underlie this area has
been produced largely through simple shear. Shear strain has
been estimated to be 9 or higher in the Johnnie Lake Shear

Z2one and has resulted in a astrain ratio of 100:10:1 with a k
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value of 1. The strain in the area has not been restricted to
a aingle narrow zone but becomes increasingly penetrative
southeast of the Johnnie Lake Shear Zone. The dominant
deformation mechaniams in the northweatern ha}f of the area
involve fracture and fragment rotation in feldspars and
dynamic recrystallization and subsequent flow in quartz. The
deformation mechaniam in the scutheastern half of the area
haa been recryatallization and subsaequent flow in both quartz
and feldapar. Deformation enhanced diffusion becomes an
important procesa at upper greenachiat grade metamorphiasm and
above. Microstructural strain features in guartz and
egpecially feldapar could potentially become important
indicatora of metamorphic grade during deformation.

The maximum principal atresa during deformation wasa
oriented along a horizontal line trending northwestward. The
intermediate atreaa, alao horizontal, had a northeasterly
trend while the minimum principal stress was oriented
vertically. The maximum principal strain direction changes
from vertical to moderately inclined toward the aoutheast
from northweat to aocutheaat.

Asymmetry resulting from S-C relationships is the most

reliable kinematic indicator.
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Suggestions For Further Research

More investigation is necessary, both experimental and
empirical, on the relationship between microastructural strain
features in feldspars and metamorphic grade during
deformation. This may prove to be an important tool in areas
where the P-T conditions existing during deformation have not
been sustained long enough for the mineralogy to equilibrate.

The evolution and mechanism involved in the foermation of
deformaticn induced perthite should be investigated as a
potential kinemetic indicator.

The role of fluids during deformation and mylonite
formation at all metamorphic grades also requires further

regsearch.
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APPENDIX
DATA USED IN FABRIC DIAGRAMS IN CHAPTER 3
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