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ABSTRACT

The Parry Sound Shear 2one occurs in the Grenville
Province of the Canadian Pre-cambrian Shield between the
predominantly amphibolite facies gneisses of the Britt
Domain and the granulite facies mafic rocks and migmatites
of the Parry Sound Domain of the Central Gneiss Belt. The
shear zone transects the Whitestone Anorthosite, located
along the western margin of the Parry Sound Domain, and
produces a range of new textures and paragenesis.

Two types of mylonites occur along the intersection
between the Whitestone Anorthosite and the Parry Sound
Shear Zone. Away from the mylonites, moderately modified
anorthosite, exhibiting well-defined schistosity, and
weakly modified anorthosite, exhibiting relict igneous
textures and ill-defined foliation, occur. Minor planar
and anastomosing shear zones are superimposed on modified
anorthosites.

The metamorphic mineral assemblages produced in the
Whitestone Anorthosite formed under retrogressive
conditions. Moderately modified anorthosite,
scapolite-bearing planar shear zones and scapolite-bearing
mylonites display a mineral assemblage of plagioclase
(An34-60), pargasite, scapolite (Me68-75), and almandine
garnet which suggests middle-upper amphibolite facies
conditions of metamorphism. The anorthosites display small

chemical modifications compared to the undeformed
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Whitestone Anorthosite; CO2 is the most prominently
enhanced component. Weakly modified anorthosite,
quartz-bearing anastomosing shear zones and
quartz-bearing mylonites consist of plagioclase (An
20-47), hornblende/pargasite, scapolite (Me 57-65) and
epidote or almandine garnet which suggest middle-lower
amphibolite facies. The anorthosites display significant
chemical modifications compared to the undeformed
anorthosite; SiO2 and xzo are the most dramatically
increased components.

Under amphibolite and higher metamorphic conditions,
plagioclase in the increasingly modified anorthosites
underwent syntectonic recrystallization which produced
non-random crystallographic orientation patterns. Quartz,
present in ribbons in quartz-rich mylonites and
anastomosing shear zones, deformed by dislocation creep
resulting in the development of two different preferred
crystailegraphic orientations. Isolated quartz and
recrystallized plagioclase in the matrix deformed by grain
boundary processes which produced random crystal
orientations.

The textural and mineralogical characteristics of the
Whitestone Anorthosite in the Parry Sound Shear Zone
suggest a history of deformation that extended from
granulite facies to lower amphibolite facies conditions.
The observed sequence of chemical modifications suggests

an evolutionary fluid history resulting from the inverted
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metamorphic gradient of an overthrust. The different
orientation patterns observed in quartz grains within
quartz ribbons suggest the occurrence of different regimes
during the latest stages of deformation. The reported
zZircon U-Pb ages of syn-, and late-tectonic pegmatites
indicates this progressive deformation occurred from about

1160 Ma to at least 1124.
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CHAPTER 1

INTRODUCTION

1.1 PURPOSE AND SCOPE

Current models for shear zones in the earth's crust
place them in two principal domains: a shallow brittle
domain and a deep ductile domain. Stick-slip behavior
characterizes the former, and plastic flow dominates the
latter (Sibson, 1977). A transition 2zone occurs between
the two domains. The Parry Sound Shear Zone, in which the
present study area is located, is a ductile shear zone.

There are a number of published studies of the
structures and deformation processes in the deep ductile
domain (e.g. Wilson, 1975; Kerrich et al., 1977; Ramsay
and Allison, 1979; Ramsay, 1986; Beach, 1980; Borges and
White, 1980; Jensen and Starkey, 1985; Platt and Behrmann,
1986; Segall and Simpson, 1986; Sinha et al., 1986; Law,
1986; Vauchez, 1987). Although some of these studies
investigate the significance of the structures or
processes in relation to the progression of deformation
across the shear zone (e.g. Ramsay, 1979; Beach, 1986;
Jensen and Starkey, 1985; Sinha et al., 1986; Law, 1986),
few consider the implications of different stages of

deformation within the shear zone in terms of a complex



history of regional deformation. The purpose of this
thesis is to study the deformation and metamorphism of the'
Whitestone Anorthosite where it is intersected by the
Parry Sound Shear Zone, and to attempt to relate these to
the regional tectonics.

The analysis presented here is threefold: first, the
significance of observed progressive textural, structural,
and mineralogical changes associated with the shear zone
is investigated; second, the relation of rock chemistry to
deformation is examined; third, the fabrics of two major
rock forming minerals are studied. On the basis of the
results of these studies, a model for the kinematic

history of the Parry Sound Shear 2one is proposed.

1.2 LOCATION AND ACCESS

The study area is located near Parry Sound on
Georgian Bay, Lake Huron, in the Grenville Province of the
Canadian Shield. It includes a major tectonic
discontinuity, the Parry Sound Shear Zone which contains a
variety of deformed rocks including large bodies of
anorthosites. One of these, the Whitestone Anorthosite, is
intersected by the Parry Sound Shear Zone, and i3 the
subject of this study.

Access to the area south-west of Parry Sound |is

provided by 1local roads branching off highway 69B.




Locations north-east of Parry Sound are reached by roads

branching off highway 124. Exposure is generally good.




CHAPTER 2

PREVIOUS WORK

2.1 TECTONIC FRAMEWORK

The detailed geology of the Parry Sound area was
virtually unknown prior to 1981. Quirke (1930) and Hewitt
(1967) had recognized the presence of different rock units
in the region, and Wynne-Edwards (1972) had reported the
occurrence of metamnrphic domains. However, there was
little explanation of the regional distribution of these
units. This was probably in part due to the poor prospect
of economically important mineralization in the area.

Davidson and Morgan (1981) presented the first
evidence for the complex geology of the Parry Sound area.
They suggested the occurrence of several structural
domains and subdomains on the basis of distinctive
tectonic characteristics (Fig. 2-1). The major domains are
the Britt, Parry Sound, Muskoka and algonguin. The Muskoka
Domain is, in turn, subdivided into the Seguin, Rosseau,
Moon River and Go Home Subdomains.

The Britt Domain is a highly metamorphosed terrain,
composed of ortho- and paragneisses and migmatites. The

metamorphic grade ranges from middle to upper amphibolite

faci2s (Davidson and Morgan, 1981).




%

Figure 2-1.Simplified geologic map of the Central Gneiss
Belt near Parry Sound (Reprocduced from Davidson, 1982b).
X-X and Y-Y indicate the lines of the cross-sections of
Fig 2-2. Inset map shows the geographical location of the
Parry Sound area.

LEGEND:

l: domain boundary with dips indicated;

2: anorthosite, related gabbro and equivalent gneiss;

3: antiform, synform, overturned synform.
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The Parry Sound Domain is a northeasterly trending
terrain, which occurs above the Britt Domain. It is
dominated by mafic rocks, spatially discontinuous mafic
gneisses and large, lens-shaped gabbroic anorthosite
bodies. The metamorphic grade ranges from amphibolite to
granulite facies (Davidson and Morgan, 1981).

The Muskoka Domain lies to the east of the Parry
Sound Domain. It comprises northwest trending belts of
amphibolite facies gneisses and rocks of higher
metamorphic grade which exhibit 1less regular structural
trends. The Algonquin Domain lies still further east.

Zones of highly deformed rocks occur along the
margins of these domains. Gneisses, migmatites and
mylonites occur at the boundary of the Britt Domain with
the Grenville Front to the west (Stockwell et al., 1976;
Wynne-Edwards, 1972; La Tour, 1979). Tectonized gneisses
and mylonites occur at the boundary between the Parry
Sound and Britt Domains and mylonites are located at the
southern boundary of the Parry Sound Domain with
neighboring subdomains. Each of these domains is
interpreted as an allochthonous crustal segment in a wide
orogenic belt analogous to the Himalayas (Davidson et al.,
1982a). Generalized cross-sections through this area are

shown in Fig. 2-2.



Figure 2-2. Schematic geologic cross-sections along X-X’
and Y-Y of Figure 2-1, showing the tectonic features of
the central part of the Central Gneiss Belt. The stipple
indicates the location of the Whitestone Anorthosite.
BD ¢ Britt Domain

PSSZ : Parry Sound shear zone

PSD : Parry Sound Domain

RSD : Rosseau Subdomain

MRS : Moon River Subdomain

GHSD : Go Home Subdomain
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2.2 PARRY SOUND SHEAR ZONE

A highly deformed zone occurs at the northern
boundary of the Parry Sound Domain and is marked by the
presence of mylonites, highly tectonized rocks and
amphibolites. It occurs between the predominantly
amphibolite facies quartzo-feldspatic gneisses of the
Britt Domain and the granulite facies mafic rocks and
migmatites of the overlying Parry Sound Domain. This
highly deformed zone has been called the Parry Sound Shear
Zone, and interpreted as a large deep-seated tectonic
discontinuity (Davidson and Morgan, 1981; Davidson, 1984)
(see Fig. 2-2).

North of Parry Sound, the Parry Sound Shear Zone is
characteriéed by pelitic gneisses containing disoriented
blocks of metamorphosed anorthosite, metadiorite and
amphibolite that outcrop for nearly 30 km along strike
(Davidson et al., 1982b). Near Parry Sound, the shear zone
is characterized by 1lithologically distinct tectonites
that tend to be continuous laterally for 1long distances.
South of Parry Sound, the shear zone is characterized by
migmatites, amphibolites, mylonites, and bands of
anorthositic gneisses which continue over 1long distances
(Davidson et al., 1982b). The mafic gneisses which overly
the Parry Sound Shear Zone contain large 1lens-shaped

masses of relatively well-preserved gabbroic anorthosites.
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The most prominent of these is the Whitestone Anorthosite
which occurs at the western margin of the Parry Sound

Domain (Davidson et al., 1982b; Davidson, 1984).

2.3 WHITESTONE ANORTHOSITE

The Whitestone Anorthosite is a 1lens-shaped body,
nearly 16 km long and 0.5 to 6 km wide, which occurs in a
sequence of metasediments and metavolcanic rocks located
along the western margin of the Parry Sound Domain. It is
generally a well-preserved igneous mass, but shows
evidence of severe deformation at its western margin where
it is intersected by the eastern margin of the Parry Sound
Shear Zone (see Tig. 2-1) (Davidson and Morgan, 1981).

The Whitestone Anorthosite was first studied by Lacy
(1960) near the Dunchurch area. He recognized its dome
shape and reported the occurrence of mineralogical and
textural changes near its margin. He noted that layered
anorthosite, which is typical of the margin, is enriched
in scapolite, pyrite and ferro-magnesian minerals. He
indicated that scapolite replaced plagioclase,
particularly where it was granulated and displayed mortar
texture. Lacy presented two modal analyses as

representative of the marginal anorthosite (Table 2-1).



Table 2-1 Modal analyses of the marginal anorthosite

(Taken from Lacy, 1960).




Quartz
Plagioclase
Scapolite
Hornblende
Garnet

Titanite

1
83.2 (An56)
13.4 (Me75)
3.1

0.3

2
g.5
69.4(An54)
14.5(Me70)
9.7
3.8
1.9

13
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On the basis of mineral assemblages observed in
macble lenses in the surrounding metamorphic rocks, Lacy
suggested a range of metamorphic conditions from
amphibolite to granulite facies, and a retrogressive
metamorphism along the eastern margin of the Whitestone
Anorthosite. He interpreted the lack of reaction between
metasedimentary units and the anorthosite to be evidence
of either equilibrium between different rocks or
metamorphic conditions not favoring reaction.

The Whitestone Anorthosite was later studied by Mason
(1969) who described it as an igneous mass, composed of
anorthosite and gabbroic anorthosite. He noted the
occurrence of several "primary" facies: e.g. the
glomeropoikilitic facies was characterized by a blotchy
subhedral distribution of pyroxenes; the porphyritic
facies was characterized by a homogeneous distribution of
pyroxenes. The ‘'"primary" facies were explained by
gravitational settling of crystals during slow cooling of
the magma.

Mason reported the occurrence of chemical and
mineralogical changes from the central core of the
anorthosite toward the margin, and suggested that there
are two diffarent marginal subfacies (Fig. 2-3). One, an
epidote-bearing marginal facies along the western margin
in wﬁich garnet is a minor constituent or restricted toc a

narrow zone. The second, a garnet bearing marginal facies



<

Figure 2-3. Modal mineral distributions in the Whitestone

Anorthosite (Reproduced from Mason, 1969).
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along the eastern margin where epidote is minor. The
mineralogical and compositional changes were attributed to
alteration during late stage magmatic activity (Mason,
1969). Mason presented mineralogical and chemical data
for 360 anorthosite samples and documented a spatial
changes in the composition of the Whitestone Anorthosite
as follows:

a) the eastern and western margins of the anorthosite
display different chemical compositions;

b) the margins are enriched in Tioz, Fe,05, Mo, MnO,
9205, C02, but depleted in A1203, and Cao0;

¢) the chemical composition of the southern "tail" of
the anorthosite, which is the part with which ¢this study
is concerned, 1is more similar in composition to the
eastern margin than to the core. Table 2-2 presents three
average compositions of the anorthosite, computed from
Mason's data by Thompson (1983). Each composition is based
on several analyses from comparable locations within the
Whitestone Anorthosite. ‘

A textural and mineralogical study of opaque minerals
of the marginal Whitestone Anorthosite at the Dunchurch
area was conducted by Kretchmar (1968). He reported the
formation of hemo-ilmenite, titanium-poor magnetite,
almandine and hornblende during an episode of
retrogressive metamorphism. On the basis of analyzed

compositions of oxide assemblages observed in the marginal



b ]

te

Table 2-2 Average chemical compositions of the Whitestone
Anorthosite, computed from Mason's chemical analyses by
Thompson D.L. (1983). Other refers to apatite, quartz,
carbonate, biotite, sphene, serpentine, muscovite and/or

orthopyroxene.




sio
TiOz
51203

Fezo3
Fe0

MnO

total

Plg.
Pyx.
Amp.
Scp.
Gt.
Ep.
opq.
Other

central core

52.49
6.19
27.66
@.63
1.63
6.62
¢.93
12.08
3.96
0.47
¢.62
0.46
g.21
6.01
6.61
g.08
166.25

91.8
4.2
2.4
1.6

tr

tr

14 4

eastern margin
51.78
1.14
22.24
1.52
5.02
.12
2.17
16.69
3.60
0.62
.11
.49
.56
0.04
6.01
6.08
160.19

60.3
5.5
11.4
12.8
6.3

western margin

51.34
.49
24.01
1.14
3.12
6.07
2.24
11.73
3.93
6.52
6.04
6.76
6.32
0.02
6.02
9.08
99.83

60.5
2.9
14.6
15.6
l.0
3.9
6.2
1.3



anorthosite, he suggested oxygen fugacities between
Fe304+Fe203 and Ni+NiO buffers. The value of -log fo2 was
estimated to be 16.5 +2.5 for a metamorphic temperature of
769 C.

A petrographic study of coronite amphibolites at the
western contact of the Whitestone Anorthosite was carried
out by Mummery (1972) who reported that corona development
resulted from contact metamorphism by the Whitestone
Anorthosite. He suggested that the metamorphic conditions
ranged from almandine to the clinopyroxene subfacies of
granulite facies.

During a regional mapping program in the Ontario
Gneiss segment by the Geological Survey of Canada, the
Whitestone Anorthosite was described as a tectonic slice
(Davidson and Morgan, 1981; Davidson et al., 1982b).
Davidson et al. suggested that if any former intrusive
relationship existed along the margin of the Whitestone
Anorthosite, it was obliterated during the progressive
development of mylonite from the gabbroic anorthosite. The
authors also point out that pegmatites were involved at
different stages of mylonitization.

In a related study, Nadeau (1984) investigated the
deformation of the Mill Lake 1leucogabbro (anorthositic
gabbro) in the southern extension of the Whitestone

Anorthosite. He described it as a lenticular-shaped

tectonic slice composed dominantly of 1leucogabbro and




gabbroic anorthosite, and, locally, quartz-bearing Fe-Ti
rich rocks. He suggested that the lack of coherent
internal structure and a uniform composition in the body
could be attributed to the occurrence of several
“3yn-consolidational magma injections". The following
conclusions in Nadeau's work bear on this study:

a) the amphibolite facies assemblage of the deformed

Whitestone Anorthosite is hornblende,

AD (38-48)
scapolite, garnet, biotite, epidote and titanite. Nadeau
considered scapolite ¢to be post-deformational, but
presented no opinion about the significance of epidote
distribution in the deformed rocks;

b) two tectonically distinct units are present in the
southern extension of the Whitestone Anorthosite in which
the present study area 1lies:s Unit 16, massive, very
slightly strained to moderately strained 1leuco-gabbro
which retains primary structures, and Unit 17, highly
strained@ equivalents of the rocks of unit 16 and gneissic
and mylonitic quartz ferro-diorite, which was described as
a fine to very fine grained rock with impure quartz veins.
The intimate association of quartz ferro-dioritic and
leucogabbroic rocks within the highly strained Unit 17 was
considered to be the result of either tectonic mixing of
originally distinct rock masses or a primary relationship.

Observed large quartz grains were interpreted to be of

primary origin. The occurrence of 16% guartz in some

1



meta-anorthositic rocks was assumed t¢ have resulted from
the break down of clinopyroxene;

c) the transformation from slightly strained
(gneissic) to highly strained (mylonitic)
meta-leucogabbro was essentially isovolumetric and
isochemical.

Thompson (1983) investigated the eastern margin of
the Whitestone Anorthosite where the anorthosite and
country rocks have been subjected to granulite facies
conditions. He described the outer margin of the
Anorthosite as strongly deformed and metasomatized, and
suggested that this was the result of mechanical mixing
and absorption of mobile components ( volatiles from the
surrounding gneisses). During this process a reaction
aureole formed in the country rocks. e suggested that the
temperature of equilibrium was approximately 750 +7@0 C and
speculated that it was 80 C higher than that of the
western margin.

The nature of the tectonic slices recognized by
Davidson et al. (1982a) has been disputed by Schwerdtner
(1987). Based on an analysis of folding and gneissosity in
the south-western Grenville Province, Schwerdtner has
suggested that the tectonic units are bounded by low angle
shear zones along which there has been later sinistral
shear. He indicated that there is no necessity to assume

large translations of crustal slices and proposed a




tectonic scenario in which discordances in regional
gneissosity were accomplished by repeated folding.

The U-Pb zircon dating of the Whitestone Anorthosite
and its mylonitized derivatives was carried out by van
Breemen et al. (1986), who reported a crystallization age
of 1350 +50 Ma for the southern extension of the
Whitestone Anorthosite and a metamorphic age of 1160 Ma
for sheared pegmatites in the mylonites. The dating of
coronitic metagabbro bodies between the Parry Sound Domain
and the Central Metasedimentary Belt Boundary Zone yielded
metamorphic ages from 106606 Ma to 1630 Ma (van Breemen and
Davidson, 1988). The authors suggested that this
Grenvillian age for metamorphism coincides with tectonic
displacement along the Central Matasedimentary Belt
boundary zone, which occurred between 1020-1070 Ma.

In summary, previous studiés have shown that the
Whitestone Anorthosite displays, in the central part, the
characteristic features of an igneous body. However, along
the margins, it displays metamorphic/metasomatic
assemblages and associated deformational structures. These
features suggest that the Whitestone Anorthosite is
bounded on both sides by tectonic contacts related to

post-intrusion tectonic events dated about 116¢ Ma.



CHAPTER 3

DEFORMATION OF THE WHITESTONE ANORTHOSITE IN
THE PARRY SOUND SHEAR ZIOME

3.1 GEMERAL STATEMENT

The Parry Sound Shear Zone transects the Whitestone
Anorthosite, and produces progressive modification of the

original anorthosite.

3.2 PROFILES OF THE WHITESTONE ANORTHOSITE AT

THE INTERSECTION WITH THE PARRY SOUND SHEAR ZONE

Three traverses were made across the contact between
the Parry Sound Shear Zone and the Whitestone Anorthosite.
Traverse locations are shown in Pigure 3-1, and each
traverse is represented schematically and with specimen
locations in Figures 3-2, 3-5, and 3-7. Traverse I is
along a roadcut 3 km northwest of the village of
Waubambik; the rocks exposed here provide a profile of the
deformation across the western margin of the Whitestone
Anorthosite where it is intersected by the Parry Sound
Shear Zone. The next two traverses are within the shear
.zone. Traverse II is at a sand pit 2 km north of Parry
Sound where gainet-rich porphyroblastic anorthosite, and

its mylonitic derivatives are exposed. Traverse III is at




Figure 3-1 Location map of the Whitestone Anorthosite
solid circles) and the cross-cutting Parry Sound shear
zone (lightly stippled area). The cross-sections studied in

this thesis are indicated by roman numerals.
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the Rose Point Marina, southeast of Parry Sound where
similar rocks to those in traverse II are present.

Anorthositic gabbro occurs as a source material 1in
all three traverses (Davidson et al., 1982b). Davidson et
al. suggest that the mylonite protolith along traverse 1II
is " foliated meta-anorthositic gabbro the same as that
seen at the west end of the outcrop at stop 5" (traverse
I). Further, the group of outcrops in traverse 1II is
described as a superb illustration of "the progressive
development of mylonite from anorthositic gabbro at
several scales"™. Davidson et al. suggest that traverse III
is "in the same mylon:.:e zone that was examined at stop 6"
(traverse II) and that "the mylonite 1lies structurally
below and above a lens  of anorthositic metagabbro
identical to that at the last stop" (traverse II).

The similarity of the rocks exposed in these three
traverses, and the progressive deformation which is
apparent both from traverse to traverse and within each
traverse, provides an opportunity to study the
modifications which have occurred in the Whitestone
Anorthosite in response to the deformation associated with
the Parry Sound Shear Zone.

Traverse 1 is a 50-60 meter 1long roadcut at the
western margin of the Whitestone Anorthosite. A
characteristic feature of this traverse is the increasing

state of deformation from rock with observable igneous




texture to fine grained mylonite which bears no textural
resemblance to its source materijal.

Near the east end of the traverse, exposures display
anastomosing shear zones in a relatively undeformed
gabbroic anorthosite. In the central part of the traverse,
sheared pegmatites are present in apparently more deformed
anorthositic rocks. From here to the west end of the
traverse, anorthositic gabbros occur with apparent
deformation increasing to the west. Pegmatites are again
observed in mylonites near the west end of the traverse.

Along this traverse, clinopyroxene occurs only in the
least deformed rocks. Hornblende occurs either as
aggregates or rims around altered edges of clinopyroxene.
Plagioclase is recrystallized, but some original grains
are present in less deformed rocks. Scapolite, epidote,
biotite, and muscovite are present in small gquantities
(<3%) throughout, but they are more abundant (up to 5%)
alony the edges of 1local shear 2zones. Chlorite was
observed along the edge of an anastomosing shear zone.
Quartz and microcline are restricted to the central part
of local shear zones. Garnet is present only in strongly
deformed metagabbros at the west end of the traverse.

Traverse II crosses the eastern margin of the Parry
Soand Shear Zone, and its location is indicated in Figures

3-3 and 3-4(a). Along this traverse the parent rock |is

anorthositic gabbro, similar to that in the western end of




Figure 3-2, Schematic cross-section

Anorthosite along traverse 1.
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traverse I. The anorthositic gabbro occurs as a lens, and
displays some relict texture although it is extensively
folded and sheared as shown in the exposure illustrated in
Figure 3-4(a). There is a well-developed,
northwest-trending lineation defined by a preferred shape
orientation of mafic grains and fold hinges. Figure 3-4(b)
illustrates the orientation of the foliation and the
lineation from this exposure. Mylonites derived from this
gabbro occur above it and the contact is folded. There are
progressive changes in the metagabbro toward the mylonite.

Two types of mylonites are present in area B, Figure
3-3. Those close to area A contain scapolite, plagioclase,
amphibole and garnet while close to area C, the mylonites
contain plagioclase, amphibole, garnet, disseminated
quartz and K-feldspar augen. The 1latter shows complex
isoclinal folds which suggest extereme ductility during
their development.

A second lens of anorthositic meta-gabbro lies to the
east, area C in Figure 3-3. The meta-gabbro 1is generally
more deformed than that in area A, although there are
pockets of less deformed anorthosite. The exposures
illustrated in Figures 3-3 and 3-4(a) are combined in a
schematic cross-section in Figure 3-5 on which the
locations of specimens studied in this thesis are located.

Traverse III transects the southernmost extension of

the Whitestone Anorthosite (Fig. 3-1). The anorthositic




Figure 3-3. Outcrop areas along traverse 1I. Area A is shown
in more detail in Fig. 3-S5

(Taker. from Nadeau, 1984).

samples:
4 PS-86-5
S PS-86-4

6 PS-86-2
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Figure 3-4. a) Anorthositic metagabbro at outcrop area A,

traverse II;

samples:

1: pPS-85-1; 2: PS-85-2; 3: PS-85-18

b) Stereographic projection of 89 foliation poles (dots)

and lineations (triangles) from outcrop area A. (Taken from

Nadeau, 1984).
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Figure 3-5. Schematic cross-section

of the Whitestone

Anorthosite along the section line (X-Y-Z) of Fig. 3-3.

samples:

1 ps-85-1
2 ps-85-2, 2a, 2b

3 PS-85-18

4
5
6

PS-86-5
PS-86-4

PS-86-2
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metagabbro exposed in this traverse has a lenticular
shape, and was described as "identical" to that at
traverse 11 by Davidson et al. (1982b). Figure 3-6 is a
geological map along the precise 1location of this
traverse, and Figure 3-7 illustrates the general
geological features of this traverse.

The anorthositic metagabbro contains a lens in which
primary igneous texture is preserved. Elsewhere, the
foliation is well-developed and 1large K-feldspar augen
occur parallel to the foliation. The metagabbro contains
the same minerals noted in traverse II, but quartz is more
abundant. The quartz occurs in quartz ribbons along
foliation planes defined by amphibole and garnet., 1Its
abundance increases with increasing development of the
foliation, while the abundance of scapolite decreases.
Mylonites derived from the metagabbro near the road toward
the lakeshore contain as much as 15 % gquartz, and
scapolite is rarely present. The very fine grained
mylonite both above and below the metagabbro contains
pegmatite veins that are flattened and stretched.

The orientation of the stretching lineation along
this traverse 1is south-southeasterly. The sense of
rotation in sigmoidal K~feldspar and amphibole augen
suggest a northwesterly displacement of overlying rock

mass.




Figure 3-6. Anorthositic metagabbro lens in mylonite. Section

line of Fig. 3-7 marked (X-Y). (Taken from Davidson et al.,
1982).




40

NGe0s snd
ss0nusin

B o
Mytonite
m .




Figure 3-7, Schematic cross-section of the Whitestone

Anorthosite along the section line (X-Y) of Fig. 3-6).

samples:

1 PS-86-17 S PS-86-16b
2 PS-85-14 6 PS-85-13
3 PS-85-16 7 PS-86-9

4 PS-86-16 8 PS-85-12
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3.3 COMPOSITE CROSS-SECTION OF THE WHITESTONE ANORTHOSITE

AT THE INTERSECTION WITH THE PARRY SOUND SHEAR ZONE

Preliminary hand specimen and petrographic
investigations of the anorthosite along the three
traverses indicated that the deformational and the
metamorphic states of the deformed anorthosite had to be
considered in order to derive an accurate description of
the rock type. A fourfold division into weakly modified,
moderately modified, strongly modified anorthosites and
mylonites is proposed here as the most suitable way to
describe these rocks.

Figure 3-8 is a composite cross-section of the
Whitestone Anorthosite at the contact with the Parry Sound
Shear Zone, based on Figures 3-2, 3-5, and 3-7. It is
proposed that Figure 3-8 represents, in a generalized way,
the geology of the Whitestone Anorthosite where it is
intersected by the Parry Sound Shear Zone. Relict igneous
textures, crudely-defined foliation and quartz-bearing
anastomosing shear zones characterize the weakly modified
anorthosite which occurs in the main body of the
anorthosite at a distance from the Parry Sound Shear Zone.
Well-developed foliation and scapolite-rich, planar shear
zones typify the moderately modified anorthosite which
occurs in the anorthosita lenses within the Parry Sound

Shear Zone. Mylonites and strongly modified anorthosite

43



Figure 3-8. Composite cross-section of the progressively

modified Whitestone Anorthosite across the Parry Sound Shear

Zone. Symbols are same as in Figs. 3-4 and 3-5.
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occur along the contact between the Whitestone Anorthosite

and the Parry Sound Shear Zone.

3.4 PRINCIPAL FEATURES OF THE WHITESTONE ANORTHOSITE

AT THE INTERSECTION WITH THE PARRY SOUND SHEAR ZONE
3.4.1 DEFORMED ANORTHOSITE
3.4.1.1 WEAKLY MODIFIED ANORTHOSITE

Beyond a few 100 meters from the mylonites of the
shear zone, the anorthosite is only weakly modified. an
igneous texture is locally preserved and foliation is
ill-defined (Plate 3-la). A weakly developed stretching
lineation is visible in tha shape fabric of elongated
mafic grains.

Weakly modified anorthosite exhibits inequant,
subpolygonal texture with plagioclase, hornblende,
scapolite and relicts of clinopyroxene as the main
constituents. Clinopyroxene is of ten replaced by
amphibole. Amphibole occurs as elongated grains with an
average length about a centimeter. Plagioclase (An4g-56)
is recystallized and zoned; the grain size averages a few

millimeters.

40




3.4.1.2 MODERATELY MODIFIED ANORTHOSITE

Moderately modified anorthosite is characterized by
the absence of relict igneous textures and the development
of a pervasive foliation and 1lineation (Plate 3-1b).
Isoclinal, refolded folds are common and unique to this
anorthosite. Four different generations of folds are
present (Nadeau, 1984). A northwest-trending mineral
lineation, defined by a preferred shape orientation of
mafic grains and fold hinges is well-developed (see Fig.
3-4b). A good exposure of moderately modified a;orthosite
can be seen in an 0ld sand pit north-east of Parry Sound
(see Davidson et al., 1982b, stop 7).

The moderately modified anorthosite displays a very
different mineralogy to that of its less modified
counterpart. Primary clinopyroxene is recrystallized, and
the recrystallized pyroxene shows metamorphic corona
structure with garnet. Primary plagioclase is rare.
Recrystallized plagioclase (An49-58) has an average grain
size of about 400 microns and an equant polygonal texture
with equilibrium triple junctions is characteristic.
Amphibole, with an average grain size of 508-600 microns,
forms mafic rich 1layers interlayered with plagioclase.
Almandine garnet 1is always present and there Iis a
significant increase in the amount of ilmenite. The

textural and mineralogical features of the moderately
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modified anorthosite suggest a higher grade metamorphic

environment than the weakly modified anorthosite.

3.4.1.3 STRONGLY MODIFIED ANORTHOSITE

The transition from moderately to strongly modified
anorthosite is marked by the development of mineral
differentiation into closely spaced macroscopic layers.
There is a decrease in the hornblende <content and the
lineation seen in the moderately modified anorthosite is
seldom present. Plate 3-1lc illustrates the highly strained
appearance of these rocks.

The strongly modified anorthosite is characterized by
an inequant subpolygonal texture and a dark gray gneissic
layering. The mineralogy varies from a scapolite-bearing
assemblage to a quartz-bearing assemblage. Andesine
(An35-43), hornblende and garnet are the other mineral
phases. The average grain size is usually less than that
observed in the moderately modified anorthosite. It ranges
from 200 to 500 microns. Plagioclase is strongly
recrystallized and polysynthetic twinning is common.

Garnet occurs as large augen.

3.4.1.4 MYLOMITES

Mylonites occur at the intersection between the

Whitestone Anorthosite and the Parry Sound Shear Zone, and
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Plate 3-1.

a) Photograph of a sample of the weakly modified
anorthosite, showing relict igneous texture in lower left
corner. An anastomosing shear zone traverses the
photograph from upper left corner to lower right corner.

Sample PS-85-9. Scale bar = 1.9 cm.

b) Photograph of a sample of the moderately modified
anorthosite in a section sub-normal to the foliation. A
planar shear zone, trending sub-parallel to the long axis
of the photograph, is indicated by a deflection in
schistosity. Sample PS-85-2. Compass for scale is 8 cm

across.

c) Handspecimen photograph of the strongly modified
anorthosite. Plagioclase is mostly recrystallized.
Gneissic fabric is well-developed. Sample PS-85-16. Scale

bar = 1.¢ cm.
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are of two distinct types. Both are readily recognizable
by their dark-coloured matrix and fine grain size (Plate
3-2a). The mylonitic foliation is well-developed in both
types and dips from 25 to 50 degrees to the southeast. The
difference seen in the field is that type I mylonites
contain relicts of the host anorthosite while type II
mylonites commonly <ontain porphyroclasts of pegmatite and
porphyroblasts of garnet. When viewed in the direction
parallel to the NE-trending stretching lineation, the
apparent rotations of porphyroclasts and porphyroblasts
suggest a northwesterly thrusting of the Parry Sound
Domain over the Britt Domain within the Parry Sound Shear
Zone.

Type I mylonite has a mineralogy similar to that
observed in moderately modified anorthosite with scapolite
and plagioclase (An33-36) as the dominant phases and
biotite as a minor phase. Garnet porphyroblasts are
present. Equant polygonal texture with a grain size of
approximately two hundred microns is characteristic (Plate
3-2b).

Type II mylonite contains porphyroclasts of
K-feldspar, plagioclase and hornblende and large
porphyroblasts of garnet (up to 4-6 cm in diameter) in a
matrix composed of plagioclase (Anl8-21), hornblende,
garnet, K-feldspar and quartz. In the matrix, plagioclase

and hornblende have subpolygonal outlines and are

B
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Plate 3-2.

a) Photograph of a contact between ¢type I and type 1I
mylonites. Type II mylonite is distinguished from type I
mylonite by its darker coloured matrix and feldspar augen.

Pencil for scale is 14 cm long.

b) Photomicrograph of type I mylonite. Plagioclase (plg),
amphibole (amp), scapolite (scp) and garnet (gr) are the
main constituents. Crossed nicols. Sample PS-86-5. Scale

bar = 0.5 mm.

c) Photomicrograph of type II mylonite. Quartz (q) occurs
as ribbons, or as isolated grains in the surrounding
matrix. The matrix also contains Plagioclase (plg),
amphibole (amp) and garmet (gr). Crossed nicols. Sample

PS-86-16. Scale bar = @¢.5 mm.
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extensively recrystallized. The mean grain size in the
matrix is of the order of 50-156 microns. Undulose
extinction and deformation lamellae are the most prominent
deformational features of quartz and plagioclase. Quartz
ribbons and amphibole grains define the mylonitic

foliation (Plate 3-2c).

3.4.2 LOCAL SHEAR ZONES

Local shear 2zones are of two types. These are

anastomosing shear zones and planar shear zones.

3.4.2.1 ANASTOMOSING SHEAR ZONES

Anastomosing shear zones are best observed in the
weakly modified anorthosite although they are also
occas.onally noted in strongly modified anorthosites. They
occur irregularly distributed and have a unique appearance
in the field. There is a gradual change of colour from
dark gray in the host rock through grayish-white at the
boundaries to white in the central part of the shear zone.
Plate 3-3a illustrates an example 5f an anastomosing sheat
zone in the weakly modified anorthosite.

The shear strain in two anastomosing shear zones was
quantified by measuring the angles between the schistosity

and the boundary of the shear zone. The following relation

was used:
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Figure 3-9 . a) Diagram showing progressive rotation of
the schistosity in a shear zone. The schistosity becomes
progressively parallel to the shear zone boundary near the
center of the shear 2zone.

b) Diagram showing the angles between the orientation of
the schistosity and the shear zone boundary at locations

1 and 2 in Figure 3-9a. The equation characterizing this

relationship is Y= cotana’- CotanG .






Cot@'= Cota +Y (Ramsay, 1967)

where @ is the angle between the schistosity and the shear
zone boundary measured outside the shear 2zone, which
represents the original orientation and @ is measured
inside the shear zone, where the schistosity has been
rotated (Figure 3-9). Figure 3-106 illustrates the shear
strain/distance curves derived from geometric analyses of
schistosity across the two anastomosing shear zones
(specimens PS-85-19 and PS-85-10). Dashed, vertical lines
represent the boundary between the presence of biotite and
amphibole. This is accompanied by an abrupt increase in
the shear strain.

Although the application of this method to
anastomosing shear zones is limited because simple shear
cannot always be assumed at the shear zone boundaries (see
Ramsay and Allison, 1977; Ramsay, 198¢), the amount of
displacement appears to be in the order of meters in
anastomosing shear zones in the Parry Sound Shear Zone.

The mineralogy changes considerably across
anastomosing shear 2zones. At the boundary, sodic
plagioclase (An34-36), muscovite and biotite replace the
more calcic plagioclase (An45-55), and the hornblende, and
the scapolite content of the host decreases. In addition,
iron-rich epidote commonly occurs as porphyroblasts. 1In
the central part of the shear zone, abrupt changes in

mineralogy take place. Scapolite and amphibole are

s?




Figure 3-10. Shear strain-distance curves derived from
geometric analyses of schitosity across two anastomosing
shear zones. Dashed, vertical lines represent the

approximate boundary of shear zones where the replacement

of amphibole by biotite occurs.
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replaced by quartz, muscovite, biotite, and microcline as
the main mineral phases. The average grain size is 250
microns or more for quartz, plagioclase, and biotite and 1

milimeter or more for microcline, epidote, and muscovite.

PLANAR SHEAR ZOMES

Planar shear zones are a structural feature of the
moderately modified anorthosite. They cross-cut the
foliation and, as a result, give a deceptive impression of
an intruding dyke, especially when there is a small angle
between the erosion surface and the plane of foliation.
Plate 3-3b illustrates an example of a planar shear zone
in a section perpendicular to the shear zone and parallel
to the shear direction. This shear 2zone ht:3 a very
different appearance to that of the shear zone illustrated
in 3-1b which is viewed epproximately perpendicular to the
plane of foliation. The deflection of the schistosity at
shear zone margins indicates a consistent NW-directed
overthrusting which is also indicated by other indicators
(e.g. tails developed from feldspar augen).

The shear zone illustrated in Plate 3-3b has a fairly
uniform width and shows a curving alignment of mafic
minerals (i.e. amphiboles). Where this fabric becomes
visible, it has an angle of 35-40 to the shear direction,

and it acquires an orientation increasingly parallel ¢to




the shear direction nearer the shear zone boundary. Figure
3-11 jllustrates the state of shear strain across this and
one other planar shear zone using the progressive rotation
of schistosity. There is no evidence of significant volume
change along the length of the shear zone. This suggests
that the boundary condition of simple shear may be
satisfied. The increase in the intensity of schistosity
with increasing strain indicates the contemporary
development of schistosity from an initially isotropic
rock.

The mineralogy of planar shear zones displays some
differences from that of the moderately modified
anorthosite in which they occur. However, the differences
are small, and perhaps suggest that planar shear zones
formed soon after the formation of the moderately modifiea
anorthosite and under similar metamorphic conditions.
Plagioclase, meionitic scapolite and biotite are the main
minerals. The plagioclase is recrystallized and the
anorthite content decreases from An49 in the host to An42
in the shear zone. Similarly, scapolite shows a decrease
in both grain size and meionite content. Foam texture in
the scapolite grains is characteristic and the average
grain size is about one hundred and fifty microns. The
appearance of biotite in the shear zZone indicates

potassium fixation during deformation.
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Figure 3-11,variation of shear strain (y) across two planar
shear gzones. Shear strain values are derived from the geometric
analysis of schistosity with respect to the shear Adirection.
Dashed, vertical lines represent the boundary of shear zones

marked by an abrupt change in microstructure and fabric.
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3.5 SUMMARY

The increasingly modified original igneous texture
of the Whitestone Anorthosgsite is interpreted to be the
result of a strain gradient. Although good strain markers
are absent, two lines of evidence are considered useful
for the qualitative measure of strain. These are observed
foliation spacing and reduction in grain size. The
foliation becomes more closely spaced as the original
texture of the Whitestone Anorthosite grades into
mylonites. Similarly, the average grain size shows a
progressive decrease.

The modified anorthosite displays evidence for
varying conditions of deformation. The occurrence of two
different mylonites suggests two different deformation
events. Similarly, the two different kinds of local shear
zones suggest two different deformation events. Further,
the presence of different mineral assemblages indicate
different metamorphic conditions of deformation. On the
basis of these differences, moderately modified
anorthosite, type I mylonite and planar shear zones are
attributed to an early event, while weakly modified

anorthosite, type II mylonite and anastomosing shear 2zones

are attributed to a late event.




Plate 3-3.

a) Photograph of a handspecimen of an anastomosing shear
zone cross-cutting weakly modified anorthosite. Sample

P5-85-9. Scale bar = 1.0 cm

b) Photograph of a handspecimen of a planar shear 2zone
viewed normal to the shear direction. Arrows point to the

boundary of the shear zone. Scale bar = 1.6 cm.
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CHAPTER 4

MINERAL ASSEMBLAGES OF THE WHITESTONE ANORTHOSITE

IN THE PARRY SOUND SHEAR ZONE

4.1 GENERAL STATEMENT

The Whitestone Anorthosite contains a variety of
mineral assemblages. Plagioclase (An60) and magnesium-rich
clinopyroxene are primary constituents of the undeformed
Whitestone Anorthosite (Mason,1969). Clinopyroxene,
plagioclase (An 54-56), scapolite (Me7@¢-75), garnet and
amphibole is the mineral assemblage of the eastern margin
(Fig. 2-1) (Lacy, 1968; Thompson, 1983). Plagioclase,
hornblende and epidote is the mineral assemblage of the
western margin (Fig. 2-1) (Mason, 1969). Plagioclase
(An47-38), scapolite, hornblende, garnet, epidote and
quartz is the mineral assemblage of the southern extension
of the Whitestone Anorthosite‘ (Nadeau, 1984). These
mineral assemblages and those noted in Chapter 3 indicate
more than one metamorphic facies, and an understanding of
the relationship between these mineral assemblages is
necessary to evaluate the deformation history. This
chapter details the mineral assemblages of the Whitestone
Anorthosite at the contact with the Parry Sound Shear

Zone.
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The samples of anorthosite were investigated by
transmitted- and reflected-light microscopy, and by
electron-microprobe analysis of selected mineral grains.
Mineral analyses from rocks representing each type of
increasingly modified anorthosite are aséembled in tables
which are presented at the end of each subsection.
Additional analyses of many mineral species are presented
in Appendix C. Leake (1978) was followed for amphibole

classification.

4.2 INCREASINGLY MODIPIED ANORTHOSITES
4.2.1 ORIGINAL ANORTHOSITE

In the field, the Whitestone Anorthosite away from
the Parry Sound Shear Zone has a massive to
glomeropoikilitic texture; however, in thin section, it
displays evidence of dynamic metamorphism. The mineral
assemblage consists of primary pyroxene and plagioclase
(An52-57), metamorphic hornblende, <linozoisite, and,
locally, recrystallized plagioclase (An52-57).

The augite is the most common pyroxene and mafic
component of the Whitestone Anorthosite. Weakly
pleochroic, pale green to colorless in thin section, the
augite shows high relief and moderate birefringence. It
exhibits a prismatic habit, and cleavages are usually

present. Tabie 4-1 lists the average composition of augite
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Table 4-1. Chemical analysis of primary pyroxene from the
unmodified Whitestone Anorthosite (Reproduced from Mason,

1969).



St.uctural formula

on the basis of 6 oxygens

510, 48.79 si 1.84
Tie, 0.68 T 6.02
al,0, 5.76 Al 0.10
Fe,0, 3.51 rel? 0.10
Feo 8.05 re?t 8.25
Mno 0.23 Mn 6.01
Mgo 16.61 Mg 0.60
ca0 21.57 ca ¢.87
K,0 ¢.01 K ¢.00
Na,0 9.79 Na 0.06

Total 160.00
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from the Whitestone Anorthosite reported by Mason (1969).

Plagioclase is usually myrmekitic and has lobate
boundaries. Some plagioclase displays polysynthetic twins,
which are sometimes bent. The anorthite content of primary
plagioclase is greater than An57 and shows surprisingly
little change over the body (Mason, 1969). Table 4-2
column 1 lists the analysis of a primary plagioclase from
specimen PS-85-17.

The original anorthosite displays a high temperature
igneous assemblage. Martignole ('986) has suggested that a
temperature in excess of 1800 C and a pressure of 4-5 kb
existed during the crystallization of the anorthosites in

the eastern Grenville Province.

4.2.2 WEAKLY MODIFIED ANORTHOSITE

The stable mineralogical assemblage of the weakly
modified anorthosite consists of plagioclase (An40-56),
ferromagnesian hornblende, scapolite (Me57-63), biotite,
minor guartz, titanite and sulphides. Clinopyroxene |is
present as relict grains in some samples of weakly
modified anorthosite. Epidote occurs as porphyroblasts in
weakly modified anorthosite near anastomosing shear zones.

The augite shows signs of disequilibrium in the
weakly modified anorthosite. Itg discolouration and the

formation of dark green <c¢oloured, strongly pleochroic
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amphibole rims are indications of the incipient
disequilibrium. Near shear zones, the disequilibrium is
increased, and the augite 1is replaced by blue-green
hornblende.

Plagioclase is recrystallized, and has a composition
of An 40-56. Table 4-2 lists the analysis of a plagioclase
from specimen PS-85-8, additional analyses are presented
in Appendix C. The average grain size varies from 2 mm to
4mm.

Amphibole has a deep green-blue colour, and shows
strong pleochroism from dark to olive green which often
masks the interference colours. Grain size ranges from 600
to 2000 microns. It has a ferroan pargasite core and
magnesian hornblende rim, Table 4-3, column 2. The
amphibole usually occurs with oxides as a rim around
augite which suggest that it is derived from augite by a
reaction such as the following:

Clinopyruxene+p1agioclase+H20+/—C0 =Amphibole+Quartz

2
+/- Calcite

Laird and Albee (1981) suggested that the composition

of amphibole varies with metamorphic facies. They

illustrated the variation of amphibole composition by a

plot of atomic ratios. Similar plots are used here. Figure

4-1 illustrates the ratios of ('VAl):("'Al) and (100

Na/Na+Ca): (190 Al/Si+Al) and Figure 4-2 1illustrates the

(vi 3

*riy s (1Val) and (109

ratios of the Al +Fe
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Na/Na+Ca): (100 Al/Si+Al) in amphiboles compared with data
for reference metamorphic terranes of Laird and Albee
(1981). The data for the increasingly modified
anorthosite, including the weakly modified anorthosite,
are represented on these figures.

Scapolite is a minor constituent of the weakly
modified anorthosite. Electron microprobe analyses of
scapolite show it to be a calcium-rich member of the
scapolite solid-solution series with a composition of
Me57-63. The analysis of a scapolite is 1listed in Table
4-4, column 1.

Scapolite forms from transformation of plagioclase
(Plate 4-2c). The degree of completion of the
transformation appears to be a function of the grain size
of the plagioclase. The smaller the grains, the more
complete the scapolitization. Scapolitization takes place
according to the following reaction:

3Plagioclase + CaC03= coz. Scapolite (Haughton, 197@)

Epidote grows with tiotite (Plate 4-3a). Epidote
formation involves a reaction between plagioclase,

hornblende and a fluid phase which is analogous to the

garnet-forming reaction.

The composition of plagioclase (An4@-46) and the
ratios of (1Val):(“!al) and (108 Na/Na+Ca):(Al/Si+Al) in
amphibole.:; ‘Fig. 4-1) suggest 1lower amphibolite facies

conditions (Goldsmith, 1982; Laird and Albee, 198l). The
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occurrence of epidote also suggests intermediate pressure
lower amphibolite facies (Miyashiro, 1961; Apted and Liou,
1983). Thus, the metamorphic mineral assemblage of the
weakly modified anorthosite suggests moderate pressure

type, lower amphibolite facies conditions.

4.2.3 MODERATELY MODIFIED ANORTHOSITE

The equilibrium mineral assemblage of the moderately
modified anorthosite consists of clinopyroxene,
plagioclase (An48-58), amohibole (pargasite, hastingsite),
garnet (Alm GC3), scapolite (Me69-75), minor ilmenite,
sphene and quartz.

Clinopyroxene is recrystallized, it is green,
slightly pleochroic and has well-developed basal parting.
In contrast to the primary pyroxene, it lacks oriented
inclugions of oxide and silica exsolution (Mason, 1969).
Metamorphic corona structures--a discontinuous garnet rim,
amphibole corona and quartz symplectites--occur at grain
boundaries with plagioclase and iron oxides occur along
cleavage planes (Nadeau, 1984).

Plagioclase has a composition of An48-58, and the
representative analysis of plagioclase, specimen PS§-85-2,
is listed in Table 4-2, column 3. Polysynthetic twins are

thick, continuous and simple. Albite twins are common, but

pericline twins are rare. Plagioclase is 60-70%
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recrystallized and the grain size is about 400 microns.
Recovery related features are also present; mechanical
twinning and undulose extinction are most pronounced.
Minute grains of oxides occur in some plagioclase
megacrysts, civing them a netted appearance. Plate 4-1b
shows the style of twinning both in the relict and
recrystallized plagioclase.

Amphibole has a mean grain size from 400 to 600
microns. It occurs as aggregates and shows symplectic
corona texture with clinopyroxene grains. It is commonly
associated with garnet, sphene and ilmenite (see Plate
4-2b). The composition varies from a hastingsite at the
center to a ferroan pargasite composition at the rims of
the grains. Table 4-3, column 3 lists the analysis of an
amphibole. Additional analyses are presented in Appendix
c.

Scapolite is an important constituent (Plate 4-2¢).
Its formation postdates the crystallization of primary
igneous plagioclase, and forms by transformation from
plagioclase. It has a composition of Me69-75 (Appendix C).
Table 4-4 column 2 lists a representative composition of
the scapolite.

Garnet is a prominent constituent of the moderately
modified anorthosite. It is pink in thin section, and
occurs as aggregates. It has an almandine-rich

composition, and is associated with ilmenite and iron
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oxides in myrmekitic-graphitic intergrowths with sphene
forming a rim between the phases (see plate 4-2b). 1Its
association with pyroxene and amphibole suggests a
reaction involving these two constituents.

Ilmenite occurs as anhedral blebs. It is frequently
rimmed by amphibole or garnet, suggesting a genetic
relationship. Hematite exsolution is characteristic, and
up to S0% hematite has been reported in ilmenite from the
anorthosite along the eastern margin of the anorthosite
(Kretschemar, 1968). The average bulk composition of
ilmenite, Hem44 Ilm56, suggests the oxidising conditions
of Ni + NO through Fezo3 + FeO buffers (Kretschemar,
1968) . Plate 4-4a is a photomicrograph of ilmenite in the
moderately modified anorthosite.

The occurrence of clinopyroxene with plagioclase
(An48-58) suggests granulite and upper amphibolite facies
(Miyashiro, 1961; Fyfe et al., 1978). The ratios of
(}Va1): ("1a1) and (180  Na/Na+Ca): (108 Al/Si+Al)  in
amphiboles (Fig. 4-1) also suggest granulite to upper
amphibolite facies conditions (Laird and Albee, 1981). The

34iriy: (*VAa1)  and (109

comparison of the (ViA1+Fe
Na/Na+Ca): (160 Al/Si~rAl) ratios with those reported from a
variety of metamorphic terranes (Fig. 4-2) indicates
metamorphic conditions similar to those of Haas River, New

Zealand, and the Abukuma terrane, Japan (Laird and Albee,

1981) (Fig. 4-2). The occurrence of almandine-rich garnet
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with a high grossularite component suggests amphibolite
facies. The composition of scapolites also suggests
metamorphic conditions higher than sillimanite-muscovite
grade (Hietanen, 1967; La Tour, 1974). The occurrence of
scapolite and ilmenite with a significant hematite
component in the assemblages of the moderately modified
anorthosite indicates CO2 metasomatism during the
oxidising conditions of upper-middle amphibolite facies.
In summary, the assemblage of recrystallized augite,
titanium rich, aluminous green-brown amphibole
(hastingsite, ferroan pargasite), andesine (An55-46) and
almandine garnet in the moderately modified anorthosite
indicates CO2 dominated, moderate-pressure type
upper-middle amphibolite facies conditions (Miyashiro,

1961; Ernst, 1976; Fyfe et al., 1978).

4.2.4 STRONGLY MODIFIED ANORTHOSITE

Strongly modified anorthosite displays some variation
in mineral assemblage. Plagioclase, almandine garnet,
biotite, ilmenite, gquartz (<3%), epidote and minor sphene
are the dominant phases.

The plagioclase composition is An 42-35, analyses of
plagioclase are presented in Appendix C. The grain size

ranges between 200 and 500 microns (Table 4-2, column 4).

Mechanical twinning is characteristic (see plate 3=-1lc).
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Amphibole has a smaller grain size than that of
moderately modified anorthosite. The colour is
brownish-green. It occurs as anhedral, single grains with
poorly developed cleavages (Plate 3-2b). An electron
microprobe analysis of the amphibole yields a ferroan
pargasite- hastingsite composition, Table 4-3, column ¢4,
additional amphibole analyses are presented in Appendix C.

Scapolite occurs as small grains and scapolitization
is not always complete. It has a composition of Me65-75
(see Appendix C).

Garnet shows a sieved texture containing all other
constituents. The sieved texture suggests repeated
involvement of the garnet during deformation.

Titanite, ilmenite and quartz occurs in small
quantities, less than 3%.

The strongly modified anorthosite frequently displays
disequilibrium mineral assemblages. In samples where the
mineral assemblage approaches equilibrium, the
plagioclase, scapolite and amphibole compositions suggest
metamorphic conditions lower than those in the moderately

modified anorthosite and the weakly modified anorthosite.
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4.2.5 MYLONITES

Type I mylonites display the following stable mineral
assemblage: plagioclase (An33-36), amphibole (pargasite),
scapolite (Me68-70), garnet (Alm 65), biotite, minor
sphene, and sulphides.

Plagioclase is strongly recrystallized (see Plate
3-2b), and the grain size has an average grain diameter of
the order of 200 microns. The plagioclase has a
composition of An 33-36. The representative analysis of
plagioclase is listed in Table 4-2, column 5 . Mechanical
twinning and subgrain development are present, but are not
as abundant as in the strongly modified anorthosite. The
lack of any marked recovery is consistent with
mylonitization during an amphibolite facies metamorphism.

Amphibole has a small mean grain size of 200 microns.
The colour 1is brownish-green. It occurs as anhedral,
single grains with poorly developed cleavages. An electron
microprobe analysis of the amphibole shows a pargasite
composition, Table 4-3, column 5., Additional analyses of
amphiboles are presented in Appendix C.

Scapolite is a major constituent of type I mylonites.
It occurs as single, 1isolated grains, and has a
meionite-tich composition, Table 4-4 column 4.

Garnet occurs as anhedral grains. It is an impure

almandine and poorer in grossularite compared to the




moderately modified anorthosite, Table 4-5 column 2.

Pyrite and ilmenite occur as anhedral, interstial
grains. They are frequently rimmed by amphibole and
garnet.

Titanite and zircon occur as additional accessory
minerals.

The assemblage of the type I mylonite suggests upper
amphibolite to granulite facies metamorphic conditions.
The anorthite content of plagioclase and the ratios of
(1Va1): (Y1al) and (100 Na/Ca+Na): (188 Al/Si+Al) (Fig. 4-1)
suggest granulite to upper amphibolite facies (Laird and
Albee, 198l). The occurrence of almandine garnet and
scapolite are consistent with these conditions.

The mineral assemblage of the ¢type 1II mylonites
differs from that of the type I mylonite. It consists of
plagioclase (Anl8-21), amphibole (pargasite), garnet,
quartz, both in ribbons and isolated grains, biotite,
minor oxides and sulphides and porphyroclasts of
K-feldspar and amphibole.

Plagioclase is extensively recrystallized and has a
composition of Anl8-21. Table 4-2, column 6 1lists an
analysis of plagioclase. The grain size ranges between
606-100 microns, Polysynthetic twinning is present in some

grains.

Amphibole occurs as anhedral, single grains with
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poorly developed cleavages (Plate 3-2c). The grain size is
60-150 microns and has the composition of hastingsite,
Table 4-3, column 6.

Garnet shows a sieved texture. It is richer in
almandine and spessartine and poorer in grossularite and
pyrope compared to type I mylonite, Table 4-5 column 3.

Quartz occurs as isolated grains in a matrix of other
minerals, or as ribbon-like aggregates. The ratio of major
to minor axis of the grains is usually greater than 3:1.
Plate 4-3d illustrates quartz in a ribbon. Quartz displays
little evidence for relict intracrystalline strain. In the
quartz in ribbons, signs of recovery such as deformation
lamellae and undulose extinction and recrystallization are
locally present. In the quartz surrounded by matrix, signs
of deformation are small grain size (70-106¢ wmicrons) and
occasionally undulose extinction.

The abundence of sulphides is higher in type 11
mylonites compared to the increasingly modified
anorthcsite. This preferential occurrence suggests that
sulphides are related to the late episode of deformation
within the Parry Sound Shear Zone.

Pyrite and chalcopyrite are the most commonly
occurring sulphides, but pyrrhotite also occurs. Pyrite
often displays euhedral to subhedral habit and constitutes

60-70% of all sulphides (Plate 4-4c). Chalcopyrite and

pyrrhotite show anhedral habits.
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Table 4-2. Chemical analyses and mean grain sizes of
plagioclase grains in the Whitestone Anorthosite sampled
across the Parry Sound Shear Zone. PS-85-17, unmodified
anorthosite; PS-85-8, weakly modified anorthosite;
PS-85-2, moderately modified anorthosite; PS-86-16,

strongly modified anorthosite; PS-86-5, type I mylonite;

PS-86-4, type II mylonite.




SAMPLE #

Grain Size

Si0
A1203
Ca0
K,0
Na.O

Total

Si

Al

Total

An content %

pPS-85-17

53.66
29.12
12.48
2.0l
4.61

99.88

Ps-85-8 PS-85-2

2-4mm  400p 200-500)1 200

Weight § oxides
55.99 55.0¢ 57.79 59.33
27.70 27.69 27.41 26.07

9.38 11.40 8.92 7.22
9.15 0.18 0.30 0.30
6.05 4.80 6.86 7.46

99.27 99.07 181.28 100.38

Numbers of cations on the basis of 32 oxygens

9.72
6.22
2.42
0.00
1.62
19.98

60

16.12 10.00 10.25 16.55

5.90 5.93 5.73 5.47
1.82 2.22 1.70 1.37
0.03 7.04 a.07 .87
2.12 1.69 2.36 2.57

20.00 19.89 20.10 20.00

46 56 41 34

pPS-86-16 PS-86-5

PS-86-4

60-100p

63.29
22.11
4.23
e.19
9.25

99.07

11.29
4.65
0.81
a.04
3.20

20.00

20
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Table 4~-3. Chemical analyses and mean grain sizes of
amphibole grains in the Whitestone Anorthosite sampled
across the Parry Sound Shear Zone. PS-85-17, unmodified
anorthosite; PS-85-7, weakly modified anorthosite;

PS-85-2, moderately modified anorthosite; PS-86-5,

o
s
T}

mylonite; PS-86-16, strongly modified anorthosite;

PS-86-4, type II mylonite.
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1 2 3 q 5 6

SAMPLE # P5-85-17 PS-85-7 PS-85-2 rs-86-16 PS-86-S PS-86-4
Weight % oxides
Crain Size 4~-5nm 0.6-2mm soop 200-S004 20044 60-100Y
Sioz 43.94 43.29 38.93 39.15 38.02 37.45
‘l‘iOz 0.82 0.28 1.04 1.16 1.12 1.34
Al,"o3 12.3% 12.44 14.14 14.09 13.79 13.21
Fe O 14.59 13.80 21.27 20.85 23.24 25.97
Mgo 11.68 12.42 6.91 6.80 5.35 4.23
Mno 0.22 0.36 0.22 0.60 0.22 0.15%
Cao 11.51% 12027 12.29 11N 11.61 1117
K20 0.85 0.80 1.70 1.62 1.74 1.59
Na20 1.48 1.33 1.08 1.23 1.29 1.60
Total 97.40 96 .99 97.58 96 .87 96.28 96. 7
Numbers of cations on the basis of 23 oxygens
si 6.46 6.37 5.96 6.04 5.99 5.94
Ti 0.09 0.03 0.12 0.13 0.11 0.16
Va1 1.54 1.62 2.03 1.95 2.00 2.05
Vig 0.74 0.53 0.52 0.61 0455 0.4
re2* 1.39 1.12 2.11 2.27 2.55 2.83
re* 0.37 0.57 0.61 0.41 0.49 0.60
Mg 2.56 2.72 1.58 1.56 1.25 1.00
Mn 0.02 0.04 0.03 0.01 0.03 0.02
Ca 1.8 1.93 2.01 1.97 1.96 1.90
K 0.16 0.15 0.33 0.3 0.35 0.32
NaM4 0.04 0.03 0.00 0.01 0.02 0.05
Na=-A 0.39 0.34 0.32 0.35 0.37 0.43
Comp. Pargasitic Mg Hast. Mg Hast. Ferroan Ferroan Hasting.
Hornbld, Hornbld. pargst, pargst.




Figure 4-1 . The (Vihl):(ivnl) ratio and the
(196 Na/Ca+Na):(10@0 Al/Si+Al) ratio in amphiboles from
progressively modified anorthosite in the Parry Sound Shear

Zone.
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Figure 4-2. The (Vihl 4+ Fe + Ti):(ivhl) ratio and the
(160 Na/Ca+Na): (106 Al/Si+Al) in amphiboles from progressively
modified Whitestone Anorthosite, compared with data from various
occurences of mafic schists in the world. The Sanbagawa terrane
in Japan and the Franciscan terrane in California represents the
high pressure facies. The Dalradian terrane in Southwestern
Scotland and the Haast River schist in New Zealand represents

the medium pressure facies. The Abukuma Terrane in Japan

represents the 1low pressure facies.
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Table 4-4. Analyses of scapolite in the Whitestone
Anorthosite sampled across the Parry Sound Shear Zone..
PS-85-17, unmodified anorthosite; PS-85-2, moderately
modified anorthosite; PS-86-5, type I mylonite; PS-86-16,

strongly modified anorthosite; PS-86-5, type I mylonite.




1
SAMPLE § PS=~85-~
Siﬂ2 47.54
A1203 26,98
Cao 16.19
xzo 0.40
Na20 4,27
SO3 2.06
Cl @.51
Total 95.95

Numbers of ions

Si 7.23
Al 4.76
Ca 2.64
K 0.67
Na 1.26
S 0.00
C1 .13
Me content % 66

8 PS-85-2

Weight % oxides
45.?3
27.84
17.78
0.14
3.25
8.77
g.05
95.16

PS-86-16

46.17
28.23
17.84
g.24
3.65
g.06
.15
96.34

PS-86-5

46.79
27.84
16.56
g.41
4.00
.49
@.39
96. 48

on the basis of 12 (Si, Al)

6.97
5.02
2.94
0.02
.97
0.08
0.01
74

6.96
5.03
2.91
0.04
1.07
.00
.03
72

7.065
4.94
2.70
@.097
1.18
@0.05
g0.10
70

81
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Table 4-5. Analyses of garnet in the Whitestone
Anorthosite sampled across the Parry Sound Shear Zone.
PS=-85-2, moderately modified anorthosite; PS-86-5, type I

mylonite; PS-86-4, type II mylonite.




SAMPLE #

§5i@
A1203

Pe203
MnO
MgO
Cao

Total

Numbers
Si
Al
Fe
Mn
Mg

Ca

Alm.
Gross.

Pyrp. content %

Spess.

PS-85-2

36.97
20.23
27.34

g.78

1.88
12.06
99.29

of cations on

5.96
3.84
3.68
0.11
0.45
2.08

62.78
35.45

7.14
l1.18

PS-86-5S

Weight % oxides

37.32
21.11
26.75

6.74

2.89
10.45
99.26

PS-85-4

37.42
22.37
29.50
1.55
1.55
9.45
101.84

the basis of 24 (0)

5.95
3.97
3.57
.1

d.69
1.79

65.42
32.74
11.19

1.83

6.02
3.86
3.97
g.21
0.37
1.63

68.32
28.04
6.01
3.64

&3
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Magnetite displays a euhedral habit (Plate 4-4b). Its
pink-tinted colour suggests a titanium-rich composition.
In specimens of the present study, magnetite seems to
reflect reduction in the oxidation state of the fluid
interacted with the type II mylonite.

Titanite and zircon are present in small quantities.

Comparison of the ratios of (ivhl):(ViAl) and (100
Na/Ca+Na): (106 Al/Si+Al) (Fig. 4-1) with the ratios from
mafic schists in Vermont suggests lower amphibolite facies
(Laird and Albee, 1981). Also, the anorthite content of
plagioclase and the occurrence of almandine garret with a
low grossularite component indicates middle-lower
amphibolite facies. Thus, the metamorphic mineral
assemblage of the type 11 mylonite indicates the

conditions of lower amphibolite facies.

4.3 LOCAL SHEAR ZONES
4.3.1 ANASTOMOSING SHEAR ZONES

The stable mineral assemblage of the anorthosite near
the edge of the anastomosing shear zone 1is plagioclase
(An35-40), hornblende, scapolite (Me 59-62), epidote,
biotite, muscovite and quartz.

Plagioclase is recrystallized. Some relict grains
display a mortar texture. It has a grain size of 200

microns and a composition of An35-40. The analysis of a



plagioclase is listed in Table 4-6, column 5.

Hornblende also occurs as recrystallized grains with
a grain size ranging from 150 to 500 microns. It has the
composition of ferroan hornblende.

Epidote is a prominent constituent of the
anastomosing shear zones. It grows with biotite (Plate
4-2d), and when it is present garnet is absent. Epidote
formation involves a reaction between plagioclase,
hornblende and a fluid phase, analogous to that of garnet.
The presence of 8% Fe203 in the mineral composition of
epidote (Mason, 1969) suggests that the fluid present
during the reaction was ferric iron-rich.

Biotite has a small grain size (60-16¢0 microns),
light colour and ill-defined preferred shape orientation
(Plate 4-3a). The occurrence of biotite is a;companied by
the appearance of quartz and a decrease in scapolite
content.

Muscovite is restricted to anastomosing shear zones
in the Whitestone Anorthosite (Plate 4-3b). It replaces
plagioclase and is in equilibrium with biotite.

Chlorite occurs in an anastomosing shear near toward
the west end of traverse I. It occurs with plagioclase,
altered hornblende, scapolite, epidote and quartz, The
grain size is 150-200 microns. In the center of this
anastomosing shear zone, the mineral assemblage consists

of microcline and quartz.




Microcline occurs in the central part of
well-developed, anastomosing shear zones (Plate 4-3c), and
its association with plagioclase, quartz, calcite and
biotite suggests some combination of these minerals may be
involved in its formation.

The compositions of plagioclase and coexisting
hornblende suggest lower amphibolite facies conditions
(Spear, 1980). The occurrence of epidote and, locally,
chlorite also suggests the conditions of lower amphibolite
facies (Miyashiro, 1961; Moody et al., 1983; Apted and
Liou, 1983). Thus, the mineral assemblage of the
anastomosing shear suggest lower amphibolite facies
conditions.

The occurrence of muscovite, microcline, gquartz and
sulphide minerals in the weakly modified anorthosite and

anastomosing shear zones indicate K and Sio2 metasomatism.

4.3.2 PLANAR SHEAR ZONE

The stable mineral assemblage in planar shear zones
is plagioclase (An39-42), scapolite, amphibole
(pargasite), garnet, and trace amount sulphides. It |is
similar to the mineral assemblages of moderately modified
anorthosite and type I mylonites.

The plagioclase is strongly recrystallized, and the

grain size is approximately 250 microns (Plate 4-1lc). 1Its
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grain size is approximately 250 microns (Plate 4-lc). 1Its
composition is An39-42. The analysis of a plagioclase is
listed in Table 4-6, column 3. Additional analyses of the
plagioclase are presented in Appendix C.

Scapolite is abundant in planar shear zones, 38%. The
compogsition is Me69-71. The very common association with
minor shear zones suggest a history of growth
contemporary with deformation.

Garnet usually occurs as small euhedra. It is
Almandine.

Biotite occurs as a major constituent. It replaces
hornblende and is in equilibrium with other mineral
phases. It is orientated with the cleavage parallel to the
shear plane and is, therefore, useful for determining the
orientation of planar shear zones in thin section (Plate
4-3a). Biotite shows strong pleochroism in dark shades of
brown. This may be due to high Ti (Robbins and Strens,
1972). It replaces hornblende and the reaction releases
calcium along with magnesium, iron and sodium. Na reacts
with plagioclase to produce a more sodic plagioclase while
Ca is incorporated into meionitic scapolite and apatite.
Iron may form iron oxides, Silica is removed.

The mineral assemblage of the planar shear zones
resambles the mineral assemblages of the moderately
modified anorthosite and the type I mylonite, but some

differences are observed. For example, the anorthite




Table 4-6. Chemical analyses and mean grain sizes of
plagioclase grains from a planar shear zone and an
anastomosing shear zone. PS-85-2, moderately modified
anorthosite outside the planar shear; zone; PS-85-2a, less
deformed edge of the planar shear zone; PS-85-2b, strongly
deformed center of the planar shear zone; PS-85-8a, weakly
modified anorthosite near the anastomosing shear zone;
PS-85-8b,less deformed edge of the anastomosing shear

zone.



SAMPLE #

Grain Size
8102

Ca0

PS-85-2

400y
55.00
27.69
11.40
0.18
4.80
99.07

PS-85-2a PS-85-2b

Weight % oxides

250-300
55.96
29.03
10.45

6.22
5.70
161.36

Numbers of cations on

Si

Al

Total

An content %

10.00
5.93
2.22
0.04
1.69

19.89

56

9.94
6.08
1.99
8.05
1.96
20.00

1564
57.46
27.28

8.77
9.20
6.54
100.25

PS-85-Pa PS-RE-3b

2-4mm
55.99
27.70
9.38
g.15
6.05
99.27

the basis of 32 oxygens

16.27
5.75
1.68
9.05
2.27

20.01

42

10.12
5.9¢
1.82
0.03
2.12

20.90

46

250
60.33
24.85

7.38
0.07
7.67
100. 30

10.72
5.20
1.40
0.0l
2.64

20.00

35

59




Table 4-7. Analyses of scapolite from a planar shear 2zone.
PS-85-2, moderately modified anorthosite outside the
pPlanar shear zone; PS-85-2a, less deformed edge of the

shear zone; PS-85-2b, strongly deformed center of the

shear zone.
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1 2 3

SAMPLE # PS-85-2 PS-85-2a PS-85-2b

Weight % oxides

Siﬂ2 45.33 46.51 46.92
31203 27.84 27.59 27.59
Cao 17.78 17.25 16.87
Kzo a.14 0.34 9.39
uazo 3.25 3.58 3.93
803 9.77 g.32 8.45
Cl ¢.85 e.37 .36
Total 95.16 95,96 96.15

Numbers of ions on the basis of 12 (Si, Al)

Si 6.97 7.06 7.99
Al 5.062 4.93 4.90
Ca 2.97 2.80 2.73
K 0.02 0.06 0.07
Na 0.97 1.05 l1.14
S 0.98 0.03 0.05
Cl g.01 0.09 0.02

Me content % 75 71 69
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content of plagioclase indicates lower grade metamorphism
than that of the moderately modified anorthosite, but
higher than that of the type 1 mylonite. Similar
differences are indicated by the mineral composition of
the scapolite, which suggests metamorphism lower than that
of the mcderately modified anorthosite, but higher than
that of type I mylonite. The occurrence of garnet
indicates amphibolite facies metamorphic conditions
(Miyashiro, 1961). Thus, the mineral assemblage of the
planar shear zone suggest upper-middle amphibolite facies

conditions.

4.4 SUMMARY

The mineralogy of the moderately modified anorthosite
differs from that of the weakly deformed anorthosite.
There are, also, mineralogical differences between the
type I and type II mylonites, as well as between planar
shear zones and anastomosing shear zones. These
differences indicate different metamorphic conditions.

Generally, the mineral assemblages characterize two

different metamorphic facies. Moderate pressure

upper-middle amphibolite facies assemblages occur in
moderately modified anorthosite, type I mylonite and
planar shear zZones. Lower amphibolite or

epidote-amphibolite facies assemblages occur in weakly




i03
planar shear zones. Lower amphibolite or
epidote~amphibolite facies assemblages occur in weakly
modified anorthosite, type II mylonites and anastomosing
shear zones. Upper-middle amphibolite facies assemblages

indicate CO, metasomatism during oxidizing conditions.

2

Lower amphibolite facies assemblages indicate K. O and 8102

2
metasomatism (related to pegmatite formation) under

reducing conditions.




Plate 4-1.

a) An example of recrystallized and relict plagioclase
(Plg) grains with albite twinning, in moderately modified
anorthosite. Crossed nicols. Sample PS-85-2. Scale bar =
.5 mm.

b) A large grain of plagioclase (plg) in a matrix of
recrystallized plagioclase in strongly modified
anorthosite. An aggregate of garnet (gr) and amphibole
(amp) is visible from lower left to lower right. Crossed
nicols. Sample PS-86-16. Scale bar = ¢.5 mm.

c) Plagioclase (plg) at the boundary of a planar shear
zone in moderately modified anorthosite. Arrows point to
the shear zone boundary which traverses the photograph
subparallel to the long dimension. The shear zone occupies
the upper third of the photograph. A decrease in grain
size and an increase in scapolite content are noted within
the shear zone. Crossed nicols. Sample PS-85-2, Scale bar
= @¢.5 mm.

d) Plagioclase at the boundary of an anastomosing shear
zone, transecting weakly modified anorthosite. Arrows
point to the curving boundary of the shear zone, which
traverses the photograph diagonally from upper right
corner towards 1lower left <corner. Plagioclase (plg),
quartz (q) and biotite are the main constituents of the
anastomosing shear zone. Crossed nicols. Sample PS-85-9.

Scale bar = 0.5 mm.
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Plate 4-2.

a) Photomicrograph of amphiboles (amp) in weakly modified
anorthosite. Note slight elongation of the grains.
Coexisting plagioclase often has twinning. Crossed nicols.

Sample PS-~-85-9., Scale bar = 0.5 mm.

b) Photomicrograph showing the usual association of garnet
(gr) with amphibole (amp) in moderately modified
anorthosite. Ilmenite occurs in the central portion of the
garnet (gr), sphene (sp) forms a rim between the two
phases. Plane polarized light. Sample PS-85-2. Scale bar =

0.5 mm.

c) Photomicrograph of scapolite showing the replacement of

plagioclase. Crossed nicols. PS-85-1. Scale bar = 0.01 mm.
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Plate 4-3.

a) Photomicrograph showing epidote (ep) at the weakly
deformed edge of an anastomosing shear 2zone. Scapolite
(scp) and biotite (bt) are also present. Plagioclase (plg)
exhibits zoning, developed contemporaneously with
deformation. Crossed nicols. Sample PS-85-8. Scale bar =

.5 mm.

b) Photomicrograph showing muscovite (mus) in an
anastomosing shear zone. A late biotite (bt) replaces the
muscovite (mus). A portion of a large quartz ribbon(g) is
visible near the upper edge of the photograph. Crossed

nicols. Sample PS-85~19. Scale bar = @.1 mm.

c) Large microcline grains (mic) in the strongly deformed
center of an anastomosing shear 2zone. Crossed nicols.

Sample PS-85-~7c. Scale bar = ¢.1 mm.

d) Photomicrograph showing a portion of a quartz ribbon
(g) and isolated quartz grains in the matrix of ¢type II
mylonite. Also visible are elongated amphibole grains
(amp). Crossed nicols. Sample PS-86-16. Scale bar = 0.1

mm.
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Plate 4-4.

a) An ilmenite grain with hematite exsolution in
moderately modified anorthosite. The ilmenite 1is located
within a garnet crystal. Reflected light. Sample PS-85-2.

Scale bar = 0.03 mm.

b) A euhedral magnetite crystal in the matrix of type 1II
mylonite. It has a pinkish colour, suggesting a Ti rich
composition. Reflected light. Sample PS-86-4. Scale bar =

.03 mm.

c) Photomicrograph of pyrite crystals in type I mylonite.
A light blue alteration rim surrounds pyrite grains.

Reflected light. Sample PS-86-5. Scale bar = @0.063 mm.







CHAPTER 5

GEOCHEMISTRY OF THE WHITESTONE ANORTHOSITE AT

THE INTERSECTION WITH THE PARRY SOUND SHEAR ZONE

5.1 GENERAL STATEMENT

The deformed Whitestone Anorthosite exhibits
extensive mineralogical and microstructural modifications.
These modifications were sufficient to suggest a
geochemical study of the anorthosite in order to gain
information about:

i) the scope of chemical changes in the deformed
anorthosite at its contact with the Parry Sound Shear
Zone; and

ii) the nature of fluid participation at different

stages of progressive modification.

5.2 ANALYTICAL METHODS

The geochemical study of the anorthosite was two
fold. First, analyses of major and minor whole rock
chemistry and associated mass ba ance calculations were
performed. Second, the oxidation states of iron were
determined. Major and trace element analyses were made on
a X-ray flourescence spectrometer (XRF), Rare earth

analyses were made by instrumental neutron activation

112
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analysis (INAA). Details of analytical procedures are .
presented in Appendix D. Data are recorded in Tables 5-1,
5-3, 5-4, 5-6, 5-7, 5-9 and in Appendix D.

Chemical changes in rock compositions can result from
either material transport into or out of the anorthosite
with or without volumetric changes. Thus, there are a
large number of possible equations that can describe the
mass balance and the selection of a particular equation
must accord with the volumetric and chemical character of
the process by which transformation from the reactant
(i.e. unaltered sample) to the product (i.e. altered
sample) took place.

Gresens (1967) has introduced a method for selecting
the appropriate equation. This method involves a graphical
solution to equations relating gains and 1losses of each
element to the chemical analyses and specific gravities of
the reactant and the product. The general
composition-volume equation is as follows:

(Ev* (gb/ga) *Cb-Ca) *100=Xn
where

Xn = gain or loss (in grams per 100 grams unaltered
rock);

fv = volume factor;

ga = specific gravity of unalter .d sample;

gb = specific gravity of altered sample;

c, = weight fraction of the component in unaltered
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sample;

Cb = weight fraction of the component in altered sample;
The volume factor is the ratio of the rock volumes before
and after the reactions. For example, fv=1 means an
isovolumetric process, while fv>l indicates a net volume
increase. Substituting the values of the chemical analyses
(Ca, Cb) and specific gravities of the rocks (ga, gb) into
the above equation, the gains or losses of each element
(Xn) are computed as a function of wvariation in volume
factor (fv). These values are plotted to obtain lines on a
co&position-volume diagram for a specific transformation
(e.g. Fig. 5-2).

The slope of each 1line in the composition-volume
diagrams is a function of the elements' abundance in the
product rock. The Y intercept is a negative function of
the elements' abundance in the reactant rock. If the
intersection of 1lines representing presumed immobile
elements (e.g. Al, Ti, P) occurs near a common volume
factor, this is assumed to 1indicate an isovolumetric
transformation. If the intersection of these lines occurs
at different volume factors, this indicates an
allovolumetric reaction. Published studies on chemical
changes associated with shear zones have shown the
usefulness of this method in investigating the nature of
chemical variation between two rock specimens from a shear

zone (Vocke et al., 1987; Kerrich et al, 1977).
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Gresens' method is employed in a sample series when
each sample is assumed to be derived from the same rock
type. This is best considered on a component ratio diagram
where the abundances of chemical components in a sample is
normalized to one of the elements from that sample (see
Fig. S5-1). If the analyzed samples were originally
identical, and have not been changed, then the component
ratios show no significant change across the series. 1If
there were original variations, or if there has been
addition or subtraction of an element, the component
ratios will vary between the altered and the unaltered

sample.

5.3 REBSULTS

Fourteen specimens were chosen from a sample suite
that represents the increasing degrees of microstructural
and mineralogical modifications in the deformed Whitestone
Anorthosite discussed above. Results are presented in
relation to the structure of the anorthosite at the

contact with the Parry Sound Shear Zone, and in the 1local

shear zones.
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5.3.1 DEFORMED ANORTHOSITE

The chemical investigation of the deformed
anorthosite involved the analysis of samples chosen as
representative of the observed modifications. The source
rock for all analyzed samples is anorthositic gabbro, and
a detailed discussion of relations between each sample and
their source rock is available in Chapter 3.

Table 5-1 lists the major element compositions and
specific gravities of representative specimens of
unmodified anorthosite, weakly modified anorthosite,
moderately modified anorthosite, type I mylonite and type
Il mylonite from traverses I and II. Chemical compositions
of additional specimens including a mylonite specimen from
traverse III, PS-86-~16b, are presented in Appendix D. The
selected specimens represent the increasing apparent
modification of the Whitestone Anorthosite. Chemical
changes are most pronounced between the modified
anorthosites and the mylonites. The changes in Sioz, Tioz,
Fe203, Mg0, Cao, 9205 and Nazo are prominent. Minor and
trace element concentrations were obtained from selected
samples primarily for determining volume factors. These
are presented in Appendix D.

Table 5-1 lists the major element compositions and
specific gravities of representative specimens of

unmodified anorthosite, weakly modified anorthosite,
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moderately modified anorthosite, type 1 mylonite and type
I mylonite from traverses I and II. Chemical compositions
of additional specimens including a mylonite specimen from
traverse III, PS-86-16b, are presented in Appendix D. The
selected specimens represent the increasing apparent
modification of the Whitestone Anorthosite. Chemical
changes are most pronounced between the modified
anorthosites and the mylonites. The changes in 8102, Tiozp
Fe203, MgO, Cao, 9205 and Nazo are prominent. Minor and
trace element concentrations were obtained from selected
samples primarily for determining volume factors. These
are presented in Appendix D.

Figure 5-1 is a component ratio diagram for the
representative suite of increasingly modified anorthosite
samples listed in Table 5-1. Components are normalized to
the Al,0; content in each sample because of its presumed
immobility under metamorphic conditions. The normalized
values of Na,o0 and Ca0 are approximately constant, while
Sioz, Tioz, Fe203, MnO, Mg0 and K20 values generally

increase. The nearly constant component ratios of Na,O and

2
Ca0 with respect to A1203 support the proposition that the
relative abundances of these elements have remained
approximately unchanged.

Figures 5-2, 5-3, 5-4 and 5-5 are composition-volume

diagrams derived from the specimens selected as

representing the transformation of unmodified anorthosite
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Table 5-1. Abundances of major elements, expressed as
oxides, in increasingly modified Whitestone Anorthosite in
the Parry Sound Shear Zone. PS-85-17, unmodified
anorthosite; PS5-85-7, weakly modified anorthosite;
PS-85-2, moderately modified anorthosite; PS-86-5, type I
mylonite; PS-86-4, type II mylonite. Total Fe expressed as
Fezo3; Loss on ignition at 1690  C (LOI) adjusted for
oxidation of FeO; Specific gravity (5§.G.) in gm/cm3.




SAMPLE #

Sig
Tio
A1203
Fe, O

273
MnO
MgoO
Cao
K,0
P205
Na,0
Lol
Total

5.G.

ps-85-17

51.74
0.15
26.70
1.70
0.02
2.08
12.71
@8.37
0.90
4.46
0.58
1906.51

2.81

51.85
@.38

24.42

0.93
3.4¢
g.77
99.5¢

2.82

PS-85-7 PS-85-2

pPsS-86-5

53.32
2.76
23.23
5.08
0.08
1.35
19.16
¢.83
9.13
5.07
2.40
109.41

2.78

pPsS-86-4

0.31
2.81
0.63
99.55

2.99




Figure 5-1. Component ratio diagram for modified anorthosite
from the Parry Sound Shear Zone. PS-85-17, unmodified
Whitestone Anorthosite; PS-85-7, weakly modified anorthosite;
PS-85-2, moderately modified anorthosite; PS-86-5, ¢type 1

mylonite; PS-86-4, type II mylonite.
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to modified anorthosites and mylonites. Figure 5-2
illustrates the composition/volume change from unmodified
anorthosite to weakly modified anorthosite. Lines

representing presumed immobile elements such as Al 03, Mnv

2
and Ni intersect near a volume factor of 1.15. Lines
representing the trace elements intersect different values
of volume factors. Elements such as Pb, Sr, and Zn are off
scale on this diagram, indicating extreme depletion or
enrichment.

The composition/volume change associated with the
transformation of unmodified anorthosite to moderately
modified anorthosite is illustrated by Figure 5-3 which
resembles Figure 5-2. There is a coincidence of Sioz,
A1203, Ca0 and Y around a volume factor 1l.l1.

Figure 5-4 illustrates the composition/volume change
from moderately modified anorthosite to type I mylonite.
The intersection of presumed immobile components occur
around a volume factor of 1.0. Elements showing large
gains are Cr, Pb, Zn, Nb, and Rb while Ni shows a large
loss,

The data in Figures 5-2 through 5-4 suggest that
reactions associated with the modification of weakly,
moderately modified anorthosites and type I mylonites were
essentially isovolumetric.,

In Figure 5-5, the composition/volume change

accompanying the transformation of moderately modified
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anorthosite to type II mylonite is illustrated. There |is
much variation in both major and minor components.
Components showing enrichment are Kzo, Fe203, and Nazo.
The components showing losses are mostly those presumed to
be immobile such as P,0c, Tioz, Al,04, Ni, Ga, and V. This
suggests that a volume increase accompanied the
transformation to type II mylonite since depletion in the
presumed immobile components is highly unlikely. A volume
change of 75% 1is indicated during transformation to
PS~-86-4 if A1203 is presumed immobile (Fig. 5-5).

Table 5-2 summarizes the suggested compositional
changes at different increments of observed mineralogical
and textural modification in the Whitestone Anorthosite.
Specimens PS-85-7, PS-85-2, PS-86-5 representing weakly
modified and moderately modified anorthosite, and type 1
mylonite respectively, undergo small chemical changes
relative to their less deformed counterparts. Increases in
Sio2 and Fe,0, and a decrease in Ca0 are the most notable

changes. An increase in CO has also been reported

2
(Nadeau, 1984) and this is consistent with the appearance
of scapolite in these rocks. Specimen PS-86-4, ¢type II
mylonite, has significant chemical differences from its
parent. The most prominent changes are increases in Si02,
Fezo3, Kzo and depletion in Ca0. Increases in Tioz, Fe203,
Mnd, and P205 are considered to ind cate some process

where the rock was enriched in relatively immobile




Figure 5-2. Composition-volume diagram showing the trans-

formation of wunmodified anorthosite (PS-85-17) to weakly
modified anorthosite (PS-85-7). The gains and 1losses, shown
along the ordinate, are in grams per 100 grams of parent rock
for major elements, and ggrams per gram for trace elements. The
vertical dashed line represents an isovolumetric
transformation. The arrow indicates the value of volume factor

derived from the intersections of lines representing presumed

immobile components.
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Figure 5-3. Composition-volume diagram showing the trans-

formation of unmodified anorthosite (PS-85-17) to moderately
modified anorthosite (PS-85-2). The gains and losses, shown
along the ordinate, are in grams per 100 grams of parent rock
for major elements, and Pgrams per gram for trace elements.
The vertical dashed Lline represents an isovolumetric
transformation. The horizontal line represents an isochemical
transformation. The arrow indicates the value of volume factor

derived from the intersections of lines representing presumed

immobile components.
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Figure 5-4 asb. Composition-volume diagram showing the trans-
formation of moderately modified anorthosite (PS-85-2) to
type I mylonite (PS-86-5). The gains and losses, shown along
the ordinate, are in grams per 100 grams of parent rock for
major elements, and Ugrams per gram for trace elements. The
vertical dashed line represents the isovolumetric
transformation. The horizontal line represents the
isochemical transformation. The arrow indicates the value of

volume factor derived from the intersections of lines

representing presumed immobile components.
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Figure 5-5. Composition-volume diagram showing the trans-
formation of moderately modified anorthosite (PS-85-2) to
type II mylonite (PS-86-4). The gains and losses, shown
along the ordinate, are in grams per 100 grams of parent rock
for major elements, and Mgrams per gram for trace elements.
The vertical dashed line represents the isovolumetric
trangsformation. The horizontal line represents the
isochemical transformation. The arrow indicates the value of
volume factor derived from the intersections of lines

representing presumed immobile components.
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Table 5-2. Compositional changes in increasingly modified

Whitestone Anorthosite in the Parry Sound Shear Zone.
PS-85-17, unmodified anorthosite; PS-85-7, weakly modified
anorthosite; PS-85-2, moderately modified anorthosite;
PS-86-5, type I mylonite; PS-86-4, type II mylonite. Total
Fe expressed as Fe203; Loss on ignition at 1008 C (LOI)

adjusted for oxidation of FeO; Volume factors are derived

from compositon-volume diagrams in Figs. 5-2 to 5-5.




from: PS-85-17

to:
Volume fact.
8102
Tlﬂz

A1203

Fe203

MnO
MgO
Cao

K20

P,04

Nazo

LOI1

pPsS-85-7

1.1
+3.88
+0.26
+0.01
+2.23
+9 .03
+0.59
-0.87
+@3.73
+0 .00
-0.74
+0.26

PS=-85-17

Ps-85-2

1.99
+6.26
+0.78
-0.98
+4.54
-0.97
+0.02
-0.29
+0.33
+@.39
-0.94

-0.94

ps-85-2

PS-86-5

1.82
+1.12
-9.87
+0.09
-8.53

f.00
-0.54
-1.01
+0.19
-0.22
+1.08
-3.08
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pPsS-85-2
PS-86-4
1.75
+57.88
+1.46
+0.17
+13.48
+3.27
+0.64
-2.73
+2.74
+9.20
+1.04
+0.64
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Table 5-3. Oxidation state of iron in increasingly
modified Whitestone Anorthosite in the Parry Sound Shear
Zone. PS~-85-17, unmodified anorthosite; PS-85-7, weakly
modified anorthosite; PS-85-2, moderately modified

anorthosite; PS-86-5, type I mylonite; PS-86-4, type II

mylonite,




SAMPLE #

PS-85-17
PS-85-7
PS-85-2
pPS-86-5
pPs-86-4

Total Fe

1.7@
3.60
5.58
5.08
19.70

FeO

1.00
2.25
3.42
3.40

7.60

Fe,O

9.59

Ox. Index

53.95
49 .46
51.01
43.66

37.42

12
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components (Thompson, 1983). However, increases in SiO2
and Kz° reflect the flux of fluid through the shear zon..
Table 5-3 lists the oxidation indices of iron in the
whitestone Anorthosite. A gradual decrease in the
oxidation index between the undeformed anorthosite and the
modified anorthosites and the mylonites, and evidence of
different 180/160 ratios of the original anorthosite and
their deformed counterparts (Shieh and Schwarcz, 1974;
Personal communication with Shieh, 1987) suggest a change
in the character of the fluid. Thus, the large changes

noted above for PS-86-4 in Figure 5-5 and Table 5-2 may in

part be related to a change in the character of the fluid.

$.3.2 LOCAL SHEAR ZONES

The chemical investigation of 1local shear 2zones
involved the analysis of suites consisting of specimens
from the st:zongly deformed centre of the shear zone, from
the less deformed edge of the shear zone, and from the
host rock adjacent to the shear zone. These specimens are
expected to show the chemical modification of the host
rock with increasing deformation within the shear zone.
Analyses were conducted on representative suites of
samples from both an anastomosing and a planar shear zone.

Table 5-4 lists the chemical composi“ions of the

anorthosite with increasing deformation in an anastomosing
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shear zone from traverse I. The 1locations of analyzed
specimens are shown in Figure 5-6. Changes in Sioz, Fe203,
K,0, Ca0 and Na,0 are most notable. The increases in Sioz,
and Kzo and decreases in Nazo and Ca0 are similar to those
observed in type II mylonites (compare with Table 5-1,
PS-86-4).

Figure 5-7 is a component-ratio diagram for the data
in Table 5-4 normalized to the A1203 content of each
sample. The normalized values of Nazo. Ca0 and MgO show
least variation which suggests that these elements were
relatively unaffected by deformation and that the
anorthosite was initially homogeneous. The normalized
values of Sioz, and Kzo increase with increasing
deformation while the normalized values of Tioz, Fe203 and
Mg0 increase near the less deformed edge of the shear
zZzone, but decrease towards the center of the shear 2zone.
The pattern of increase in these elements is similar to
the enrichment of immobile elements around marginal zones
of the wWwhitestone Anorthosite (Thompson, 1983).

The composition/volume changes accompanying the
transformation of weakly modified anorthosite by the
anastomosing shear zone are illustrated in Figures 5-8,
5-9, and 5~-19. The composition/volume change associated
with the transformation of weakly modified anorthosite 1in

the proximity of the shear zone is illustrated by Figure

5-8, which shows considerable separation between 1lines
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Table 5-4. Abundances of major elements expressed as
oxides in samples from an anastomosing shear zone.
PS-85-7, weakly modified anorthosite; PS-85-7a, weakly
modified anorthosite near the anastomosing shear zone;
PS-85-7b, anorthosite from the less deformed edge of the
shear zone; PS-85-7¢c, anorthosite from the strongly
deformed center of the shear zone. Loss on ignition at
1060 C (LOI) adjusted for oxidation of FeO; Total Fe

expressed as Fe203. Specific gravity (S.G.) in gm/cm3.




SAMPLE #

sig
Ti@
A1293
Fe,O

273
Mno
MgoO
Cao
K,0
P205
Na, o
LOI
Total

S.G.

PS-85-7 PpPs-85-7a

51.85
9.38
24.42
3.60
3.05
2.44
11.55
1.91
0.03
3.40
90.77
99.50
2.82

64.39
2.64
17.32
3.49
¢.03
2.43
5.27
1.909
g.05
3.48
0.60
99.64

2.73

PS-86-7b PS--86-7c

66 .34
@.26
16 .98
2.17
0.02
1.67
4.61
2.43
0.90
4.10
9.67
99.25
2.64

74.50
9.11
14.05
0.72
g.01
1.20
3.12

0.00
2.91
9.44
98.97
2.62

149
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Figure 5-6. Block-diagram of an anastomosing shear zone in
weakly modified anorthosite indicating the 1locations

analyzed samples.

of



schistosity indicated
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Figure 5-7. Component ratio diagram for specimens from an
anastomosing shear zone. Ps-85-7, weakly modified
anorthosite; PS-85-7a, weakly modified anorthosite near
the anastomosing shear 2zone; PS-85-7b, less deformed edge

of the shear zone; PS-8S5-7c, strongly deformed center of

the shear zone.
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PS-85-7 -=Ta - 7b - 7c

increasing deformation
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rapresenting presumed immobile elements. A1203, Ga, and V
are lost, while Ni, K,0, Sio2 are gained. Figure 5-9
illustrates the composition/volume change associated with
the transformation of weakly modified anorthosite near the
shear zone to the less deformed edge of the shear zone.
Al,05, sioz. and Rb intersect near a volume factor of

1.06. Components for which gains are indicated are K,O,

2
Mg0, and Na,0; components for which losses are indicated
are Cav, Fe203, Sr, Y and Ga. The composition/volume
change associated with the transformation of anorthosite
from the less deformed edge to the strongly deformed
center of the shear zone is illustrated by Figure 5-140.
Lines representing presumed immobile components such as
A1203, Ga, and Ni intersect different values of volume
factors. Lines representing rare earth elements and mobile
elements such as Cao, Nazo, MgO and Kzo also intersect
different values of volume factors.

The variation 1in the intersections of the lines
repr2senting presumed immobile components Al, Ni, Ga and V
on the X axis in Figures 5-8, 5-9 and 5-19 suggests
allovolumetric reactions for the anastomosing shear zone.
A volume increasz of more than 70% is indicated if Alzo3
is presumed immobile (see Table 5-5). This increase 1is
similar to that suggested above for the type II mylonite
(compare with Table 5-2, PS-86-4).

Table 5-5 1lists suggested chemical changes at
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Figure 5-8. Composition-volume diagram showing the
transformation of weakly modified anorthosite (PS-85-7) to
weakly modified anorthosite near the anastomosing shear
zone (PS-85-7a). The gains and losses, shown along the
ordinate, are in grams per 100 grams of parent rock for
major elements, and Mgrams per gram for trace elements.
The vertical dashed 1line represents the isovolumetric
transformation., The horizontal line represents the
isochemical transformation. The arrow indicates the value

of volume factor derived from the intcrsection of lines

representing presumed immobile components.
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Figure 5-9 a&b. Composition-volume diagram showing the
transformation of weakly modified anorthosite near the
anastomosing shear zone (PS-85-7a) to anorthosite at less
deformed edge of the shear zone (PS-85-7b). The gains and
losses, shown along the ordinate, are in grams per 100
grams of parent rock for major elements, and Mgrams per
gram for trace elements. The vertical dashed line
represents the isovolumetric transformation. The
horizontal line represents the isochemical transformation.
The arrow indicates the value of volume factor derived

from the intersection of 1lines representing presumed

immobile components.
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Figure 5-10¢. Composition-volume diagram showing the
transformation of anorthosite from the less deformed edge
of the anastomosing shear zone (PS-85-7b) to the strongly
deformed center of the shear zone (PS-85-7c). The gains
and losses, shown along the ordinate, are in grams per 100
grams of parent rock for major elements, and Mgrams per
gram for trace elements. The vertical dashed line
represents the isovolumetric transformation. The
horizontal line represents the isochemical transformation.
The arrow indicates the value of volume factor derived

from the intersection of 1lines representing presumed

immobile components.
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increasing increments of deformation in the anastomosing
shear 2zone. Specimen PS-85-7b, representing weakly
modified anorthosite near the anastomosing shear zone,
differs significantly from its weakly modified anorthosite
host. Increases in Sioz, Fe203, Mg0O and K,0, and decreases
in Ca0 and Nazo are most notable. Specimens PS-85-7b and
PS-85-7¢c, representing anorthosite from the less deformed
edge of the shear zone and anorthosite from the strongly
deformed center of the shear 2zone respectively, undergo
chemical changes relative to less deformed counterparts,
The most prominent changes are increases in Sio2 and K,O,
and decreases in Fe203, Ca0 and Nazo. In summary, the data
in Table 5-5 indicate that large losses in Ca0 and Nazo,
and significant increases in K,0 and Sio2 accompanied the
anastomosing shear zone development. These chemical
changes are similar to those observed in type II mylonite
noted above (specimen PS-86-4). Figure 5-11 illustrates
these compositional changes associated with the
transformations across the anastomosing shear zone.

The oxidation state of iron in the anastomosing shear
zone shows significant decreases relative to the oxidation
state of its host (i.e. weakly modified anorthosite),
Table $5-6.

A detailed chemical analysis was conducted on a

planar shear zone from area A, Traverse II. Figure 5-12

illustrates the locations of the analyzed specimens.




Table 5-5S. Compositional changes associated with an
anastomosing shear zone. PS-85-7, weakly modified
anorthosite; PS-85-7a, weakly modified anorthosite near
the anastomosing shear zone; PS-85-7b, anorthosite from
the less deformed edge of the shear zone; PS-85-7c,
anorthosite from the strongly deformed center of the shear
zone. Loss on ignition at 1000’ C (LOI) adjusted for
oxidation of FeO; Total Fe expressed as Fe203; Specific

3

gravity (S.G.) in gm/cm”. Volume factors are derived from

compositon-volume diagrams in Figs. 5-7 to 5-9.
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from: PS-85-7 ps-85-7a ps-85-7b
to: PS-85-7a PS-85-7b PS-86-7c

Volume fact. 1.45 1.06 1.22
5102 +39.60 +3.74 +23.70
Tio, +9.52 -9.37 -2.15
A1203 -0.09 +3.12 +0 .00
Fe,0,4 +1.30 -1.26 -1.30
MnO Q.00 -g.01 0.00
MgO +0.97 -9.48 -0.22
CaoO -4.14 ~-1.40 -0.22
Kzo +1.65 +0.45 +0.96
P,0g +0.04 +@ .09 -9.00
Nazo -1.49 -2.03 -1.67

LOI +0.087 -9.22 -2.14




Figqure 5-11. Compositional variation of the Whitestone
Anorthosite across an anastomosing shear 2zone. PS-85-7,
weakly modified anorthosite; PS-85-7a, weakly modified
anorthosite near the anastomosing shear zone; PS-85-7b,
less deformed edge of the shear zone; PS-85-7¢c, strongly

deformed center of the shear zone.
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Table 5-6. Oxidation state of iron in an anastomosing
shear zone. PS-85-7, weakly modified anorthosite;
PS-85-7a, weakly modified anorthosite near the
anastomosing shear zone; PS-85-7b, less deformed edge of
the anastomosing shear zone; PS-85-7c, strongly deformed

center of the anastomosing shear zone.



SAMPLE #

pPS=-85-7
pPs-85-7a
PS-85-7b

ps-85-~7c

Total Fe203

3.60
3.49
2.17
9.72

FeO

2.25
2.68
1.64

6.63

189

Ox. Index

49.46
27.83
29.76

5.36
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Table 5-7 lists the compositions of the anorthosites
with increasing deformation 1in the planar shear zone

sample. Small apparent changes in K,0, Ca0 and Na,0 are

2 2
most notable, and the changes are different from those
recorded in the anastomosing shear zone (Table 5-4).

Figure 5-13 illustrates the composition/volume
changes associated with the transformation of moderately
modified anorthosite in the center of the planar shear
zone. The intersection of the lines representing
relatively immobile elements such as Al, Ni and V on the X
axis near fv=l suggests a nearly isovolumetric process for
the chemical changes associated with the planar shear
zone. Components for which gains are indicated are Pb, Ga
and Zn. Components for which losses are indicated are Na
and Y.

Table 5-8 summarizes the suggested compositional
changes accompanying the transformation of the moderately
modified anorthosite by the strong deformation at the
center of the planar shear zone.The most prominent changes
are increases in MgoO, K,0 and volatiles and losses in CaO0
and Nazo, which are less than 1%. The chemical changes are
similar to those observed in moderately deformed
anorthosite and type I mylonites (specimens PS-85-2 and
pPS-86-5, respectively in Table 5-2), but rather different
to those noted for the anastomosing shear zone, Table 5-6.

Table 5-9 lists the oxidation state of iron outside




Figure 5-12. Block-diagram of a planar shear zone in

moderately modified anorthosite indicating the 1lccations

of analyzed samples.
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Table 5~7. Abundances of major elements, expressed as
oxides, in samples from a planar shear zone. PS-85-2,
moderately modified anorthosite outside the shear zone;
PS-85-2a, less deformed edge of the shear zone; PS-85-2b,
strongly deformed center of the shear zone. Loss on
ignition at 1e@6° C (LOI) adjusted for oxidation of FeO;
Total Fe expressed as Fe

gm/cm3.

203; Specific gravity (S5.G.) in




SAMPLE #

Si@
Ti0
A1203

Fe203

MnO

Ca0o
K.O
PZOS
Na,0
LOI

Total

PS-85-2

11.10
0.62
0.35
3.95
0.48

99.59

2.86

PS-85-2a

51.74
1.11
23.59
6.38
.08
1.76
19.57
.69
.11
3.86
2.3¢
109.19

n.d.

164

PS-85-2b

98.99

2,84



Figure 5-13. Composition-volume diagram showing the
transformation of moderately modified anorthosite
(PS-85-2) to the strongly deformed center of a planar
shear zone (PS-85-2b). The gains and losses, shown along
the ordinate, are in grams per 100 grams of parent rock
for major elements, and Hgrams per gram for trace
elements. The vertical dashed line represents the
isovolumetric transformation. The horizontal line
represents the isochemical transformation. The arcow
indicates the value of volume factor derived from the

intersection of lines representing presumed immobile

components.
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Table 5-8. Compositional changes associated with a planar
shear zone., PS-85-2, moderately modified anorthosite
outside the shear zone. PS-85-2a, less deformed edge of
the shear zone; PS-85-2b, strongly deformed center of the
shear zone. Loss on ignition at 1000 C (LOI) adjusted for

oxidation of FeO; Total Fe expressed as Fe 03; Volume

2
changes accompanying increasing modification are

determined from compositon volume diagrams in Fig. 5-11.




from: PS-85-2

to:
Volume fact.

Siﬂ2

Txﬁz

A1203
Fe203
MnoO
Mgo
Cao
K,O
P205
Na.O

LOI

PS-85-2b

1.01
+0.31
-0.09
-0.04
-0.16
-8.02
+3.14
-0.30
+0.93
-0.22
-9.73
+2.93

1¢8



Table 5-9. Oxidation state of iron in a planar shear zone.

PS-85-2, moderately modified anorthosite outside the

shear zone; PS-85-2b, strongly deformed center of the shear
Z20ne.
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SAMPLE # Total Fe203 FeO F3203 0x. Index

PS~-85-2b 5.34 3.93 0.98 33.20
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and within the planar shear zone. The oxidation state of
iron within the planar shear zone is similar to that in
its host and 1is consistent with the observed small

compositional changes (Table 5-8).

5.4 SUMMARY

Chemical analyses were performed on fourteen samples
selected as representing the modified anorthosites. The
results of the chemical analyses suggest that there are
two distinct modified anorthosite compositions present in
the Parry Sound shear zone. The first is enriched
predominantly in coz, and to some degree in Fe203, and
Sioz, it occurs in moderately modified anorthosite, type I
mylonite and in planar shear zones. Isovolumetric
transformations and nearly constant oxidation states of
iron characterize these anorthosites. The second
anorthosite composition is richer in sioz, KZO and occurs
in weakly modified anorthosite, type II mylonite and in
anastomosing shear zones. Allovolumetric transformations
and decreasing oxidation states of iron typify
anorthosites of the second set. The presence of two
chemically distinct modified anorthosites leads the author
to suggest that there were at 1least two different
metasomatic events associated with different metamorphic

conditions during the deformation history of the Parry



173

Sound Shear Zone.



CHAPTER 6

QUARTZ AND FELDSPAR FABRICS IN THE WHITESTONE ANORTHOSITE

6.1 GENBRAL STATEMENT

This chapter presents results of analyses of the
crystallographic orientation of quartz and plagioclase
feldspar in the deformed anorthosite. The objective is to
contribute to the understanding of deformation of the

Whitestone Anorthosite in the Parry Sound Shear Zone.

6.2 METHOD

Petrofabric analyses were carried out by a technique
similar to that described by Starkey and Cutford (1978).
First, the optical orientations were measured in thin
sections cut normal to the foliation in orientations both
normal and parallel to the lineation. In addition, X-ray
diffraction has been used to obtain crystallographic
orientation data for quartz in some of the samples (see
Starkey, 1964). Orientation diagrams were prepared by

contouring the data on an equal area, upper hemisphere,

spherical projection.
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6.3 RESULTS

6.3.1 QUARTZ FABRIC

Petrofabric analyses were carried out separately for
quartz in ribbons and isolated quartz grains in the matrix
of type 11 mylonites and anastomosing shear zones.

Orientation diagrams have been prepared from the
optically determined orientations of quartz c-axes using
an interactive version of a computer program in which the
statistical distribution is independent of the sample size
(Starkey, 1976). In order to compare the orientation
patterns in different samples, all orientation patteins
were rotated so that in the figures the foliation |is
vertical and N-S and the lineation is horizontal.

Figures 6-1 and 6-2 show gquartz c-axis orientation
diagrams for mylonites and anastomosing shear zones of the
Whitestone Anorthosite. The computer program wused to
prepare the orientation diagrams also calculates the mean
areas occupied by the different point concentrations of
quartz c-axes, and their standard deviations, by sampling
the data in intervals of n/109, where n is the total sample
size, The statistical data obtained from this program are
presented in Appendix E, Orientation patterns are

considered not to differ significantly from random when

the mean area occupied by empty space is within one
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standard deviation of 36.8 % (see Starkey, 1977). On this
basis, isolated quartz grains in the matrix of the type II
mylonites and the anastomosing shear zones have random or
near random patterns. The quartz in quartz ribbons in the
same specimens have non-random patterns (Figs. 6-1 and
6-2).

Two different preferred orientation patterns are
observed. In the guartz in quartz ribbons in both of the
specimens from the anastomosing shear zone (PS-85-19 and
PS-85-16, Fig. 6-2) and in one of the type II mylonites
(PS-86-4, Fig. 6-1), a single maximum occurs in the plane
of foliation, normal to the 1lineation, while 1in the
remaining specimens of the type II mylonites (PS-85-12,
PS-85-13, PS-85-14, Figs. 6-1), the c-axes are distributed
in a great circle girdle at a high angle to the lineation.
The girdles contain more than two maxima. The girdle in
specimen PS-85-12 differs from the girdles in PS-85-13 and
PS-85-14 in that it is normal to the lineation.

The orientation of quartz in a mylonite and an
anastomosing shear zone specimen investigated optically
was also investigated by X-ray diffraction. The crystal
orientation of quartz grains in the ribbons could not been
determined because of the difficulty of isolating a
suitable quartz ribbon. The results indicate that the
isolated grains in the matrix do not have a detectable

preferred crystal orientation of {1011} which is



Figure 6-1. Quartz c-axis orientation patterns in type 1I1
mylonites. For each specimen except PS-85-14, separate
diagrams are presented for quartz in gquartz ribbons and
for isolated quartz grains in the matrix between the
ribbons. 1In specimen PS-85-14 only quartz in quartz
ribbons was measured. The foliation is indicated by the

vertical line. The lineation is indicated by the arrow.
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Quartz in Quartz Ribbons Isolated Quartz grains
SPECIMEN PS-86-4 SPECIMEN pS -86-4
93 DATA 140 DATA

CONTOURED AT 1 3 5 POINTS PER 0.7 X AREA
CONTOURED AT 1 2 3 POINTS PER 1.1 X AREA

SPECIMEN PS-85-12 SPECIMEN PS-85-12
89 DATA 248 DATA

T AT POINT R 1.1 % A
CONTOURED AT 1 3 S POINTS PER 1.1 % ARE CONTOURED AT [ 3 5 POINTS PER 0.4 % AREA



Fig. 6-1 continued

Quartz in Quartz Ribbons

SPECIMEN P5-85-13
234 DATA

CONTOURED AT | 2 3 POINTS PER 0.4 % AREA

SPECIMEN P§-85-14
260 DATA

CONTOURED AT 1 2 3 POINTS PER 0.4 X AREA
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Isolated Quartz grains

SPECIMEN PS-88-13
126 DATA

CONTOURED AT 1 3 POINTS PER 0.8 % AREA
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Figure 6-2. Quartz c-axis orientation patterns in
anastomosing shear zones. For specimen PS-85-19 separate
diagrams are presented for quartz in quartz ribbons and
for isolated quartz grains. The foliation is indicated by

the vertical line. The orientation of the 1lineation is

indicated by the arrow.




Quartz in Quartz Ribbons Isolated Quartz grains

SPECIMEN P3S=-85-~19 SPECIMEN PS-85~19
230 DATA " 182 DATA

CONTOURED AT | 2 3 POINTS PER 0.4 T AREA CONTOURED AT 1 2 3 POINTS PER 0.5 X AREA

SPECIMEN PS-85-16
167 DATA

CONTOURED AT 1 3 S POINTS PER 0.6 % AREA




Figure 6-3. The distributicn of the poles to {1611} of
quartz in anastomosing shear zone specimen PS-85-16 and
type II mylonite specimen P§-85-12. Data are plotted on
the upper hemisphere of the equal area projection. Areas
of maximum concentrations are indicated by cross-hatching.
In both figures the foliation coincides with the plane of
projection. The orientation of the lineation is indicated

by the arrow.




SPECIMEN PS-8S -18

CONTOUR VALUES 0.5 1.0 1.5

HINIMM = 0.2 MAXIMUM = 2.0 UNIFORM = 4.1

SPECIMEN PS-85 -12

CONTOUR VALES 0.3 0.6 0.9 1.2

MINIMUM = 0.3 MAXIMUM = 1.4 UNIFORM = 109.8
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consistent with the observed random orientation of c-axes

(Figo 6-3)0

6.3.2 PLAGIOCLASE FELDSPAR FABRICS

Petrofabric analyses of plagioclase feldspar were
conducted on six specimens representing weakly,
moderately, and strongly modified anorthosite, type I and
Il mylonites and a planar shear zone. The orientations of
the optic indicatrix axes of plagioclase were measured
using a universal stage. From these data, orientation
diagrams were prepared using an interactive version of a
computer program written by Starkey (1970). The
orientation diagrams were rotated to an orientation where
the foliation is vertical and N-S and the lineation is
horizontal. The orientation diagrams are reproduced as
Figures 6-4, 6-5, 6-6, 6-7, 6-8 and 6-9. The mean areas
occupied by different point concentrations, and their
standard deviations, are presented in Appendix E. The area
occupied by empty space in all the orientation patterns is
within one standard deviation of 36.8 &, the value
determined by Starkey (1977) to be characteristic of
random orientation patterns. Nevertheless, some of the
orientation diagrams of the optic indicatrix axes of

plagioclase exhibit non-random patterns.
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The X indicatrix axes exhibit a random orientation in
the moderately modified anorthosite and the type 1
mylonite (Figs. 6-5 and 6-7). However, the X indicatrix
axes tend to lie close to the foliation plane and normal
to the lineation in the weakly and the strongly modified
anorthosite (Figs. 6-4 and 6-6) and in the planar shear
zone (Fig. 6-9), although in the 1latter the orientation
pattern is more complex. In the ¢type II mylonite, Fig.
6-8, the X axes tend to lie normal to the foliation,
Similarly, the orientation of the Y indicatrix axes |is

randomly oriented in the strongly modified anorthosite and

in the planar shear zone (Figs. 6-6 and 6-9). However, the
Y indicatrix axes have a preferred orientation in the
weakly modified anorthosite (Fig. 6-4). The Y axes lie in
a girdle parallel to the foliation plane in the moderately
modified anorthosite and the type I mylonite (Figs. 6-6
and 6-7), and in a girdle normal to the foliation in the
type II mylonite (Fig. 6-8). The Z indicatrix axes exhibit
a random orientation pattern in the weakly modified
anorthosite, the strongly modified anorthosite, and in the
planar shear zone (Figs. 6-4, 6-6 and 6-9). However, a

preferred orientation of the 2Z indicatrix axes can be

discerned in the remaining specimens. The 2 indicatrix
axes lie in a girdle normal to the foliation in the

moderately modified anorthosite (Fig. 6-~5), and in a

girdle oblique to the foliation in the type I and the type




Figure 6-4. Orientation diagrams of the optical directions
X, Y and Z of plagioclase grains from weakly modified
anorthosite specimen PS-85-7. Orientation of the foliation
is approximately N-S vertical. The lineation is nearly N-S

horizontal. Equal area projection, upper hemisphere.




S3 DATA

CONTOURED AT 1 3 S POINTS PER 1.9 X AREA

Zz
53 DATA

CONTOURED AT 1 3 POINTS PER 1.9 T AREA

SPECIMEN PS-85-7,
weakly modified anorthosite.

Plagioclase is Andgd-44.

$3 DATA

CONTOURED AT 1 3 S POINTS PER 1.9 T AREA




Figure 6-5. Orientation diagrams of the optical directions
X, Y and Z of plagioclase grains from moderately modified
anorthosite specimen PS-85-2. Orientation of the foliation

is N-S vertical. The 1lineation 1is N-S horizontal.Equal

area projection, upper hemisphere.
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X SPECIMEN PS-85-2,
moderately modified anorthosite.

83 DATA

Plagioclase is An49-56.

Y
83 DATA

CONTOURED AT 1 3 POINTS PER 1.2 % AREA

4
83 DATA

CONTOURED AT 1 3 S POINTS PER 1.2 X AREA
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Figure 6-6. Orientation diagrams of the optical directions
X, ¥, and 2 of plagioclase in strongly modified
anorthosite specimen PS-86-14. Orientation of the

foliation is N-S vertical. The 1lineation 1is horizontal.

Equal area projection, upper hemisphere,




X
56 DATA

CONTOURED AT I 3 5 POINTS PER 1.7 % AREA

Z
S6 DATA

CONTOURED AT 1 3 POINTS PER 1.8 % AREA
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SPECIMEN PS~86-14,
strongly modified anorthosite.

Plagicclase is An45-53.

Y
S6 DATA

CONTOURED AT | 3 POINTS PER 1.8 X AREA




Figure 6-7. Orientation diagrams of the optical directions
X, Y and Z of plagioclase in type I mylonite specimen
PS-86-5. Orientation of the mylonitic foliation is

approximately N-S vertical. The lineation 1is horizontal.

Equal area projection, upper hemisphere.




SPECIMEN PS-86-5,

Plagioclase is An33-36.

Y
83 DATA

CONTOURED AT 1 3 POINTS PER 1.2 ¥ AREA

Z
83 DATA

CONTOURED AT | 3 S POINTS PER 1.2 X AREA

CONTOURED AT 1 3 POINTS PER 1.2 ¥ AREA
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Figure 6-8. Orientation diagrams of the optical directions
X, Y and Z of plagioclase in type II mylonite specimen
PS-86-4. Orientation of the mylonitic foliation is N-S
vertical. The 1lineation is horizontal. Equal area

projection, upper hemisphere.




69 DATA

CONTOURED AT 1 3 S POINTS PER 1.4+ X AREA

69 DATA

CONTOURED AT 1 3 S POINTS PER 1.4 Z AREA
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SPECIMEN PS-86-4,
type II mylonite.

Plagioclase is Anl8-21.

€9 DATA

CONTOURED AT 1 3 S POINTS PER 1.4 % AREA
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Figure 6-9. Orientation diagrams of the optical directions
X, Y and Z of plagioclase in the strongly deformed center
of a planar shear zone (specimen PS-85-2b). Orientation of

the foliation 1is N-§ vertical. The lineation is

horizontal. Equal area projection, upper hemisphere.




X
80 DATA

CONTOURED AT 1 2 3 POINTS PER 1.2 ¥ AREA

z
80 DATA

CONTOURED AT § 3 POINTS PER 1.2 % AREA
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SPECIMEN PS-85-2Dh,
strongly deformed center of

planar shear zone.

Plagioclase is An42-46.

Y
80 DATA

CONTOURED AT 1 3 POINTS PER 1.2 T MER
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II mylonites (Figs. 6-7 and 6-8).

6.4 SUMMARY

The crystallographic orientation of quartz was
investigated in six specimens of mylonites and
anastomosing shear zones. The orientation of quartz c-axes
in the quartz in quartz ribbons is preferred and displays
two types of pattern. The first pattarn consists of a
single maximum and occurs in two of the anastomosing shear
zones and one of the type II mylonite gspecimens. The
second pattern of preferred orientation consists of a
great circle girdle and occurs in the quartz ribbons in
the remaining three specimens of type II mylonite. The
orientation of the quartz c-axes in the isolated quartz
grains is random,

The crystallographic orientation of plagioclase was
investigated in six specimens representative of different
degrees of modification of the Whitestone Anorthosite, The
orientations of the optic indicatrix axes, X, Y and 2, of
the plagioclase are random in some specimens, but
non-random in others. The X and Y indicatrix axes tend to
be oriented parallel to the foliation in the weakly and
the strongly modified anorthosite. The X indicatrix axes
lie in a girdle normal to the foliation in the type 1II

mylonite. In the planar shear zone, the orientation
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pattern is more complex. The Y indicatrix axes 1lie in a
girdle parallel to the foliation in the moderately
modified anorthosite and the type I mylonite. The 2
indicatrix axes lie in a plane at a high angle to the
foliation in the moderately modified anorthosite, the type

I mylonite, the type II mylonite and in the planar shear

zZone.




CHAPTER 7

DISCUSSION: RESULTS AND GEOLOGICAL IMPLICATIONS

7.1 INTRACRYSTALLINE DEFORMATION

The observed crystallographic orientation patterns of
plagioclase in all of the rocks investigated may be the
result of syntectonic recrystallization. This has been
observed microscopically during this study (Plate 4-1).
Furthermore, White and Mawer (1986) reported syntectonic
recrystallization of plagioclase observed using high
resolution transmission electron microscopy in mylonites
within the Parry Sound Shear Zone.

Tullis and Yund (1985) suggest that recystallization
of plagioclase plays an important role in the formation
and the localization of ductile shear zones.
Recrystallization is believed to have been important
during deformation of the Whitestone Anorthosite where it
is intersected by the Parry Sound Shear Zone.

The orientation patterns of c-axes in isolated quartz
grains in the plagioclase-rich matrix of type II mylonites
and the strongly deformed center of anastomosing shear
zones are random. Similarly, the crystallcgraphic
orientation patterns of adjacent plagioclase grains, while
non-random, are not sufficiently distinct. These

observations suggest that grain boundary sliding, or some

189
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other grain boundary process, was dominant in the
plagioclase-rich matrix.

The preferred orientation patterns of quartz c-axes
in the quartz ribbons of the mylonites and anastomosing
shear zones from the Parry Sound Shear Zone suggest that
dislocation creep was a prominent deformation process in
quartz, where quartz was abundant.

One of the observed orientation patterns of quartz
c-axes is characterized by a single maximum in the plane
of foliation and normal to the 1lineation direction (see
Fig. 6-2). Starkey (1979) suggested that similar fabrics
in the Saxony Granulites were due to glide on prism <a>
systems., Fabrics of this type have also been considered to
result from deformation involving a rotational component
(Schmid and Casey, 1982). Lister and Dornsiepen (1982)
reported similar fabrics of c-axes to have developed in
rocks of upper greenschist and amphibolite facies.

The second observed orientation pattern, typified by
a distribution of quartz c-axes in a great «circle girdle
normal or at a high angle to foliation with multiple
maxima (see Fig. 6-3), suggests that other slip systems
may also have been active during the deformation of
quartz. Fabric simulations by Taylor-Bishop-Hill analysis
indicates similar orientation patterns, when basal <a>
sytems are allowed to operate (Lister and Williams, 1979).

Lister and Dornsiepen (1982) suggested that such fabrics
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for~ed under lower-middle amphibolite facies conditions.

Comparison of the girdle orientation patterns in
specimens PS-85-12, PS-85-13 and PS-85-14 (Fig 6-3) with
the skeletal c¢-axis patterns for coaxial deformation
within different areas of the Flinn diagram (Lister and
Williams, 1979; Schmid and Casey, 1986) indicate a
deviation from the field of plain strain into the field of
extension. This interpretation and the volume increases
indicated by the results of chemical analysis reported in
Chapter 5 suggest that there may have been significant
dilatation during the development of type II mylonite and
the anastomosin- shear zones.

It has been demonstrated experimentally that at Ilow
temperature and/or fast strain rates quartz deforms by
glide on basal <a> sytems (Tullis et al., 1973). At high
temperature and/or slow strain rates quartz deforms by
glide on prism <c> systems (Tullis et al., 1973). It has
been suggested that the basal/prism mechanism switch
occurs at 688-780 C around 6 kbar mean stress (Lister and
Dornsiepen, 1982). It is very likely that the different
patterns observed in the mylonites of the Parry Sound
Shear 2Zone indicate changes in metamorphic conditions,
although factors other than temperature and strain rate
may also have been important.

Microscopic evidence indicates that quartz may be the

product of different hydrothermal events. This would be
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consistent with the two types of mylonitic pegmatites of
different ages recognized by van Breemen et al. (1986) in
the Parry Sound region. The first type 1is syntectonic,
whereas the second is late tectonic, and their ages are
1160 Ma and 1120 Ma respectively. If the introduction of
quartz and pegmatites are considered to be due to the same
fluid flux, there would thus have been two periods of
silica-rich fluid introduction through the shear zone.

The two types of quartz ribbons identified on the
basis of petrofabric analyvsis are also texturally
distinct. Quartz ribbons exhibiting girdle orientation
patterns have a grain size similar to that of other
constituents, while gquartz ribbons exhibiting single
maximum c-axis orientation patterns have a grain size
considerably greater than the average size of surrounding
grains, Therefore, it 1is possible that the ribbons
developed at the two occasions of silica influx.

In summary, the interpretation of the preferred
orientation patterns of quartz c-axes suggests that a more
complex strain path than simple shear occurred in
mylonites of the Parry Sound Shear Zone. A departure from
ideal simple shear is also noted in other major mylonite
zones (e.g. Law, 1986). The observed different orientation
patterns suggest that quartz was deformed under different

conditions. The comparison of the orientation patterns

with those reported from a variety of metamorphic terranes
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suggests that 1lower to middle amphibolite facies

conditions occurred during the deformation of quartz.

7.2 KINEMATIC HISTORY

The results of a recent geochronological study of the
Whitestone Anorthosite and associated igneous rocks
indicate that the Southwestern Greuville Province
underwent crustal thickening from 15600 Ma until 1306 Ma
(van Breemen et al., 1986). The ag2s of syntectonic
pegmatites similar to those in type II mylonites in the
Parry Sound Shear Zone (1159 Ma) and 1late tectonic
pegmatites (1120 Ma) indicate that overthrusting of the
Parry Sound Domain over the Britt Domain occurred over a
period of at least 40 Ma (van Breemen et al., 1986).

The observed deformation of the Whitestone
Anorthosite along the Parry Sound Shear Zone represents a
progressive deformation with time. The moderately modified
anorthosite was produced during an early phase of
deformation. Penecontemporaneously, the scapolite-rich
protomylonites (type I mylonites) were produced along the
intersection between the Whitestone Anorthosite and the
Parry Sound Shear Zone. The strongly modified anorthosite
and quartz-bearing mylonites (type II mylonites) appear to
be products of a later deformation. Chemical and

mineralogical evidence suggest that weakly modified
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anorthosite and anastomosing shear zones developed during
this late stage or possibly later.

It is proposed that the age of scapolite-rich type 1
mylonites is that of initial overthrusting. This age must
be older than 1159 Ma since this is the age of syntectonic

pegmatites which occur in the later type II mylonites.

7.3 TECTONIC EVOLUTION

The Whitestone Anorthosite exhibits a mineral
assemblage consisting of primary clinopyroxene and
plagioclase (An6@) (Mason, 1969; Thompson, 1983). This
mineralogy represents a high temperature igneous
assemblage. The weakly modified anorthosi:e exhibits a
mineral assemblage consisting of hornblende, epidote,
biotite, plagioclase (An4@-56), scapolite (Me57-63) and,
locally, chlorite. This mineralogy reflects moderate
pressure, lower-middle amphibolite facies conditions
(Miyashiro, 1961; Apted and Liou, 1983). The moderately
modified anorthosite has a different mineral assemblage to
that in weakly modified anorthosite with plagioclase
(An48-58), scapolite (Me68-71), hornblende and almandine
garnet as the dominant constituents. Recrystallized
clinopyroxene with metamorphic corona is also present.
This assemblage is characteristic of the moderate pressure

conditions of middle to upper amphibolite facies
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(Miyashiro, 1961; Fyfe et al., 1978).

Local shear zones and mylonites from Parry Sound also
display distinct mineralogical and geochemical
characteristics. Scapolite and calcite in planar shear
zones and type I mylonites suggest a Coz—dominated
metasomatic event. Biotite, K-feldspar and ubiquitous
quartz in anastomosing shear zones and type 1II mylonites
are evidence for a potassium and silica dominated
metasomatic event. This metasomatic event overprints the
earlier CO2 metasomatic event.

A possible kinematic model 1is, therefore, proposed
for the deformation of the Whitestone at the contact with
the Parry Sound Shear Zone, and the accompanying
retrogression from granulite to lower amphibolite facies
conditions. Three reference times tl, t2 and t3 are
arbitrarily chosen as being representative of the early,
middle and late periods of the kinematic model for the
Whitestone Anorthosite, which is represented schematically
in Figure 7-1.

During the early period, events are sketchy and
involve the crystallization of the Whitestone Anorthosite
(or a larger igneous mass) at about 1350 Ma (van Breemen
et al., 1986). van Breemen et al., suggest that the
anorthosite formed during an extensive plutonism that

affected the Central Gneiss Belt between 1500 and 1300 Ma.



Figure 7-1. Kinematic model for the deformation of the

Whitestone Anorthosite in the Parry Sound Shzar Zone.
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During the middle period, the deformation of the
Whitestone Anorthosite occurred under medium pressure,
granulite-upper amphibolite facies conditions (T>606° C).
The upper amphibolite~granulite &ssemblage of the
moderately modified anorthosite and the extensive

metasomatic exchange at the margins of the Whitestone

Anorthosite (Thompson, 1983) are indicative of these
conditions. The presence of a pervasive foliation and
refolded intrafolial folds in the moderately modified
anorthosite suggests the occurrence of substantial
thickening of the crust. Extensive 002 metasomatism in
planar shear zones suggests progressive metamorphism
within the underthrust plate. The absence of pegmatites in
type I mylonites indicates either temperatures or water
activity still unsuitable for partial melting (Fyfe et
al., 1978). Type 1 mylonites developed where the shear
zone intersected the Whitestone Anorthosite.

During the late period, 1lower grade metamorphic
conditions prevailed, indicated by increasingly sodic
plagioclase in the mineral assemblage of the strongly
modified anorthosite proximal to the intersection of the
Whitestone Anorthosite with the Parry Sound Shear Zone,
and the sodic plagioclase and epidote bearing assemblage
of the weakly modified anorthosite away from this

intersection. Potassium and gilica metasomatism in

anastomosing shear zones and type II mylonites is the
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consequence of fluid evolution. The appearance of feldspar
megacrystals in the type II mylonite suggests partial
melting in the underthrust block. A part of the silica and
potassium rich fluids may have been transported by the
silica melt (Fyfe et al., 1978). The =zircon ages of
pegmatites in type II mylonites suggest that deformation
continued through 1159 Ma under lower amphibolite facies
conditions (550-600°C). A change in the orientation of
lineation with respect to the foliation reported by
Schwerdtner (1987) suggests the possibility of a change in
the regional stress regime. The composition of exsolved
phases in feldspar single crystals has been interpreted
by White and Mawer (1986) to indicate dislocation mobility
continued until temperatures reached to 500 C (white and
Mawer, 1986). The two generations of quartz identified
above suggests that events during the late phase were
complex and that there was a long and active tectonic
history in the Parry Sound Region.

Windley (1986) has proposed a model for the tectonic
evolution of the Grenville Province. He considers the
Ottawan Orogeny (1150-1¢5¢ Ma) as a collision between the
Central Gneiss Belt and the continental margin of the
Central Metasedimentary Belt, and suggests a
post-collision convergence and indentation to explain the
formation of major northwest-directed thrust sheets in the

Central Gneiss Belt. He suggests that the granulites of



210

the Parry Sound Domain with metamorphic zircon ages
(1160~1176 Ma) close to the age of thrusting (1159 Ma)
have formed at the deep levels of the thickened crust.
However, interpretations of the pegmatite ages from
the Parry Sound Shear Z2Zone presented here suggest a
thrusting event prior to the Ottawan Orogeny (1150-1050
Ma). The pre-collision thrusting explains the occurrence
of 1160 Ma and older ages of granulite facies rocks in the
Parry Sound Domain. The pre-collision thrusting also
accounts for the older metamorphic and emplacement ages
observed in the central part of the Central Belt compared

to the Central Metasedimentary Belt by Easton (1986).

FLUID EVOLUTION

The observed mineralogical and dgeochemical changes
can be used to construct a fluid evolution model for the
overthrust block in which the Wwhitestone Anorthosite
occurs. This model comprises two stages. In the first
stage, an inverted geothermal gradient develops 1in the
overriding block, and a retrograde mineral assemblage
forms. Also, the injection of an oxidizing £fluid phase
from the underthrust block produces significant changes in
the oxidation state in the overthrust block, and the rocks

of the overthrust plate become increasingly oxidized. In

the second stage, progressively 1lower grade mineral
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assemblages form in the overriding block. Originally
oxidizing fluids derived from the underthrust plate become
increasingly reducing. These contrasting states ultimately
result in extensive veining and leaching along the path of
rising fluid. Figure 7-1 shows different stages of fluid
evolution in relation to the kinematic model.

The moderately modified anorthosite represents the
overthrust plate at the first stage of the fluid evolution
model. The mineral assemblage of the moderately modified
anorthosite contains almandine garnet, calcium-rich
plagioclase (An 59-48) and ferroan pargasitic amphibole,
which suggest that the first stage of fluid evolution
occurred at the high temperatures of the middle-upper
amphibolite facies (in excess of GSO.C) (Miyashiro, 1961;
Fyfe et al., 1978). The minor occurrence of sphene and the
relative abundance of ilmenite provide independent
evidence for high temperatures (Moody et al, 1983).

The appearance of hematite-ilmenite exsolution
lamellae in the moderately modified anorthosite indicates
a change to an oxidizing state in the overthrust plate.
The presence of these oxides suggests oxygen fugacities
between the Fe203 + FeO and Ni + NiO buffers (Kretschmar,
1968). The oxidation index is in the vicinity of 5@-52.
The occurrence of up to 0.8 weight % sulphur in Coz-rich
scapolites rather than in sulphides affords additional

evidence for highly oxidizing conditions.
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The gradation from the moderately modified
anorthosite into type I mylonite along the intersection
between the Whitestone Anorthosite and the Parry Sound
Shear Zone is not associated with any mineralogical change
other than the disappearance of hematite exsolution in
ilmenite and the appearance of pyrite and pyrrhotite. The
decreasing hematite exsolution 1is consistent with the
observed gradual decrease of oxygen fugacity in the
mylonites of the Parry Sound Shear Zone (see Table 5-3).
The decrease may be attributed to an evolving fluid where
the increasing fluid activity of the Hzo component was the
result of diminishing co, activity.

The weakly modified anorthosite represents the

overriding plate at the second stage of the fluid
evolution model. The epidote content of the weakly
modified anorthosite suggests lower grade metamorphic
conditions than those under which the moderately deformed
anorthosite developed. The presence, locally, of chlorite
and the high titanite to ilmenite ratio are additional
evidence of these conditions.

The weakly modified anorthosite contains sulphides,
but oxides are absent. This may indicate a reduction in
the oxidation state of the overthrust plate (Froese,
1978).

Anastomosing shear zones, which are most readily
observed in the weakly modified anorthosite, are enriched

in sulphides. The appearance of sulphides may indicate
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reduction in oxygen fugacity, and the observed low
oxidation indices are consistent with this reduction (see
Table 5-6). Reducing fluids enriched in hydrogen interact
with rocks of different oxidation states, and remove Mg,
Fe, Ca and Na and precipitate Si and K (Fyfe and Lonsdale,
1981). The deposition of pyrite and pyrrhotite may occur
under these reducing conditions (Fyfe and Lonsdale, 1981).

The observed mineral assemblages and chemical
compositions of the Whitestone Anorthosite could also be
explained by the involvement of more than one type of
fluid. However, this seems unlikely when the progressive
geometry of the shear zone is considered. The progréssive
evolution of fluid under evolving conditions of the
overthrust also provides a simpler explanation for the
gradual modification of the rock chemistry across the
Parry Sound Shear Zone.

The fluid evolution model presented here, based on
the textural, mineralogical and chemical characteristics
of the anorthosite, is similar to a more generalized model
suggested by Fyfe (1986). The progressive changes of fluid
composition in the overthrust setting of the Whitestone
Anorthosite described above may explain in more detail the
occurrences of complex mineral assemblages in similar

tectonic settings.



CHAPTER 8

CONCLUSIONS

This study examines the processes accompanying the
ductile deformation of the Whitestone Anorthosite in the
Parry Sound Shear Zone. The method of investigation
combines the study of mineralogy, chemistry and
petrofabrics in the deformed anorthosite. The main
conclusions are as follows.

i) The Whitestone Anorthosite displays progressive
textural, mineralogical and chemical modifications where
it is intersected by the Parry Sound Shear Zone. These
modifications suggest an evolution of the deformation.

ii) The progressive mineralogical modifications of the
Whitestone Anorthosite delimit the conditions of the
deformation as moderate pressure type, upper to lower
amphibolite facies.

iii) The chemical changes within the Whitestone
Anorthosite are the result of rock-fluid interaction
during deformation. Early CO2 metasomatism and 1late Kzo
and 5i0, metasomatism indicate an evolution of the fluid
environment of the overthrust block containing the
Whitestone Anorthosite.

iv) Mass balance calculations indicate insignificant
volume changes during transformations to Co2 enriched type

I mylonites and planar shear zones, but substantial
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dilatations during transformations to Sio2 and KZO
enriched type II mylonites and anastomosing shear zones.
v) Dislocation creep is an important deformation

mechanism for quartz in ribbons under amphibolite and
higher grade metamorphic conditions. A mechanism dominated
by grain boundary sliding, or some other grain boundary
process, is characteristic of isolated quartz and
plagioclase in the matrix of ¢type II mylonites and
anastomosing shear zones. Syntectonic recrystallization is
a dominant deformation mechanism for plagioclase in
increasirjly modified anorthosites and local shear zones.

vi) The magnitude of textural, mineralogical and
chemical modifications in the deformed Whitestone
Anorthosite indicates a long deformation history
associated with the Parry Sound Shear Zone.

vii) The age of formation of the Parry Sound Shear Zone
appears to be older than the currently proposed age of
1160 Ma.

viii) The older age of the Parry Sound Shear Zone,
compared to the shear 2zones in the eastern Grenville
Province, suggests an episode of thrusting prior to the

main collision of the Ottawan Orogeny (1150-1050 Ma).



APPENDIX A

SAMPLE LOCATIONS

This map displays the locations of samples referenced in this

thesis.
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APPENDIX B

CALCULATIONS OF SHEAR STRAINS AND DISPLACEMENTS

The relaticnship between the orientations of 1linear features

before and after deformation is:

Y = Cotana - Cotand

where Y is the shear strain and G and @' are the initial and €£final
angles between the linear feature and the shear plane. (see Figure
above)

The approximate displacement = Y x width of the shear zone.
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APPENDIX C

ELECTRON MICROPROBE ANALYSES

Mineral analyses were carried out using a Material Analyses
Co. (MAC) microprobe and a KRISEL CONTROL probe system V4CM6SPI in
the Department of Geology at the University of Western Ontario.
Data were reduced using the program MAGIC IV run on a PDP 11/65
computer. The microprobe operated under an excitation voltage of
15 KV, a sample current of 250 MA, a beam diameter of 1 to 3
microns and a counting time of 30 seconds or 200060 counts. The
results are within 3% of the amount present, and the 1limit of
detection is approximately 9.05%.

Natural minerals were used as standards for the analyses. For
example, amphibole compositions were determined using albite as a
standard for Na, orthopyroxene for Mg, Fe and Si, kaersutite for
Al and Ti, diopside for Ca, and orthoclase for K. Analyses of
plagioclase and scapolite involved the use of albite as standard
for Na, An90¢ as a standard for Al, Si and Ca, and orthoclase for
K. The sample numbers associated with analyses of various minerals
are given above each table.

The plagioclase formulae were calculated on the basis of 32
oxygen atoms per structural unit. The amphibole formulae were
calculated on the basis of 23 oxygen atoms per structural unit,
and a cation total of 13 excluding Ca, Na, K (Leake, 1978). The
garnet formulae were calculated on the basis of 24 oxygen atoms
per structural unit. The scapolite formulae were determined on the

hasis of 12 (Si,Al) atoms per structural unit (Deer et al., 1966).
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SAMPLE # PS-85-17

Weight % oxides

Siﬂ2 54.51 54.83 55.04 54.24 55.11 54.03
31203 28.75 28.99 28.01 29.31 28.95 28.77
Ca0 12.22 12.40 12.09 12.55 12.31 12.38
KZO 0.04 0.04 g.03 g.01 0.91 g.00
Na20 4.70 4.73 4.85 4.55 4.89 4.50
Total 100,22 100.99 100.02 100.66 101. 27 99.68
Numbers of cations on the basis of 32 oxygens
Si 9.83 9.81 9.93 9.74 9.83 9.79
Al 6.11 6.11 5.96 6.20 6.09 6.14
Ca 2.36 2.38 2.34 2.41 2.35 2.40
K 0.00 0.00 0.00 0.00 0.00 0.00
Na 1.64 1.64 1.70 1.58 1.69 1.58
Total 19.94 19.95 19.94 19.95 19.97 19.92

An content § 59 59 58 52 58 60
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SAMPLE # ps-85-8

Weight § oxides

Siﬂ2 53.51 56.15 55.75 54.74 56.07 54.03
A1203 29.96 28.31 28.15 28.14 28.68 30.13
Ca0 11.69 9.64 9.59 9.52 9.78 11.86
K0 9.13 g.19 .17 0.14 0.17 8.15
Na,0 5.05 5.72 6.12 5.73 6.05 5.18
Total 100.34 100.01 99.78 98.27 106.75 101.35

Numbers of cations on the basis of 32 oxygens

Si 9.65 10.97 16.05 10.00 10.00 9.65
Al 6.37 5.99 5.98 6.06 6.63 6.34
Ca 2.26 1.85 1.85 1.86 1.87 2.27
K g.03 0.04 0.04 0.93 0.04 0.03
Na 1.77 1.99 2.14 2.03 2.99 1.79
Total 20.07 19.95 20.05 19.99 20.04 20.09

An content % 56 48 46 47 47 85




SAMPLE #

5ig
Al,0,

Can

Total

Si

Al

Na

Total

An content %

66.91
24.77
7.61
8.17
7.35
1¢0.81

Numbers of cations on the basis of 32 oxygens

10.77
5.16
1.44
0.04
2.52

19.93

36

PS-85-8b

Weight % oxides

59.20
25.08
7.44
0.06
7.71
99.49

16.63
5.31
1.43
0.01
2.68

20.07

35

59.92
24.77
7.39
g.14
7.30
99.52

10.73
5.23
1.42
6.93
2.53

19.94

36

6@.59
25.02
7.41
g8.12
7.36
100.50

10.74
5.23
1.40
8.03
2.53

19.92

35

60.45
24.85
7.54
g.14
7.50
100.48

18.73
5.20
1.43
g.03
2.58

19.97

35
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60.16
24.43
7.42
6.11
7.25
99.37

10.74
5.22
1.40
g.03
2.52

19.92

35



SAMPLE #

Sio
A1203
Ca0
K,0
Na,O0

Total

Si

Al

Na

Total

An content %

57.55
26.46
9.83
0.24
5.79
99.87

55.88
27.76
11.53
g.11
4.81
100.99

PS-85-2

Weight § oxides
55.34 56.43
27.78 27.22
11.23 19.54

0.20 @.18

5.21 5.20
99.76 99.57

Numbers of cations on the basis

16.33
5.60
1.89
8.a5
2.01

19.90

48

16.05
5.88
2.22
0.02
1.68

19.86

57

10.00 10.18

5.92 5.79
2.17 2.94
0.05 0.04
1.82 1.82

19.97 19.86

54 52
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55.36 A54.88
27.30 27.77
11.97 11.84
g.20 8.19
5.37 4.54
99.30 99.22
of 32 oxygens

19.05 9.97
5.84 5.95
2.15 2.30
8.05 8.04
1.89 1.60
19.99 19.87
52 58




510
A1203
Ca0
K,0

Total

Si

Al

Na

Total

53.66
28.83
9.96
g.21
6.27
98.93

Weight % oxides

54.10
28.63
10.39
0.24
5.77

99.13

56.61
28.47
9.82
6.25
6.18
101.33

56.07
28.84
10.20
g9.27
6.02

101.40

55.62
28.75
19.98
6.19
5.61

101.15

Numbers of cations on the basis of 32 oxygens

9.80
6.21
1.95
2.05
2.21

20.22

An content % 46

9.85
6.14
2.03
0.05
2.04
20.12

49

10.05
5.96
1.87
0.06
2.13

20.06

46

9.96
6.04
1.94
0.06
2.07

20.08

48

9.92
6.04
2.01
0.04
1.94
20.04

51

57.06
28.20
9.99
0.38
6.12
101.75

10.10
5.88
1.89
0.09
2.10

20.05

46




SAMPLE §

Sig
A1203
Ca0
K,0
NGZO

Total

Si

Al

Total

58.75
27.55
9.41
2.21
5.61
101.49

56.49
27.49
9.39
0.24
6.26
98.87

pPS-85-2b

Weight % oxides

57.63
27.43
9.15
8.22
6.23
100.96

Numbers of cations on

10.34
5.71
1.77
2.05
1.91

19.78

An content % 47

10.16
5.83
1.81
8.55
2.18

20.04

45

19.24
5.74
1.80
9.05
2.14

19.98

45

56.46
27.54
9.66
0.22
6.42
101.33

the basis
10.31
5.82
1.85
0.05
2,23
20.10

45

R3¢

57.74 58.7S5
27.34 27.55
9.31 9.41
@.22 6.21
6.55 5.61
101.56 101.53
of 32 oxygens

10.25 10.34
5.72 5.71
1.77 1.77
@.05 0.05
2.25 1.91
20.04 19.78
43 47




SAMPLE # PS-86-16

Weight % oxides

Siﬂ2 56.63
A1203 27.51
Cao 9.25
K2° 0.22
Na20 6.76
Total 100,37

Numbers of cations on the basis of 32 (0)

Si 16.15
Al 5.81
Ca 1.77
K 8.05
Na 2.35
Total 20.14

An content % 42



SAMPLE #

Si02
A1203
Ca0
K,0
Na,0

Total

8i

Total

An content %

58.26
26.01
7.51
9.26
7.41
99.45

58.62
26.20
7.31
8.27
7.31
99.71

PS-86-5

Weight § oxides

58.37
26.31
7.23
9.27
7.46
99.64

Numbers of cations on

10.48
5.51
1.45
@.06
2.58

20.08

35

10.50
5.53
1.40
g.06
2.54

20.035

35

10.47
5.56
1.39
0.06
2.59

20.08

34

58.14 59.25
25.63 25.95

7.07 7.25
0.30 0.25
7.66 7.70

98.80 100.40

the basis of 32 oxygens

10.52 10.54

5.47 5.44
1.37 1.38
0.97 0.06
2.69 2.66

20.12 20.09

3 34

58.01

25.96
7.53
0.30
7.16

98.96

10.48
5.53
1.46
0.07
1.60

20.04

36




SAMPLE #

Si@
A1203
Ca0
K,0
Na,O

Total

5i

Al

Na

Total

62.57
22.42
4.35
8.23
9.18
98.75

Numbers of cations on the basis of 32 oxygens

11.22
4.74
0.84
0.05
3.19

20.03

An content % 20

63.79
22.36
4.00
@.23
9.41

99.79

11.30
4.67
9.76
0.05
3.23

20.01

19

PS-86-4

60.84
23.57
5.88
0.24
8.34
98.87

16.94
4.99
1.13
@.085
2.91

20.04

28

Weight & oxides

63.19  63.01
22.31  21.89
4.62 3.89
0.27 0.08

" 9.44 9.50
99.83 98.37

11.30 11,32
4.67 4.63
0.88 @.75
0.06 0.04
3.25 3.31

20.09 20.03

21 18

60.52
23.41
5.81
0.30
8.36

99.40

10.94
4.99
l.21
2.07
2.93

20.06

27
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SAMPLE # PS-85-7 231

Weight & oxides

sio, 43.97 42.91
Tio, 0.31 0.28
Al,0, 12.09 12.28
Fe 0 13.30 14.26
MgO 12.11 12.20
Mno 0.33 0.25
cao 12.62 12.40
X,0 0.87 0.81
Na,o 1.21 1.29
Total 96 .81 96 .68

Numbers of cations on the basis of 23 oxygens

Si 6.50 6.35
Ti 0.03 0.03
ivay 1.49 1.64
via 0.61 0.49
re2* 1.34 1.16
Fe3* 0.30 0.60
Mg 2.66 2.69
Mn 0.04 0.03
Ca 1.99 1.96
K 0.16 0.15
NaM4 0.00 0.01
Na-A 0.34 0.35

Comp. Pargst. Mg Hast.




SAMPLE # PS-85-2

Weight & oxides

SiO2 38.79 39.45 39.26 38.46
TiO2 1413 0.93 1.04 1.11
A1203 13.98 14.17 14.06 14.77
Fe O 22.18 20.82 20.77 21.04
MgoO 6.61 6.94 6.44 6.09
MnoO 0.16 0.08 0.20 0.17
cao 12.00 12.20 12.06 11.90
KZO 2.61 1.68 1.57 1.70
Nazo 1.14 1.00 1.08 1.08
Total 97 .60 97.27 96.48 96.32

Numbers of cations on the basis of 23 oxygens

si 5.96 6.05 6.09 5.98
Ti 0.13 0.10 0.12 0.13
1vaa 2.04 1.94 1.90 2.01
viaa 0.49 0.61 0.66 0.70
re* 2.19 2.18 2.32 2.34
Fe3* 0.65 0.48 0.36 0.40
Mg 1.51 1.58 1.49 1.41
Mn 0.02 0.01 0.02 0.02
Ca 1.97 2.00 2.00 1.98
K 0.31 0.32 0.31 0.33
NaM4 0.01 0.00 0.00 0.01
Na-a 0.32 0.29 0.32 0.32
somp. Hast. Ferroan Ferroan Ferroan

Pargst. Pargst. Pargst.
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SAMPLE #

§io0
TiO
Al O
Fe O
MgO
MnoO
Ccao
K.O

2

uazo

Total

Numbers of cations on the basis of 23 oxygens

Si
Ti

IVal

viAl

Fe2+

Fe3+
Mg
Mn
Ca
K

NaM4

Na-A

Comp-

PS-86-5

Weight & oxides

38.48
1.13
14.43
22.89
5.44
0.25
11.84
1.67

1.36

97.49

Ferroan
Pargst.
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SAMPLE # P5-86-4

Weight & oxides

SiO2 38.63 3g.22 3g.10 37.88 37.90
'l‘iO2 1.25 1.32 1.36 1.36 1.03
A1203 12.34 14.74 12.49 12.77 14.30
Fe O 26.25 22.80 25.53 25.69 22.50
MgoO 4.43 6.06 4.30 4.38 5.43
MnoO 0.14 0.23 0.14 0.22 0.28
Ccao 11.17 12.16 12.22 11.35 11.82
K,0 1.56 2.07 1.74 1.55 1.69
Na20 1.70 1.18 1.56 1.83 1.25
Total 97.47 98.88 96.44 97.013 96.20
Numbers of cations on the basis of 23 oxygens

si 6.09 5.86 6.08 6.00 5.96
Ti 0.15 0.15 0.16 0.16 0.12
ivay 1.90 2.13 1.92 1.99 2.04
viaa 0.38 0.52 0.42 0.40 0.61
Fe?? 2.94 2.35 2.99 2.94 2.49
Fe3? 0.52 0.56 0.42 0.47 0.47
Mg 1.04 1.38 1.02 1.03 1.27
Mn 0.02 0.03 0.02 0.03 0.04
Ca 1.88 1.99 1.92 1.92 1.99
K 0.31 0.40 0.35 0.31 0.34
NaM4 0.06 0.00 0.04 0.04 0.00
Na-A 0.45 0.34 0.44 0.52 0.38
Comp. Hast. Hast, Ferroan Hast. Ferrcan
Pargst. Pargst.




SAMPLE #

sio
TioO

Alzo

Mno

cao

Na_O

Total

38.25

1.22

14.03

11.95

1.78

1.27

96 62

PS-86-16

Weight & oxides

3

1

2

1

9

8.07

1.23

4.23

1.99

1.92

1.83

1.22

6.36

39.47

1.19

14.05

21.39

11.97

1.62

1.22

97.82

Numbers of cations on the basis of 23

Si
Ti
1Val

viAl

Pe2+

Fe3+
Mg
Mn
Ca

K
NaM4

Na-A

Comp-

Ferroan
Pargst.

Ferroan
Pargst.

Ferrocan
Pargst.

oxygens
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SAMPLE § PS-85-2
Weight § oxides
5192 37.04 37.64 37.46 36.87 37.19
51203 20.7@ 20.36 20.33 20.52 20.27
F6203 27.12 26.67 27.53 27.29 27.12
MO 1.47 2.57 0.47 6.85 @.72
Mgo 2.14 2.41 2.22 1.98 1.94
Ca0 16.63 9.71 11.10 11.37 11.11
Total 99.10 99.36 99.11 98.88 98.35
Numbers of cations on the basis of 24 oxygens

Si 5.96 6.03 6.01 5.95 6.02
Al 3.92 3.85 3.85 3.90 3.87
Fe 3.65 3.57 3.7¢ 3.68 3.67
Mn 0.20 9.35 2.06 0.12 0.10
Mg 0.51 0.58 0.53 @.48 0.47
Ca 1.83 1.67 1,91 1,98 1.93
Alm, 64,22 63.94 65.20 63.88 64,44
Gross. 32,25 29.82 33.68 34.10 33.82
Pyrp. content % 8.29 9.34 8.57 7.63 7.59

Spess. 3.53 6.24 1.13 2.02 1.73
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SAMPLE # PS-86-5
Weight % oxides
Si@, 37.10 36.97 38.32 36.99 37.36
Al,0, 20.96 20.88 20.87 26.79 20.49
Fe203 26,31 26.69 26.74 26.55 27.53
MO 1.20 1.49 1.33 1.55 1.30
Mgo 2.44 2.82 2.94 2.43 1.95
Ca0 16.82 10.04 10.28 11.85 11.32
Total 98.83 98.89 100.48 99.76 99.95
Numbers of cations on the basis of 24 oxygens

Ssi 5.96 5.94 5.96 5.92 5.97
Al 3.97 3.95 3.86 3.92 3.86
Fe 3.53 3.59 3.61 3.55 3.68
Mn 0.16 0.20 @.15 g.21 6.18
Mg 0.58 0.68 @.51 0.48 0.46
Ca 1.86 1.73 2,082 2.03 1.94
Alm. 65.57 65.00 62.51 61.31 63.51
Gross. 33.49 31.33 34.89 35.06 33.46
Pyrp. content % 9,51 10,91 8.03 7.71 7.42

Spess. 2.94 3.68 2.60 3.63 3.04




Weight $§ oxides

37.70
20.46
29.00
1.71
1.47
9.45
99.79

PS-86-4

36.71
21.14
28.38
1.88
1.39
9.88
99.38

37.14
20.43
28.64
1.76
1.41
9.50
98.82

36.63
20.39
29.02
2.41
1.29
8.99

98.73

Numbers of cations on the basis of 24 oxygens

Si

Fe

Mg
Ca

Alm.
Gross.

Pyrp. content %

Spess.

6.05
3.87
3.89
09.23
9.35
l.62
67.70
28.26
5.76
4.94

5.92
4.02
3.83
0.26
9.33
1.71
66.09
29.48

5.46
4.43

6.02
3.99
3.88
9.23
0.34
1.65
67.34
28.62

5.58
4.05

5.97

3.92
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37.26
20.30
28.88
2.36
1.29
9.12

99.21

6.03
3.87
3.91
0.32
9.31
1.58
67.23
27.20

5.08
5.56
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SAMPLE §#

sig
Al,0,

Ca0

Total

Weight % oxides

46.73
27.24
16.74
0.40
3.57
6.03
0.46

94.70

PsS-85-8

47.37
27.10
16.43
0.34
4.11
@.55
0.47
95.89

47.46
26.60
15.97
6.33
3.77
0.46
6.53
94.60

46.82
26.61
15.66
0.38
4.41
1.17
0.38
94.96

Numbezs of ions on the basis of 12 (Si, Al)

Si

Al

Cl

Me content %

7.10
4.89
2.75
9.97
1.06
0.00
g.11

71

7.14
4.85
2.68
g.06
1.21
0.06
0.12

68

7.19
4.79
2.62
0.06
1,12
g.05

90 13

69

7.16
4.83
2.59
6.07
1.32
6.13

¢.09

65

2412

48.14
26.61
15.68
@.37
4.65
0.50
8.57

95.94

7.27
4.72
2.54
8.07
1.36
8.05

g.14

64




SAMPLE #
8102 49.52
Al ,0, 26.27
Ca0 13.88
K,0 6.39
Na,0 4.64
50, .78
Cl 0.63
Total 95.47
Numbers
Si 7.39
Al 4.60
Ca 2.23
K 0.67
Na 1.35
S 0.08
Cl 0.16
Me content % 61

Ps-85-8b

Weight % oxides

49.25
26.26
14.67
.42
5.31
8.73
8.73

96.35

of i1ons on

0.08
.18

59

48.36
26.16
15.43
0.34
5.05
1.46
@.56
96.79

242

the basics of 12 (Si, Al)

7.32
4.67
2.52
0.06
1.49
0.16
0.14

62

7.27
4,72

62

7.37
4.62

58




SAMPLE #

Sig
A1203

Cao

Total

Weight § oxides

45.21
27.73
18.14
9.14
3.38
g.91
0.03

95.52

PS-85-2

45 .06
27.43
17.33
0.12
3.45
1.04
0.03
94.43

45 .49
27.54
17.67
0.13
3.46
0.99
0.01

95.28
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46 .49
27.51
17.82

9.16

.55
8.05

96.11

Numbers of ions on the basis of 12 (Si, Al)

Si

Al

Ca

Na

Cl

Me content $

6.97
5.02
3.200
9.02
1.01
9.10
0.00

74

7.03
4.96
2.89
0.02
1.94
9.12
2.00

73

6.97

73

7.10
4.89
2.93
0.02
1.06
.06

0.01

73
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SAMPLE PS-85-2a
Weight % oxides
Sie2 46.61 47.46 46.13 47.12
Al,0, 27.88 27.65 27.95 27.50
Cao 17.35 17.35 17.41 17.32
K,0 g.25 @.33 0.27 0.34
Na,0 3.55 3.96 3.33 3.54
50, 0.49 g.21 9.29 0.34
Cl 8.27 @.35 0.30 0.37
Total 96.12 96.49 95.38 96.15
Numbers of ions on the basis of 12 (Si, Al)

Si 7.03 7.10 6.99 7.19
Al 4.96 4.87 5.00 4.89
Ca 2.80 2.78 2.83 2.79
K 0.04 0.66 0.02 @.06
Na 1.03 1.15 0.98 1.03
S @.05 0.02 .03 .63
Cl .06 .08 0.087 g9.09

Me % 72 69 73 72




SAMPLE #

5i@

Total

Si

Al

Cl

Me content %

46.56
27.29
16.41
@.39
3.75
0.40
0.36

94.81

PS-85-2b

Weight % oxides

47.24
27.41
16.88
0.38
3.53
0.66
¢.38
96.09

Numbers of ions

7.16
4.89
2.70
0.07
1.11
0.04

@.09

69

7.14
4.85
2.75
0.07
1.04
8.07

0.09

71

47.30
27.23
17.24
6.36
3.91
g.38
0.46
96.42

46.99
27.20
16.57
6.34
3.99
0.45
0.46
95.53

on the basis of 12

7.14
4.85
2.81
0.97
1.15
0.04

0.11

10

7.14
4.85
2.70
0.06
1.17
2.05

g.11

68

249

47.63
27.26
16.84
0.35
3.98
0.3%
0.41

95.80

(Si, Al)
7.14
4.85
2.75
0.06
1.17
0.04

g.10

69
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SAMPLE # PS-86-16

Weight % oxides

Siﬁz 46.32 47.26 45.25
Ale3 28.61 27.29 27 .48
Cao 17.83 17.78 17.95
K20 0.25 9.23 0.20
NaZO 3.62 3.84 3.26
SO3 0.04 9.14 0.06
Cl 2.15 @.16 6.14
Total 96.67 96.55 94.21
Numbers of ions on the basis of 12 (Si, Al)
Si 6.94 7.14 7.03
Al 5.85 4.85 4.96
Ca 2.86 2.90 3.00
K 0.04 2.04 0.03
Na 1.95 1.13 9.98
S .00 2.01 0.00
Cl 0.03 0.83 0.03

Me content ¢ 72 71 74




SAMPLE #

Sig
A1203
Ca0

K,O

Na
SO
Cl

Total

47.51
27 .42
l6.88

0.41

Numbers of ions

Si

Al

Ca

Na

Cl

Me content §

70

PS-86-5

Weight % oxides

47.34
27.64
17.10
.39
3.71
¢.21
@.39
96.78

46 .86
27.54
16.43
0.39
3.71
.23
0.44
95.60

on the basis of 12 (Si, Al)

7.09
4.90
2.77
0.07
1.08
6.02

a.gg

70

7.05
4.94
2.68
g.a7
l1.09
0.02

g.11

70

7.27
4.72
2.63

66

24%



APPENDIX D
GEOCHEMICAL ANALYSES

Fifteen specimens from the modified anorthosite and mylonites
were analyzed. Analyses are listed in the following tables along
with specific gravity measurements. Analyses were performed on a
Phillips 1450 X-ray flourescence spectrometer in the analytical
facilities of the Geology Department at the University of Western
Ontario. All major elements were analyzed from fusion discs and
using international standards. The discs were prepared from a
mixture of 2 grams of spectroflux (lithium tetraborate, lithium
carbonate, and lanthanium oxide), 0.37 grams of sample and 0.02
grams of NaN03. The blend was placed in a platinium crucible and
fused at 1000 C for two minutes. The molten mixture was poured

into a circular mold where it acquired a disc-shape. These discs

were analyzed with a Rh tube target under 60 KV and 48 mA, using
the U.S.G.S. standards PCC-1, DTS-1 and BCR-1. . Major element

abundances were determined against the monitor FS-94. The total

iron was listed as Fe203. Loss on ignition was determined by

heating 1 gr of sample at 1100  C for two hours.

Analytical error for major elements except NaZO, K,0 and

20, K20 and P205 18

5-7%. Uncertainty for trace elements is within 12%, except for Nb,

P205 is less than 3%. Analytical error for Na

Pb and La, which is 20%.

249
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The specific gravities of samples were determined by weighing
the samples in air and in water. The dry weight divided by the
difference between the two measurements times the specific gravity
of water is equal to the specific gravity of the the sample.

The ratios of ferric to ferrous iron were determined by a
titration method. A mixture of ¢.25 grams of sample, and @.10

grams of ammonium metavanadate was dissolved in 5 ml of 46% HF.
After 24 hours, 15 ml of 10% H2804 and 3 to S drops of diphon
sulphate indicator were added. Standardized ferrous ammonium
sulphate was titrated against the excess pentavalent vanadium in
the mixture. The amount of ferrous iron oxidized by the ammonium
metavanadate 1is proportional to the amount of metavanadate
consumed during the reaction. The reproducibility of all analyses
was checked by repeating the analyses at least once. When the
difference was greater than 10%, the result was ignored.

Trace elements were determined from pressed pellets using a W
tube target at 60 KV and 40 mA with reference to international

standards. Results were reduced with the computer program TRACE

developed at the University of Western Ontario.

Rare earth abundances were determined by instrumental
neutron activation analyses in the analytical facilities of the
Geology Department at U.W.0. Detection limits for elements are :
La - 6.5 ppm; Ce - 1.0 ppm; Nd - 3 ppm; Sm - 0.61 ppm; Eu -~ 0@.05
ppm; Tb - 0.1 ppm; Yb - 0.05 ppm; and Lu 0.6]1 ppm. Uncertainty in
ppm per element is La, Tb and Yb ¢ 5%; Ce, Nd + 3%; Sm + l1%; Eu,

Lu + 5%.
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SAMPLE # PS-85-3 PS-86-14 pPsS-86-16b

510, 53.60  53.82 63.87
Tig, 8.20 .30 1.27
Al 0, 27.23  22.30 12.88
Fe 0, 1.67  4.61 16.66
MnO .02 9.67 .19
Mgo .93 2.39 1.63
Ca0 10.47  11.08 4.55
K,0 .59 9.56 1.83
P,0 0.01 .13 g.29
Na ,0 3.91 3.83 3.10
LOI .92 0.50 .63
Total 98.93  99.59 100.90

S.Gl n.d. n-d- n.do
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SAMPLE # PS-85-3a
Siﬂ2 68.55
Tig, 6.72
Al,0,4 15.96
E‘ezo3 2.79
MnO 0.93
Mgo 1.93
Ca0 5.86
K,0 1.09
P,0g 0.08
Na,o0 2.09
LOI 1.1@
Total 100.20

SOG. n.d.
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SAMPLE # pPs-85-17 psS-85-7 PS-85-2 PS-86-5 PS-86-4

Nb ) 0 3 5 18
Zr o ) 0 67 511
Y 10 11 24 23 63
Sr 725 611 620 625 523
Rb 0 23 3 6 58
Ba 180 168 150 223 856
Ga 19 23 23 26 17
La ) 0 o ) 37
E Pb ) 5 11 12 13
é Zn 28 43 78 79 115
Cu 4 5 39 16 13
Ni 10 20 9 7 6
Co 34 36 61 41 43
Cr 21 30 1 18 0
v 42 101 124 115 108

S 2 351 2759 1054 212




SAMPLE #

Nb

Zr

Sr
Rb
Ba
Ga

La

Pb
Zn
Cu
Ni
Co

Cr

PS-85-7a

341

675
85
681
20
135

54
23
23
51
14
78
601

119

493
47
1695
14
36

14

23

PS-85-7b PE-85-7c

221

564

63

1401

21
122

37

37

36

233
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SAMPLE # PS-85-17 PS-85-7 PS-85-7a PS-86-7b PS5-85-7c PS-86-4

La 3.0 2.8 4.5 106.7  123.2 47.2
Ce 3.0 2.7 52.4  138.4 74.7 26.1
Nd 6.5 6.9 23.9 64.3 60.4  64.5
sm 0.7 0.9 2.3 6.6 6.9 13.6
Eu 0.6 0.3 0.5 1.0 0.4 1.3
) 0.0 0.1 0.9 0.7 0.1 0.6
Yb e.3 8.2 0.2 8.6 0.2 3.1
Lu 8.0 6.0 8.2 0.0 0.0 8.5
Ta 6.1 8.3 1.2 0.6 2.3 0.4
HE 0.1 8.2 5.9 6.7 4.4 4.9
sc 7.1 6.5 2.9 3.3 1.3 5.8
cs 0.0 0.4 0.4 0.8 0.3 6.3
Th 0.1 e.1 13.1 28.4 24.4 1.9




APPENDIX E

ORIENTATION DATA

The mean areas occupied by different point concentrations of
quartz c-axes and and the optic directions X, Y and Z of
plagioclase were obtained by a computer program written by Starkey
(1978). They are derived by sampling the data in intervals of

n/10, where n is the total sample size.
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Quartz in Quartz Ribbons Isolated Quartz grains

conc. Means Sigma Means Sigma
e 54.15 2.38 38.01 4.13
1 21.1¢ 3.51 34.14 4.68
2 10.85 2.08 19.72  4.41
SAMPLE #
3 6.23 2.22 6.19 1.88
P8-85-19
4 3.61 1.49 1.37 1.20
5 1.95 1.06 1.05 ©.67
6 1.37 0.69 .43 ©.18
7 .59 0.47
8 .51 ©.29
9 0.25 ©.07
18 .00 ©.90
conc. Means Sigma
o 49.55 8.04
1 27.95 8.71
2 10.48  4.49
3 4.33  2.19
SAMPLE § 4 3.52  1.11
ps-85-16 5 2.14 0.57
6 1.12  2.64
7 .91 B8.75
8 #.65 0.43
9 .69 0.25
10 .18 .04

11 .05 0.85




SAMPLE #
P§-85-13

SAMPLE #

PE-85-14

conc.

-~ O W b w

o ®

10

Quartz in Quartz Ribbons

Means
53.83

21.29
19.95
6.72
3.57
1.97
1.21
2.71
€.22
9.28
.36

Means
48.69

23.93

14.51

3.70
1.18
1.21
6.45
9.23

51 gma
4.32

4.22
2.39
2.13
2.77
@.73
0.64
@.32
9.17
2.24
e.00

Sigma
7.17

6.11

4.11

0.86
9.79
0.24
0.4

287

Isolated Quartz grains

Means

36.
37.
16.
6.
2.

1

0.

76
96
33
41
83

.10

24

25

Sigma
4.37
4.36
3.43
1.82
1.84
@.58
2.16
0.00



Quartz in Quartz Ribbons

Conc. Means Sigma
0 49.91 11.06
SAMPLE ¢ 1 25.16 11.73
P5-86-4 2 11.66 5.61
3 6.62 2.31
4 4.29 1.40
5 1.76  1.46
6 2.41 1.03
7 g.71 0.82
8 0.15 9.00
Conc. Means Sigma
P 44.41 5.68
1 29.62 8.36
SAMPLE § 2 13.40 5.85
PS-85-12

w

7.46 2.19

258

Isolated Quartz grains

1.33
e.00

Means
49.509

33.35%
16 .31

@.98
0.07

Sigma
7.62

7.04
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