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ADoITRALT

The Quetico metasedimentary rocks are the metamorphosed
equivalents of a turbidite sequence, comprised of a repetative
interstratification of sandstones and mudstones. The rocks are
metamarphosed to lower greenschist facies, but metamorphic grade
increases progressively from north to south. Anchimetamorphased
phyllites and slates in the north part of the present study area grade
progressively into biotite schists in the south part.

interpretation of structural features in the study area, mainiy
bedding{Sy) - cleavage(S;) relationships and structural facing

directions, has led to the delinestion of & number of major £ foids.

These are tight to isoclinal, asummeiric s4egds Tolds, with ariai
planes arranged en echelon and slightly obligue to the dominant easi-
west, vertically-dipping, structursl trend. The arientation, geomeiry
and disposition of the F, folds suggest the Quectico rocks of the

present study area have experienced a regional dextral trans-
pressional tectonic evolution, with components of north-south
regional shortening and east-west regional dextral shear, with a
possible component of vertical {south side up) displacement.
The Quetico metasedimentary rocks have a polyminerallic
magnetic mineralogy comprised of significant proporticns of a
ferrimagnetic {magnetite and pyrrhotite} and a paramagnetic
{chlorite, bigtite, muscavite) component. The rocks poszess
predominantly tectonic magnetic fabric, which consisiz o
deformational, snd a metamorphic, magnetic fabric. in some
rocks{especially coarse-grained sandstones with wide-5paces
cleavage planes) a depositicnal magnetic fabric is part ang
preserved. The complexities involved in having component
deformational, metamorphic and depositional magnetic fabrics
indicate that the principal magnetic susceptibility directions of ihe
rock’'s magnetic susceptibility anisotropy cannct be consides ES
reliable indicators of principal finite strain directions in the LGueliss
metasedimentary rocks. Great care raust be taken in interpreting the
significance of principal magnetic susceptibility cirections.
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INTRODUCTION

The Calm Lake - Perch Lake study area is located approximately
240 kilometers west of Thunder Bay and is transected by Ontario
provincial highway 11. The study area is underiain by Archean rocks
of the Superior structural province of the Canadian Shieid 1t is at
the boundary of the Quetico and Wabigoon subprovinces (Fig. 1), The
Quetico metasedimentary rocks of the present area are part of a
narrow, continuous strip of anchimetamorphosed clastic sedimentary
rocks at the interface of the Quetico and Wabigoon subprovinces.

while the Quetico metasedimentary rocks have veen included in a
number of geological investigations, only recently has a detailed
mvestigation of structural geology been initiated. Results of these

rvestigations by Borradaile (1982), Dutka (1982), Stubbiey (13877}
and stewart (1984) include the delineation of a number of major folds
with apparently strongly curvilinear fold axes. interpret
genesis of these folds, however, 15 hampered by a general paucity of
outcrop exposure and a lack of regicnal strain markers.

A study of the magnetic fabric of the rocks may as3ist structur
interpretation. it has been demonstrated elsewhere that o
directions of the mgonitude e/ljpsard oF magnelic sGsCepliés /ity o

deforrmed rocks can be reliable indicators of finite strain girsCctions.

structural geology and magnetic fabric of the Quetico meta-

sedimentary rocks in the Caim Lake - Perch Lake area inorger ¢
providge some insignt into the tectonic evoiulion of thess rocns at 3
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CHAPTER ONE
PREVIOUS STUDIES

1-1. Introduction.

The present study area is located at the boundary of two Archean
east-west trending lithological belts or subprovinces (Fig. 1). The
north belt is termed the wWabigoon subprovince. It is 3
granite-greenstone terrane comprised of metamorphosed mafic to
felsic volcanic and volcanogenic rocks, and associated chemical and
clastic metasediments. These are intruded over extensive areas by
felsic to intermediate batholiths and plutons. To the south, the
Quetico belt consists of metamorphosed lithic arenites, siltstones
and slates, with a central axis of schists, paragneisses and
migmatites derived from the sedimentary rocks.

Within the present study area, and throughout rauch of the Guetico-
wabigoon interface, the boundary of the two subprovinces i3
characterized by a discrete, relatively narrow zone of fault rocks
The rocks define the Quetico fault zone, a major, transcurrent fauit
with an indeterminant amount of dextral movement. west of Calm
Lake (see Fig. 2), the fault apparently bifurcates. The western
extension of the Quetico Fault is contained entirely within the
wabigoon subprovince, while the Quetico-wabigoon bett boundary is
defined by another fault, termed the Seine River Fauit,
1=2. Previous Studies of General Geoioqy.

The present study area is part of a much wider area that has deer
invoived in a tong history of investidation and controversial

LR

geological research, Law3on's(1833) first study of the rocks in the
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Figure 1. Archean lithological subp‘rovinces of the Cangdian Shield|
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4
Rainy Lake area (approximately 20 kilometers west of the present
study area) led him to establish a Precambrian stratigraphy. Lawson
defined the 'Couchiching Series’, a southern sequence of sedimentary
rocks, the 'Keewatin Series’, comprised chiefly of volcanic rocks with
subordinate sedimentary rocks, and the 'Laurentian rocks', granites
intrusive into both the Couchiching and Keewatin series. Subsequent
study by Lawson(1913) eastward in the Bad Vermilion Lake area led
to the expansion of his stratigraphic classification to include the
Seine Series’ of sedimentary rocks and a younger group of granitic
intrusives which he called the "Algoman rocks’.

Lawson believed the 'Couchiching Series’ to be older than the
‘Keewatin Series’, and the 'Seine Series’ to be superposed upon both o
035ibly contemporaneous with the Keewatin Series. Studies b

O

-+

o

U.5.G.5. workers in Minnesota (Adams et. al,, 1305) led them
conclude that the Keewatin rocks were ¢lder than Couchiching This
sparked a major, long-lived controversy on the stratigraphic
relationship between all of the groups defined by Lawson, eventually
pecoming known as the "Couchiching problem.”

The scope of the present study is confined to the structure and
magnetic fabrics of the rocks of the northernmost part of the Quetico
subprovince(Fig. 1), between their highly metamorpnosed equivaients
to the south and the Quetico Fault to the north. As such, reiteration
ot the controversy surrounding the "Couchiching problem” would be

redundant. Brief summaries of this controversy are given by
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6
the present study area when he restudied the Rainy Lake region.
Grout(1925) and Tanton(1926) first recognized the gneisses and
migmatites as more highly metamorphosed equivalents of the
adjacent northerly metasediments, as well as the gradational nature
of the metamorphic intensification. Subsequent workers, wishing to
avoid the stratigraphic implications in the use of Lawson's terms
‘Couchiching series’ and 'Seine series’, refered to the
metasedimentary rocks as the "southern sedimentary
sequence’(Hawley, 1929, Shklanka, 1972). Recentiy, "Quetico
metasedimentary rocks” has come into more common usage(Pirie and
Mackasay, 1978; Wood, 1980, Fumerton, 1980, Borradaite, 1982

1-3. Previous Studies of Structural Geotogy.

Until onty very recently, a detailed investigation of the structural
geology of the Quetico metasediments had not been conducted. Eariy
investigations tended to concentrate on the nature of the boundary
between the Quetico and wWabigoon subprovinces.

Lawson(1913) interpreted both belt assembiages as regionai
monoclines, dipping steeply southward. However, Grout(1923) definsd

aregional syncline with a vertically-dipping axial plane centred in

Tanton{1926) considered the metasedimentary rocxs Lo be part of
the north Himb of an anticlinorium, with the south Himb cut of f by the
intrusion of & granitic batholith, Tanton based his interpretalion on
beading top directions, which he found to be predorinantiy to the

mym = omgm e
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north. Tanton, however, also observed south-directe

postulated the existence of a number of tightly foided secondgary
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Figure 3. lhterpretaiion by Hawley(1929) of the relationship of
faulting along the Quetico fault zone and folding of the Quetico

metasedimentary rocks. Hawley postulated that folding concurrent

with the strike-slip fault movement led to establishment of a series

of en-echelon foids with the dominant trend parallel to the regional

extension direction, and with vertically-directed fold axes.



with amplitudes of approximately 300 meters.
Hawley(1929) investigated the same Quetico-wabigoon boundary zone
approximately 30 kilometers eastward of the present study area.
Hawley, like Tanton(1926), looked closely at bedding top directions
and generally agreed with Tanton's interpretation of a series of tight
anticlines and synclines with east-west trending vertical axial
planes, arranged in an en-echelon pattern.
Upon observation of a vertically-dipping, highly schistose zone,
Hawley(182S; was first to postulate the presence of a major fault
(the Quetico Fauit) at the Quetico-wabigoon boundary. Hawley
believed the folding to be syntectonic with faulting, formed as a

sult of horizontal shearing movement associated with the regionat
wrench fault(Fig. 3). Hawley recognized that folds formed in this
manner would be distributed in an en-echelon arrangement with
variably-directed fold axes but a dominant trend parallel to the
regional extension direction.

Moore(1930) also recorded the presence of small assyretric foias
which he believed related to a regional northward thrust of the
Quetico metasedimentary sequence over the granitic and volcanogenic
rocks of the wabigoon belt.

Subsequent studies made only cursory examinations of the Que

(-J

~

metasediments. Shiklankal1872) noted that reversals in youndging

~

nyounging direction are cornmon within
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metasedinents of the Quetico belt, but the exact Tocations of fola
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Figure 5. Three-dimensional sketlch of the geometry of foids in
the Quetico metasedimentary rocks in the Calm Lake ~
Banning Leke area (from Borradaile, 1982 and
Stubbley, 1983).
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axes are not known everywhere, due to lack of marker units.”

1-4. Recent Studies of Structural Geology.
Recently, Borradaile and coworkers initiated a detailed
investigation into the structural geoiogy of the Quetico
metasedimentary rocks(Borradaile, 1982, Dutka, 1682, Stubley, 1333,
Stewart, 1984, see also Poulsen, 1980XFig. 2). Structural mapping
involved investigation of bedding and cleavage orintations,
bedding-cleavage relationships, local younging directions, minor fold
asymmetry and structural facing directions(see Borradaile, 1572).
The workers succeeded in delineating a number of regional
folds(Fig. 4). These folds are tight to isoclinally foided with axiai
ptanes that dip near-vertically and strike approximately east-west.
The most surprising aspect of these folds is the strongly curvilinear
nature of their fold axes. This is illustrated in Figure 4 by the
systematic change in structural facing directions, which aiternate
from upward-facing through sideways-facing to downward-racing.
As such, the folds can be described in various locations as upright
synclines and anticlines, sideways-closing or neutral

synformal anticlines and antiformal synclines{Fig. S).



CHAPTER TWO
PRESENT STUDY

2-1. Introduction.

The non-cylindrical folds delineated by Borradaile(1982),
Stubley(1983) and Stewart(1984) (Figs. 4 and 5) present an
interesting structural problem. Folds with such strongly curvilinear

fold axes can be described as sheath-like in appearance. The genesis

of sheath-like folds cannot generally be easily deciphered, and in the
Quetico metasedimentary belt this problem is only exacerbated by a
general paucity of rock outcrop. Knowledge of the regional strain
distribution may be of assistance; unfortunately, the Quetico
metasediments have a distinct lack of regional retiable strain
markers. Nevertheless, an indication of principal strain directions

may be provided by study of the rocks’ magnetic fapric,

Magnetic fabric can be defined as the physical arrangement of
magnetic minerals within a rock. The magnetic fabric will dictate

the shape and orientation of the magnetic susceptioility

anisotropy(MSA), or directional variability of magretic susceptibility.
The MSA of arock can be described by a magnitude eliipsoid of
magnetic susceptibility with orthogonal axes defining the three
principal magnetic susceptibilties: Ay, Ajnx aNG A 0n (THE
maximum, intermediate and minimum magnetic susceptibilities,

respectively).

=
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3
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Many recent workers have attempted compa
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Borradaile and Alford, in press). Results of this work. have Shown

that , in most cases, there is a definite correlation between
directions of principal strains and principal magnetic
susceptibilities, such that minimum susceptibility directions are
parallel to directions of greatest shortening, and maximum

susceptibility directions are parallel to maximum extension

directions, even in only modestly deformed rocks. 3uch a correlation,

however, cannot be applied to magnitudes of principal strains and
principal magnetic susceptibilities(Borradaile and Mothersill, 1584,
Henry, 1983). In other words, the spatial arrangement of magretic

minerals is generally reflective of the strain distribution within a

rock, but there is ng simple relationship between a rock's MOA and the

amount of strain it experienced.

2-2. 5cope of the Present Study.

The present study is a detailed investigation and collation of the

structure and magnetic fabric of the Quetico metasedimentary roc

both on a regional and a mesoscopic scale. Structural investigatiol

involved.
. Areinvestigation of the areas studied by Borradaile(1962),
Stubley(1883) and Stewart{1984)Fig. 2).

Structural mapping and interpretation of a simiiar,

)

12-kilometer section of Quetico metasedimentary rocrs £ast

that mapped by Stewart{ 1584,

3. Cbservation and analysis of m = and mesoaCopic
petrofabrics.
tnvestigation of the magnetic fabrics of the Quetico

rnetasedimentary rocks involved,
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1. Systematic collection of over 200 oriented samples of Quetico
rocks from‘throughout the study area.

2. Systematic, more closely-spaced collection of oriented
samples from fold closures and refracted cleavage exposed
within the study area.

3. Determination and analysis of the magnetic susceptibility and

magnetic susceptibility anisotropy(M3A) of ail oriente

samples.

Determination of the magnetic mineralogy of the Quetico rocks.

Correlation of the MSA data with magnetic mineralogy.

Correlation of the MSA data with petrofabric.

~ o U on

Correlation of the MSA data with structural elements.

The extended mapping of structural geology nas added to the
knowledge of the location, geometry and rature of foids within the
Quetico belt.

The investigation of the magnetic fabric of the Quetico rocks
produced some interesting information, including.

I. The polymineralic nature of the magnetic mineralogy and how
this could affect both the shape and orientation of the
magnitude eilipsoid of magnetic susceptibitity.

2. The nature of variation in the magnitude eilipsoid of maaretic
susceptibility with variation in lithology, rnineralogy and
strain, especially from study of the refracted cleavage.

Collation of structural geology, petrofabrics and madnetic fabrics
yielded insight into.

. Regional distribution of principal strain directions in the

Quetico metasedimentary belt.

)



metasedimentary belt.

2-3. Method of Investigation.
Field Investigations:

Approximately ten weeks, in total, were spent in the field engaged
in structural mapping and sample collection.

Structural mapping involved the observation, measurement and
recording of bedding and cleavage orientations, bedding-cleavage
intersection lineations, minor fold asymmetry and orientation, local
younging directions, and other minor structural features, such as
local kKink zones and ductile shear zones.

Collection of oriented samples was accomplished by either
marking the strike and dip of a well-developed cleavage plane, or by
rnarking the north direction on horizontal surfaces. sampies were
collected from rock exposures along Highway 11, the CNR. raiiway
and the Seine River system, at intervals of approximately 300
meters(Fig. 6). Cores of 2.5 centimeters diameter were 2725
collected in selected locations through use of a back pack drill. In

all, 287 samples were collected.

Laboratory Investigations:

Much of the 3aboratory Lime was spent in preparing and measuring
the oriented sampies for MSA, and in determining the madgnetic
mineralogy of some samples. Experimental procedures for both are
described in later sections,

petrographic investigations
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CHAPTER THREE
LITHOLOGIES AND SEDIMENT ARY GEOLOGY

introduction

The rocks of the study area have undergone a pervasive regional

metamorphism, and could be broadly classified as schists and

phyllites. Most rocks, however, are also readily reccgnizable as

clastic sedirentary rocks, with many preserved sedimentary

structures and textures. The following lithoiogical units are

identified in the present study area(the prefix meta- is implied for

all rocks):

Clastic sedimentary rocks

Sandstones

Mudstones

Yolcanic rocks

Mafic volcanic flows

Felsic to intermediate volcanoclastics

3-2. Lithologies,
Clastic sedimentary rocks

1 mogm -~k -
SFngsionas

Sandstones are very abundant as massive beds

U Lo one meter
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completely transitional in grain size to mudstone. The beds are light
to medium grey on a fresh surface.

Quartz is easily most abundant of the framework minerals of the
sandstones, comprising 50 percent or more of this textural fraction.
Grain size rarely exceeds one millimeter, and is completely
gradational to less than 0.02 millimeters. Quartz grains typically
display undulose extinction and, less commonly, recovery. Ribbon
quartz is present in some rocks.

Feldspar is next in abundance of the framework minerals. Most
rocks contain 10 to 15 percent of the feldspar clasts, some rocks
having up to 25 percent. Sodic plagioclase is the most common
feldspar, atkali feldspar is rare. Maximum grain size is siightly less
than one millimeter and, like quartz, grain size is completely
gradational to less than 0.02 millimeter. Most feldspar grains are
saussuritized to varying degrees,; some are very extensively aitered
Feldspar grains are generally more deformed than quartz grains.

Lithic fragments are a rare component of the sandstones

Fine-grained, intergrown quartz, feldspar, chiori

r—'-
D

and sericite, 4
observed. Patchy aggregates of quartz and chiorite may represent
original cherty fragments. Coarser-grained quartzolitic fragments
are more rarely observed. Lithic fragments rarely exceed 5 percent
of the volume of the framework minerals. They are, however, the
most deformed of the components and are commonly exiensively
altered to fine-grained chlorite and sericite. it is probabie that mary
Hthic fragments are now completely altered and represent a large
proportion of the pseudomatrix(Plates 1 and 2).

Matrix content of the sandstones is quite variablie



Plate One. Photomicrograph of a biotite schist
{metamorphosed sandstone) from the south part of
the study area (sample location BOS - see Fig. 6).
The slide consists mainly of subrounded guartz
clasts and coarse biotite crystals in a matrixz of
fine-grained quartz and feldspar ang
phyllosilicates. The rock possesses a typical
“greywacke texture”, with a significant proportion
of the matrix consisting of recrystallized guartz
and feldspar, and anchimetamorphosed
phyllosilicates. Note the two generations of
biotite: & coarse-grained fraction of stubby
crystals with ragged crystal outlines, and a
fing-grained fraction of elongate crystals with a
strong preferred crystaliographic orientation. The
coarse-grained fraction may represent
post-deformation  metamorphism, suggesting,
perhiaps, that metamorphism, at least in this part
of the study area, was longer-lived than
deformation.

tem =02 mm
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content in the range of 10 to 30 percent. it is, in some cases, related
to grain size. That is, the coarser sandstones typically have a small
matrix content. Some graded beds display an increase in matrix
content with decrease in grain size. Mineralogy of the very
fine-grained matrix is as follows(see Plate 3).
Quartz+chloritermuscovite+feldspar(zcarbonatezbiotite)

Accessory epidote, sphene and apatite are also present.
Quartz, chlorite and muscovite comprise over 80 percent of the
matrix.
In some rocks, compositional banding, with alternating
quartz-rich, and phyllosilicate-rich bands, is present{Piate 4).
Carbonate is a significant mineral in some rocks, forming up to 10
percent of the matrix. 1t is most abundant inroCcks witnin the north
part of the study area. Carbonate is observed replacing framework
minerals, within strain shadows of guartz fragments, as a matrix

cement, and as patchy grains and lense

U L)

Opague mineral phases comprise one to ten percent of the
sandstones. Grains generally range in size from 0.05 millimeters to
0.2 mitiimeters, The dark minerals occur in thin section as

pseudornorphs after, or partially replacing frarnework miinerals, a

(_n

subhedral to euhedral cubic crystals or as strung-together or
amorphous lenses. Observations of polished grain rmounts under
reflected light microscope have identified some of the opagque

minerals as pyrite, pyrrhotite and magnetite, in order of abundance.



Plate Two. Photomicrograph of a metamorphosed
lithic subarkose (sample B34 - see Fig. 6). Quartz
(clear) and feldspar {slightly mottled) clasts in a
fine-grained matrix comprised of quartz, feldspar,
chiorite, muscovite and carbonate. A lense of
carbonate can alsc be seen in the lower left-hand
corner of the photograph. The rock possesses a
very well-developed planar  deformaticnal
microfabric. Note the dark bands in the
photograph. These bands represent stylotitic
cleavage traces.

1cm=02mm
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According to this system, sandstones with matrix contents of

D

less than 15 percent are termed arenites. Those with matrix contents
greater than 15 percent are termed wackes. The sandstones are then
further subdivided according to relative abundances of quartz+chert,
feldspar, and lithic fragments.

As noted previously, sandstones in the present study area have a
variable matrix content. A significant, but largely indeterminate,
amount of the matrix consists of altered ithic fragments, highly
saussuritized feldspar fragments and dynarmically recrystaliized
quartz fragments and, as such, is of diagenetic or of metamorphic
and/or deformaticnat origin.

According to the Pettijohn et. al.{1972) classification, Quetico
sandstones could be classified both as arenites and as wackes, but
the classification system does not account for pseudomatrix quartz
subgrains of metamorphic/deformational derivation. Allowance for

these post-depositional effects may require many wackes to be

Is}

reclassified as arenites.

All sandstones of the present study area are from the same
envirenment of deposition and are probably deposits of essentially
the same sedimentary processes.They are designated arenites and
classified accordingly(Fig. 10). Modifiers guatitatively indicate
matrix content: matrix-poor(<15 percent matrix content),
matrix-richC 15 percent matrix content) and rmatrix-supported>7<
percent matrix content, individual framework rminerails do not toudny,

cxarmnples of each of matrix-poor, matrix-rich and
matrix-supported arenites are found in the persent study area.
Arenites are classified as subarkose and Hithic subarkose. One sampis

examined was a refatively fine-grained quartz arenite. Most of the



Quetico metasandstones are matrix-rich lithic subarkoses.

ruastonas

Mudstones are common, but less abundant than the sandstones, in
the present study area. They comprise the top portion of graded beds
or are interbedded with sandstones. Bed thickness ranges from 10
centimeters to less than one centimeter.

The mudstones consist of a very fine-grained assembiage
granular, subrounded quartz and plagiociase feldspar with minute
laths of chlorite and muscovite with subparaliel alignment. Grain
sizes are generally less than 0.05 millimeters, but sand-sized
fragments of quartz and feldspar make up to 25 percent of some
rocks. Compositional banding, with alternating quartz-rich and
phyllositicate-rich bands, is common{Plate 4). Bands are 1ess than
one millimeter wide. Carbonate cement and patchy carbonate ienses
are observed in some rocks. The mudstones typically contain one o
two percent opaque minerals, with grain sizes in the range of 0.04

millimeters to 0.2 millimeters. The subhedral to euhedral cubic

~t

outline of many of these opague minerals suggests pyrite of

post-depositiorl {(and post-deforrational) origin.
The mudstones are typified by a metamorphic mineralogy

(chlorite+muscovite). The sub-paraliel atignment of phyllosilicates

defines a continuous cleavage which transects depositional surf

(nl

Thus, the dominant fabric of the mudstones is of metamorphic origin.
AS such, most workers in the Quetico metasedimentary belt nave

identified these rocks as slates and phyllites{e.q. Corradaile, 1952,



Volcanic rocks

Rocks of volcanic derivation are exposed in a limited extent in the
extreme north regions of the study area. The rocks are generally
considered to be north of, or within the Quetico fault zone, and part ¢
the Wabigoon granite-greenstone belt.

Two volcanic lithologies are identified in the study area. mafic

volcanic flow rocks and felsic to intermediate volcanociatic rocks.

Maric volcanic rlow rocks

Massive mafic flow rocks are exposed in the extreme northwest
corner of the study area along the CN.R. railway west of Flanders, and
interbedded with volcanoclastic rocks on the south shore of Banning
Lake(Fig. 6). The rocks are dark grey-green to reddish brown on
weathered surface and dark to medium green on fresh surfaces. They
are massive, medium-grained and possess a moderately
well-developed cleavage from preferential orientation of amphiboles
and micaceous minerais.

Thin section examination of one sample (Plate &) shows actinolite,
quartz and feldspar pherocrysts in a fine-grained, felted matrix
consisting of epidote, chiorite, actinolite, quartz and feldspar. A

well-developed continuous cleavage is developed from the strong

(3¢

preferred orientation of matrix minerals. Actinolite phenocrysts ar
generaity polygranutar in lath-like or fibrous aggregates. Feidspar

phenocrysts are generally highly saussuritized.

FEISIC L0 INBIrImediate volcancc/astic rocks

canoclastic rocks are exposed in the north-centrai part of the

Stugy area, aiong the CN.R raiiroad and the south shore of Banming



Plate Three. Photomicrograph of a metamorphosed
matrix-rich lithic subarkose {sample T13 - see
Fig. 6). Quartz (clear) and feldspar (light grey)
clasts in a fine-grained matrix of quartz, feldspar,
chlorite, muscovite, epidote, sphene and carbonate.
The rock has a well-developed tectonic planar
fabric. Many of the quartz and feldspar clasts
display strain shadows with fine-grained
quartz-mica and quartz-mica-carbonate
intergrowths in the shadow regions. One feldspar
grain (on right-hand side of the photograph) is
poikioblastic, with inclusions of epidote.
tocm=02mm
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Lake near Banning Narrows(Fig. 6). The volcanoclastic rocks are
apparently a water-lain sequence, often interlayered with phyllites
and sandstones, and, texturally, dispiaying laminations and
well-rounded fragments. Toward the north, both volcanoclastic and
sedimentary rocks become transitionally thinner-bedded and

subordinate to mafic and intermediate flow rocks.

Felsic volcanoclastic rocks are light buff coloured, with reddist
brown alteration products typically along cleavage surfaces. Fairly
coarse(up to 4 millimeters) deformed crystal fragments of quartz and
feldspar and lithic fragments are imbedded in a very fine-grained,
fissile groundmass. The groundmass consists mainly of very
fine-grained(less than 0.02 millimeter) gquartz and sericite with

chlorite, epidote and minor amounts of carbonate and sphene. Quart

™~

crystal fragments are least deformed, displaying undulose extinction
or dynamic recrystallization. Feldspar crystal fragments are
saussuritized and some grains display mechanical twinning. Lithic

fragments are felsic in composition, consisting of a fine-grained,

(])

polygranular assemblage of quartz, feldspar, muscovite and chiorit
The lithic fragments are highly deformed(Plate 5).

Intermediate volcanociastic rocks are darxk to medium green on
fresh surfaces, and typically reddish brown to dark green on

weathered surfaces. Crystal fragments of quartz and retdspar and

not abundant. Groundmass of the intermediate volcanocliastic rocks iz
simitar 1o that of the felsic volcanociastic rocks, with a greater
abundance of chlorite and epidote. Lithic fragments Consist of a very

fine-grained(0.01 millimeter) assemblage of quartz, reidspar,
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chiorite, muscovite and epidote. Some rocks display compasitionat

~J

banding, with alternating quartz-rich and phyllosilicate-rich bands

less than one millimeter wide.



Plate Four. Photomicrograph of metamorphosed
mudstone-siltstone laminations (sample T36 - see
Fig. 6). The rock consists of a fine-grained
assemblage of quartz, chlorite, muscovite and
feldspar. Dark phyllosilicate-rich bands and light
quartz-rich bands, less than one millimeter wide,
indicate mudstone and siltstone laminations,
respectively.

fcm=02mm



FPlate Five. Photomicrograph of a metamorphoced
'; E

felzic japilhi tuff. Quartz crystal {clears, feldzpar
crgatal (Hight greyd and 1ithic fragments {mottizd)
o3 fine-grained matrix of sericite, quartz,

chiorite, and opaque minerals. The rock possesses

-develo iéij tectonic Pi’(iﬁi',fﬂ fabric '&‘"lfl

3 wiell 0 i the
dark tands  possibly  representing :z;iuh::‘r;t;c:

cleavage 1'-3::&5. The asymmetric disiribulicn of
the strain shadows about the coarse guartz crystai
zuggests a component of rotation in tectonic
fabric dewelopment.



Plate Six. Photomicrograph of a mafic meta-
volcanic flow rock (sample TO1 - see Fig. 6). The
rock consists of actinolite and feldspar
phenocrysts in a felted, fine-grained matrix of
epidote, chiorite, actinolite, quartz, feldspar and
opaque minerals. Feldspar phenocrysts are highly
saussuritized. A well-developed continuous
cleavage is defined by the preferred orientation of
matrix minerals.

1 cm =02 mm



3-3. Sedimentary Features

The Quetico metasedimentary sequence is comprised of a
repetitive interstratification of alternating sandstones and
mudstones. Bed thickness varies considerably from one meter to less
than one centimeter. Mudstone beds are commonly laminated. in thin
section, compositional banding of some mudstones is observed, with
silt-sized quartz-rich bands and mud-sized phyligsilicate-rich bands
less than one millimeter thick.

Beds are laterally continuous. Very few beds are observed 1o
truncate, pinch out or vary greatly in thickness. Bases of sandstone
beds are sharply demarked and straight.

Numerous primary sedimentary structures and textures are
observed(Fig. 7). Many of these structures indicate ocal younging
directions.

By far the most common sedimentary texture is graded bedding.
Graded sandstone beds(Fig. 7A) vary in thickness from nearly one
meter to one centimeter. Grain size typically grades from coarse
sand upward to finer sand, silt and mud.

Ripple cross-lamination(Fig. 7D) is observed in numerous

locations. The cross-laminated beds are less than S centimeter

(_l')

thick and are found within sandstone beds and sandstone-mudstone
larninations. Tops of the laminations are truncated and foresets
gradually curve downward to become paratiel with underiying peds.

Load casts(Fig 7C) and flame structures are present in some

f

locations. none tocation, incipient developrment of a
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Figure 7.

DI

ITlustrations of typical primary sedimentary
structures observed in the Guetico metasedimentary
rocks:

Incipient development of a "ball-and-pillow"
structure at the contact of a mudstone bed and an
overlying graded sandstone  bed,

Crude cross-stratification in a sandstone  bed infilling
a scour channel.

Bed 1oading of a sandstone  bed overlying
mudstone-siitstone laminations.

Rippie cross-stratification within a sandstone  bed.

E. A possible dewatering pipe at the contact of a

sandstone  bed and an overlying coarse sandstone  bed.
Dewatering pipes form when 1lithostatic loading
causes rapid expulsion of water +from underliying beds

along localized conduits.
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tense of sandstone may become detached from the overlying bed and
incorporated into the mudstone as a sandstone

Scour channels and erosional surfaces are rather rarely observed. In
some cases, the erosional depression is directionalily refilied with
coarse debris, forming a crude cross-stratification(fig. 7B).

A structure resembling a dewatering pipe is cbserved in one
tocation. Such a pipe forms in sandstone beds when lithostatic
toading causes the rapid expulsion of water from underiying beds
along localized channels or pipes. The pipes originate from, and ars
generally perpendicular to, the base of beds. The pipes disrupt

sedirmentary structures within the beds(Fig. 7&)

3-4. Environment of Deposition
The general sedimentary features of the Quetico retassdimentary

rocks can be summarized as funo NS

—

Repetitive interlayering of sandstone and mudstone beds,

2. Sandstone beds are laterally continuous, have sharp, auriugd
bases and are commoniy graded.

2 The most commonly observed sedimentary structuresand
textures are graded bedding, parallel laminations and rippie
cross-laminations.

4 No evidence for shaliow water reworking of the sedimenis o,
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BOUMA. DIVISIONS INTERPRETATION

E FINES IN TURBIDITY CURRENT, FOLLOWED
(D) > BY PELAGIC SEDIMENTS
C LOWER
TRACTION IN FLOW REGIME
B UPPER
2
A RAPID DEPQSITION, 7 QUICK BED

The five horizons of the Bouma sequence for
turbidites:

Massive or graded sandstone.

Parallel laminated sandstone.

Ripple cross-laminated fine sandstone.

Fine silt and mud laminations.

E. Mudstone.
{(from Walker, 1984).

Figure 8.
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Kuenen and Mighiorini(1920) first proposed the concept of
sedimentary deposition from turbidity currents. Since then, a wealt

of data describing the sedimentary features of turbidites has
accumulated. Boumal{1962) described a sequence which represents
the idealized sequential accumulation of a singie turbidite. This
sequence has become generatly accepted. The Bouma cycie or
sequence consists of five horizons(Fig. 8) from base to top. A)
massive or graded sand;, B) sandy parallel laminations, C)rippied
and/or convoluted laminations, D) fine silt and mud taminations, &)
mud.

The Bourna sequence represents all horizons observed in

turbidites, and in sequential arrangernent. MNo other horizons nav

(¢t}

been consistently identified in turbidites. The Bouma segquence,

however, 1S an idealized sequence, and all five Rorizons are usuait,

ot

not present. One or more horizon can be absent frorm an eniire
turbidite succession.
The Bouma segquence does provide a means of eastiy (

turbidites. For example, a sequence consisting of ail five horizons

aiternating graded sandstone and shale Couid be termed AL turidifz:
Sullwoid{ 1960} first interpreted turbidite sequences in t2rms of
submarine fans, Mutti and Ricci Lucchi(1972) proposed facies and

>
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facies sequences as a means of describing the

environment of the submarine fan. From this Conceapt svoived 3

ymem b 4 am o am ~ - - -~ - Y ta 1§ ,<¢,1f5': AN al - . -
rumber of farn models and turbidite facies Walkerl 1523 Je30rioss &
- A om e - ~ - - 1 C ™ -~ - - - ~
submarine fan mode(Fig 8) consisting of
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booUpper fan with a singie Teeder charnne
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'Figure 9. Submarine fan environmental model, showing the.
typical depositional sequences associated with
different depositional environments of the fan.

{(from Waiker, 1984). .

FEEDER CHANNEL

SLOPE INTO BASIN
THIN BEDOED TURBIOITES
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CONGLOMERATES ¢
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GRADED {73y - \ v PEBBLY 35TS.
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DED~
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THIN BEDDED N0 ACLATIVE SCALL MPLID

QUARTZ + CHERT

”
Quartzarenite
K3 5

Subarbose | Sublitharenite

Lathwe Feldspaihiv
arhose litharenite

LITHIC
FRAGMENTS

25 50 25

FELDSPAR

Figure 10. Classification system for sandstones based on
relative amounts of quartz fragments, feldspar
fragments and lithic fragments. Fragments are

>0.02mm.
(from Pettijohn et. al., 1972).



depositional lobes.

3. Lower fan.

4. Basin plain.

Using this submarine fan model, turbidites could be placed in a more

exact depositional environment(see Fig. 9), For exampie, AL

turbidites would be proximal to the fan-channe! in the mid- to upper

(@]
~J

fan, while thin-bedded BCDE or CDE turbidites would be channet-

dista

areas..

I, associated with the tower fan, the basin plain, or int

walker(1984) describes five facies which account for all

gepositional sequences of his fan model.
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1. Classical turbidites, as described above, with the Bouma
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i the present study area, only ti

sequence as the ideal.
Massive sandstores,

Pebbly sandstones.

Siurmps, slides, debris

..... T

observed. This 13 hardly surprising, sinc

associated with the mid fan, lower fan and basin piain, an

submarine fan environment.

metasedimentary bell, pebbiy sandstones and conglomeraces have
beern observed o a limited extent(see, .., Dutka, 1822)

i the gast and west parts of the study arsa, ABE, ABDE, and ol
uroigites are most commonly observed. tnsoms 1ocations, the &nt
Gurng eguennce 13 regresented. The A O B ROMiZons are dorinani

cut gl horizons are relatively thin-bedded, rarst, excecding 2
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‘centimeters in thickness, The turbidites of these parts of the study
area are interpreted as part of the Jower-mid to outer submarine fan
depositional environment.

in the central parts of the study area, there is an increase in both
proportion and thickness of the A horizon. ABE, BCE and At turbidites
dominate. These are best observed in the series of outcrops along
Highway 11 east of Little McCauley LakelFig. ©). Here, massive 1o
graded sandstone beds up to one meter thick are common. By
comparison, other horizons are thin. Turbidites in the central part of
the study area are interpreted as part of the mid fan region of a
submarine fan.

A more comprehensive interpretation of the depositional

environment of the Quetico metasedimentary rocks is beyond the

)
)

-r

scope of this study, It should be noted, though, that a general paucity

(

~

y

of outcrop and a recognition of the rather compiex structural geo)

<

of this area would make a more detailed study somewhat difficult
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CHAPTER FOUR

STRUCTURAL GEOLOGY AND METAMORPHISM

4-1. Structural Geology

Part of the present study involved a re-investigation of the
structural geology previously reported and interpreted by
Borradaile(1982), Stubley(1983) and Stewart(1984)(see Fig. 2).
Dutka(1982) also conducted a detailed structural mapping of a section
of the Quetico metasedimentary rocks some 10 kilometers east of the
present study area, close to Atikokan,

The interpretation of structural geology of the present study is
based on data compiled by the three authors, by the re-investigation
of the three respective area, and by myseif from structural mapping
in an area east of and adjacent to the area studied by Stewart( 1584
(Fig. 2).

Interpretation of the major structural features of the Quetico
rocks is based on the observation and interpretation of the following

structural elements in cutcrop and handspecimen scale.

I. S-surfaces.
2. Bedding-cleavage intersection tineations.
3. Local younging directions.

. Asymrnetric minor folds.

I

. Fold structural facing.

o

S-surfaces
Thers are two planar surfaces consistently found in outcrop,

sedirmnentary bedding surfaces(Sy) and cleavage surfaces(s )
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Numerous bedding (SgJ surfaces are generally exposed in each

outcrop. Massive sandstones, graded sandstones, mudstones and
mudstone-sandstone laminations vary in thickness from one meter to
less than one centimeter.

A single penetrative cleavage is observed in all outcrops and is

designated 5¢. In thin section, the cleavage is observed to be

continuous and defined by the preferred crystallographic orientation
of phyliosilicates and, subordinately, by the preferred dimensiconal
orientation of quartz and feldspar. In outcrop, cleavage is cbserved to

be beiter developed in mudstones than in sandstones. St surfaces are

often difficuit to see in outcrop in sandstones, and can be measured
nly by the observation of the orientation of individual coarse
phyllosilicates or by discontinuous fracture cleavage surfaces.
In some outcrops(e.g. sample location P31, see Fig. 6),
well-developed refracted cleavage is observed(Plate 9). The
refracted cleavage is always found in graded sandstone beds. The

anéle petween Sq and Sy surface traces on the outcrop surface varies

systematically from 55 degrees at the coarse-grained base o less
than 10 degrees at the argiliaceous top of the graded beas,
Other S-surfaces include minor kink bands and brittle-ductile

shear zones. Both structures displace Sy and S, surfaces in the

example 1l1iustrated

Kink bands are observed in many outcrops. The banas are generaliy
less than one centimeter 1n width, irregularly spaced and
discontinuous. In some locations(e g. sample location T435, see Fig g
reguianrty-spaces, asvmmerrc kink bands are found

Brittie-ductile shear zones, ke Kink bands, are observed 1n many



Plate Seven. Photomicrograph of a brecciated
metasandstone (sample location P25 - see Fig. 6}
The sub-angular to sub-rounded fragments range in
size from over one centimeter to less than one
millimeter in diameter. Note that the fragments
possess well-developed continuous Ccleavage
traces, principally defined by the preferred
crystallographic orientation of phyllosilicates.
The cleavage traces, however, are differently-
oriented in different fragments, indicating that
brecciation was a post-5, cleavage event.

1ecm=02mm



Plate Eight. Outcrop surface of brecciated
metasandstone (sample location - see Fig. 6).
Pocket knife is 7 centimeters long.



Plate Nine. Well-developed Sq cleavage refraction

in graded sandstone beds with argillaceous tops
(PLR samples - see Fig. 6). S, bedding plenes ere

oriented at 085-90. S cleavage plane orientation

varies from 030-45 at the sandstone base of th
beds to 075-70 at the argiliaceous top of beds.



Plate Ten. Well-developed bedding-cleavage
intersection lineations in Quetico metasedi-
mentary rocks in the face of a mudsione rock
exposure next to Highway 11(F2 sample location -
see Fig. 6). Note the curvilinear nature of these
So/S intersection lineations.
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Plate Eleven. Brittle-ductile shear zone (S,

surféce)'at the top surface of a Quetico meta-
sedimentary rock outcrop next to Highway
11{sampie location P36 - see Fig. 6). This Sy

plane is oriented st 100-80 and displaus dexirai
displacement. The hammer is resting on a8
turbidite bed which displays all five horizons of
the ideal Bouma sequence.
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outcrops(Plate 11). The shear zones are discontinuous with variable
widths up to one meter. The zones are characterized by the bending
and/or faulting of 5q and 54 surfaces, thinning and boudinage of
bedding and intensification of the planar penetrative deformational
fabric. Quartz-filled, sigmoidal-shaped tension fractures are present
in some shear zones. Displacement of Sy and 5S¢ surfaces along the
shear zones rarely exceeds 10 centimeters

Both kink bands and shear zones are oriented in conjugate sets at
approximately 035-90 and 120-90. The planes oriented at 032-90
generally display right-1ateral displacement; these at 120-90
generally display left-lateral displacement.

The fact that both kink bands and shear zones displace 5q and 5,
surfaces, that both are oriented at a coincidental set ¢of conjugate
attitudes with the same sense of displacement, and the cbservation

that some kink bands progressively change into a gentie bending of Spy
and 5, surfaces all suggest that the kink bands and trittie-ductile
shear zones are retated to the same deformational episode  Both are
designated S, surfaces and are arbitrarily assigned te 2Dy,
deformational episode for this area. 5, surtaces are widely- and
irreguiarly-spaced, discontinuous and display very little

displacement.

cedding-cleavage intersection lineations
Only ong Hrealion is consistentiy cbserved throughout the study
area: rne becding-cieavage intersection lneationsise /S, Inearinns;

These lineations are most clearty developed in mudstones and fins



47
sandstones.
Systematic structural mapping of outcrops failed to reveal
evidence of consistently-oriented silicate mineral lineations. it is
apparent these silicate minerals describe predominantly a

flat-shaped fabric in the Quetico metasedimentary rocks.

Local younging directions

There are a number of primary sedimentary features in the present
study area which indicate local younging. The most common s graded
bedding, representing the A horizon of turbidite sequences
Turbidites are unreworked, deep-water sedimentary deposits and it is
believed that graded bedding is a reliable younging indicator, although
local coarsening-upward cycies are present. Care must be taken to
decide whether a perceived graded bed is, in fact, a single bed.

Cross-stratification is another fairly commmon younging indicator,
Again, care must be taken in the present study area to distinguish
cross-stratified foreset beds from sigmoidal-shaped tension
fractures which are present in some thin-bedded sandstones.

Other local younging direction indicators inClude scour channeis,

bed loads and flame structures.

Asymmetric minor folds

Asymmetric minor folds are only rarely exposed in the present
study area. Intrafolial folds are often observed in
sandstone-mudstone faminations, but their sense of symmetry-is

difficult to discern from these folds.
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Where possibie, the sense of symmetry and the plunge of

of the minor folds have beenrecorded.



Fold structural facing

Structural facing is an important structural parameter which
provides insight into structural style, fold orientation and
stratigraphic order of a deformed rock sequence ir three dimensions.
The term was first used by Cummins and Shackleton{1935).
Shackleton(19358) clarified the concept of fold structural facing,
defining it as the direction, parallel to a fold's axial plane, and
perpendicular to its fold axis, in which progressively younger strata
is encountered(Fig. 11A).

Under this definition, structural facing has important
stratigraphic implications. In an area of folded strata, 1ocal younging
directions can vary considerably. The structural facing direction,
however, is consistent and indicates the direction in which the
stratigraphic succession, as a whole, becomes younger(Fig. 11A).
Reversals or strong variations in structural facing directions may,
but need not necessarily, indicate polyphase deformation(Fig. 118).

when folded rocks possess an axial planar cleavage, and when iocal
younging direction is known, the angular relationship of folded
layering and axial planar cleavage can be utilized, and fold structurat
facing direction can be determined at the limbs of a fold(Borradaile,

1976). Axial pianar cleavage planes are approximately{though not
necessarily strictly) parallel to the axiai ptane ¢of the folded layering
As well, the intersection lineation between axial planar cieavage and
folded layermg is approximately parallel to the fold axis(Fig 1100
ring Lo Shackieton's definition, and substituting axial planar
cleavage for axial plane and intersection lingation for fold axis,

tructural facing can be determined at the limb of a fold as the

(ﬂ

direction, paratiel to axial planar cleav urfaces and perpendicuar

5t
U )

o

g



Figure

{1.
A.

The concept of structural facing.

Fold structural facing direction <(heavy arrows! Iis
the direction, parallel to the axial plane (stippled}
and perpendicular to the fold axis, in which
progressively younger strata is encountered. Note
that, in the series of folds, local younging direction,
as indicated by graded bedding, wvaries considerably
from limbs to hinge =zones, but structural facing
direction 1is consistent  throughout.

Reversais  in structural facing direction may
indicate more than one phase of folding. In this
example, & large recumbent fold is refolded into a
series of second folds. Reversals of structural
facing directions on second cleavage surfaces
indicate the location of the first (recumbent) fold
axial surface (from Borradaile, 1976).

Structural facing may be determined at the limbs of
a fold when it can be shown that the fold possesses
an axial planar cleavage. Here, structural facing
direction (heavy arrow} 1is the direction, parallel to
the axial planar cleavage surfaces and perpendicular
tc the intersection lineation of the cleavage and
foiced surface, in which progressively younger

strata 15 encountered.
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‘Figure 12. The two exiremes of angular relationships between
cleavage planes and the axial plane of transected
folds, where A is the dihedral angle between the
cleavage planes and the fold axis, and d is the angle
between the cleavage planes and the axial surface of
the fold. WhenA=d =0, cleavage is paraliel to the
axial plane, and is termed axial planar.

A. d =0z A. Note that cleavage may appear to be axial
planar in the fold profile.

B. 4 =0 2z d. Note that the intersection lineations
between cleavage planes and fold surface are
parallel to the fold axis.
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to layering-cleavage intersection lineations, in which the layering
becomes younger(Fig. 11C).

Determination of structural facing directions at the limbs of folds
from bedding-cleavage relationships requires the cleavage to be axial
planar. In the overwhelming number of cases of syn-deformational
cleavage development, cleavage plares are axial planar to folds
generated by that deformation phase. There are, however, rare
recorded cases in which cleavage, of both post-deformational and
syn-deformaticnal origin, is not axial planar(Borragaile, 1978). Folds
with non-axial, synchronous planar cleavage are fermed fransected
folds.

Before determining structural facing directions from
pedding-cleavage relationships, then, it is important to establish the

relationship, because axial planar cleavage cannot be assumed.

Consider a folded layer containing cleavage planes(Fig. 12). Where
A is the dihedral angle between the cieavage planes and the fold axis,
and d is the angle between cleavage and the axial surface of a foid in
the fold profile, cleavage is axial planar when a=d=0. Borradaile
(1978) suggests that these conditions shoutd be confirmed in a
number of well-exposed dominant fold hinges or in minor 101ds
accompanying the dominant folds to establish axial planar cleavage in
an area of folded layering.

fri the Quetico metasedimentary rocks of the present study area,
this angular relationship has been examined in a nurnber of
asymmetric minor folds and inamajor fold closure exposed beside
Highway 11 near Flanders(sarple location B28, Fig. &). Inall cases,
the conditions A=d=0 are satisfied and cieavage can be Considered
axial planarisee Figs., 13 and 14).

I seems safe, then, o concClude that 5y Cleavace planes are ax1ai
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Figure 13. Sketch of near-profile view of a major F1 fold

closure at sample location B28 (see Fig. 6). Note the
bedding-cleavage relationship. S, cleavage planes

are axial planar to the folded 50 beds.
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planar to major folds in the Quetico metasedimentary rock sequences,
and bedding-cleavage relationships can be used to indicate location
and sense of closure of folds and to determine structural facing

directions.

Major structural features

Analysis and delineation of major structures is based on careful
investigation and interpretation of related minor structural features
observable in outcrop scale: S-surface relationships, local younging
directions, structural facing directions and asymmetric minor told
orientations.

From these features, two deformational episodes have been
delineated.

Figure 12 provides a summary of minor and major structural
features of the present study area. The structural geology map in the
inside flap of the back cover of this thesis provides a more detailed

representation of structural data.

S bedding surfaces are rejatively consistently oriented, varving
fittle from an average strike of approximately 080 degrees, and
usuaily dipping very steeply toward the north or scuth.

Sy cleavage surfaces, like 5q surfaces, display arelatively
consistent orientation throughout the study area The average 5,

surface strikes at approximately 075 degrees and dips
near-vertically or occasionally steeply to the north or south.

SO/S] intersection lineations have variable orientations within 2

plane approximately parallel Lo SC



Figdre 15. Map of the major structural features of the Quetico’

metasedimentary rocks in the Calm Lake - Perch
Lake area.
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lineations defines a number of density maxima(Fig. 16B).
Most local younging directions are toward the north(Fig. 15). There
are some locations, however, where jocal younging directions are
toward the south. These are invariably accompanied by a change in
bedding-cleavage relationship although the structural facing

direction remains constant. Such reversals in the local younging

direction help to bracket the locations of major £, fold axial

traces(Fig. 13).

Structural facing directions, like 55/3 intersection

lineations,have a wide range of orjentations and often vary
systematically from upward- through sideways- to downward-facing
over a distance of approximately three kilometers in the prominent
structural strike direction. Most structural facing directions,
however, have an east-facing component(Fig. 15).

The characteristics of the outcrop scale structural efements have

the following implications for the geometry and attituce ¢f th

F\ folds.

™
iid

¥
i

D
| S—

small volume in narrow zZones,

)
t

The preponderance of northward younging directions indicates that
the major F, folds are asymmetric with long north-younging limos

aiternating with short south-younging 1imps.

i

The strong variation in directions of potn structural facing and
bedding-cleavage intersection lineations indicares that the foid

axes of the major Fy folds are strongly curvilinear, possiply

7



F1gure 16A. ‘Stereographic pro;ectwn of onentatwns of
B bedding-cleavage (S0/51) intersection lineations in
a the Quetico metasedimentary rocks of the present
study area.

B. Contoured stereographic projection of S0/S1
intersection lineation orientations in the present
study area.

So/S; ~~—  —
intersection lineations
2%,6%,10% n=97
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"sheath-like"

fn summary, the structural geology of the Quetico

metasedimentary rocks of the present study area is characterized by

a number of major F, folds. The Fy folds are tight to isoclinal and

asymmetric. They are also non-cylindrical. The fold axes are 50
strongly curvilinear that, in various locations, folds can be described
as upright synclines and anticlines, elsewhere as sideways-closing

folds and in still other locations as antiformal synclines and

synformal anticlines. The pairs of axial planes of the asymretric Fy

folds are spaced approximately three to four kilometers apart in
roughly en echelon arrangment subparallel to the dominant east-west
structural trend(Figs. 15 and 17).

fn one location(sample location P26, see Fig. 81, a zone of
brecciation is present. The breccia zone is composed of lithified
sub-angular to sub-rounded fragments of gradaticnal size range from
over one centimeter to less than one millimeter in diameter(Plates 7
and 8). The zone boundary is irregular, varying from sharp to

gradational. At one point, the zone boundary is characterized by the

bending of Sy and 5 surfaces, followed by incipient fracture and
brecciation, then brecciation toward the central part of the zone
Careful examination reveals that the sub-angular, variably-oriented
breccia fragments possess 5y Cleavage surfaces, inaicating the
brecciation is a post-cleavage deformation phase. Elsewhers, S.

shear zones are cbserved displacing the breccia zone

The brecCla zone may represent a late-stage dDrittle deformarion

(X))
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phase of the D! deformaticon episode (the
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generated the S, cleavage and the major Fy folds).
The final phase of deformation observable throughout the present
study area is represented by the conjugate set of 3, kink bands and
brittle-ductile shear zones, oriented at approximately 035-90 and

120-90, displaying right-1ateral and left-lateral displacement,
respectively. Displacement along these surfaces rarely exceeds ten

centimeters. The 52 surfaces represent the structural features of
the local Dy deformational episode. The S5 surfaces are generally

irregularly-spaced and discontinuous, and have an insignificant erfect

on the structural features and trends of the D] deformaticnal episcde.

Table 1 summarizes the sequence and structural reatures of the

two deformational episodes.
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Table 1. Sequence and features of the D] and D2 deformational

episodes affecting the Quetico metasedimentary rocks in

the Calm Lake - Perch Lake area.

D5 episode Development of conjugate sets of minor,

irregularly-spaced, discontinuous kink bands and

brittle-ductile shear zones. The 52 surfaces are

oriented at approximately 035-90 and 120-80, and
display right-lateral and left-lateral displacement,

respectively, of 1ess than one meter.

D1 episode Late-stage brittie deformation forms local,

discontinuous brecciation zones

Developrment of major F1 folds in reughly enecheion

arrangement along a dominant east-west structural

trend. F1 folds are tight to isoclinal, asymmetrica
and non-cylindrical. Axial planes trend east-west
and din near-vertically, but fold axes are strongly
curvilinear. Contemporaneous development of
pervasive, continuous axial planar cleavage, 2nd

asymmetric minor folds.
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THREE - DIMENSIONAL REPRESENTATION OF STRONGLY CURVILINEAR FOLDS IN THE QUETICO
METASEDIMENTARY ROCKS OF THE CALM LAKE - PERCH LAKE AREA, WITH RELATIVE POSITION
OF THE QUETICO FAULT ( NOTE THAT WIDTHS OF STRUCTURES ARE EXAGGERATED RELATIVE TO LENGTHS ).
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4-2. Metamorphism.

The Quetico metasedimentary-gneissic belt (Fig. 1) everywhere
displays a similar pattern of metamorphism: a progressive increase
in regional metamorphism from both south and north margins toward
a central axis comprised of paragneiss, migmatites and diatexite
(Pirie and Mackasey, 1978). This progressive metamorphism is
observed in the present study area. Metamorphism in the northemn
parts of the area, adjacent to the Quetico-¥wabigoon belt boundary, is
characterized by anchimetamorphism, typified by chlorite-sericite
metapelites and phyllites. In the south parts of the study area,
biotite schists are predominant.

Stable metamorphic mineral assemblages within the Quetico
metasedimentary rocks, in order of increasing metamorphism (or

from north to south), are as follovs:

1. Chlorite-muscovite.

2. Chlorite-muscovite-epidote(-sphene).

3. Chlorite-muscovite-bictite-epidote{-sphene).

4. Biotite-chiorite-muscovite-epidote{-sphene).
{Metamorphic quartz and plagioclase are included in all

assemblages).

Metamorphic isograds are approximately east-west, subparallel to
regional structural trends.

Chlorite, muscovite, epidote and sphene are very fine-grained
minerals which, with quartz and plagioclaese, comprise most of the
matrix of the metasedimentary rocks. Within metamorphosed
mudstones and mica-rich laminations, fine-grained chlorite and

muscovite assemblages form greater than 50 percent of the rock,
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undoubtedly derived from the breakdown of detrital or diagenetic clay
minerals such as illite and smectite. Sub-parallel orientation of the
phyllosilicates defines the continuous cleavage of the rocks.

Epidote is first observed in the metasedimentary rocks
approximately one kilometer south of the Quetico-Wabigoon boundary.
in thin section, epidote is present in minor amounts as very
fine-grained, sub-rounded, randomly dispersed crystals. It is also
present as inclusions in poikioblastic plagioclase blasts and as an
alteration product, along with muscovite and carbonate, in
saussuritized plagioclase.

Sphene crystals are observed only rarely in thin section as a very
fine-grained, sub-rounded grains scattered in trace amounts
throughout the rock. Coincident with epidote, sphene is first
observed in rocks approximately one kilometer south of the
Quetico-Wabigoon boundary. Also like epidote, sphene persists
southward and both minerals are in some cases present in the coarse
biotite schists of the extreme south parts of the study area.

Biotite first appears in outcrops one to two kilometers south of
the Quetico-Wabigoon interface. Less than 0.5 kilometer south of its
first appearance, biotite is the predominant metamorphic mineral,
comprising up to 30 percent of the volume of the biotite schists of
the south study area. From thin section examination, it appears that
there are two forms of biotite{Plate 1) Fine, elongate grains and
more equidimensional grains. The fine-grained assemblage consists
of elongate biotite less than 0.2 millimeters long, with sharp, requiar
grain boundaries. The laths have a strong preferred crystallographic
orientation{p.c.0.) defining a continuous cleavage. The
coarser-grained biotite assemblage consists of individual crystals
and aggregates up to two millimeters in diameter, with elongate to

stubby crystal forms and irreqular (and in some cases ragged) grain
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boundaries. The coarse assemblage has a moderately developed
preferred dimensional orientation(p.d.o.), but a rather poorly
developed p.c.o.

The amount of biotite increases southward. Concomitantly, the
amounts of chlorite and muscovite decrease. Pirie and
Mackasey(1978) observed a similar relationship in the eastern
extension of the same Quetico sequence at Crooked Pine Lake. They
propose that at least some biotite formed at the expense of both
chlorite and muscovite.

Carbonate is present in the metasedimentary rocks in variable
amounts. Textural relationships suggest three generations of
carbonate are present: pre-, syn- and post-metamorphic in origin.

Pre-metamorphic carbonate is observed as patchy lenses and a
pervasive carbonate cement binding the matrix. The amount of
pre-metamorphic carbonate is probably very variable. The presence
of sphene and epidote in many rocks might suggest there was
relatively little carbonate in those rocks because calcium-bearing

silicates generally do not survive when syn-metamorphic fluids

contain moderate concentrations of CO,(Turner, 1981, p.313).

Metamorphic carbonate is observed as an alteration product of
saussuritized plagioclase. It is also intimately intergrown with mica
and quartz in pressure shadows of quartz and feldspar fragments.

Post-metamorphic, or secondary carbonate, is observed replacing
quartz and feldspar fragments, and as 8 vug-, fracture- and

vein-filling mineral.

4-3. Deformational and metamorphic microfabrics

Microfabrics of the Quetico metasedimentary rocks are gbserved

to be dominated by the preferred crystallographic orientation {p.co.)
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of metamorphic chlorite, sericite and biotite, and by a number of
deformational microstructures which impart a preferred dimensional
orientation(p.d.o.) on quartz and feldspar crystals. Both p.c.o. and
p.d.o. are penetrative fabric elements, and, combined, define the
pervasive continuous cleavage of the rocks.

Quartz and feldspar grains are generally sub-rounded and
elliptical. Feldspar grains are generally more deformed than quartz
grains. Most grains display undulose extinction, indicating distortion
of the mineral by the deformation mechanism of dislocation glide.
Subgrain development in many grains indicates incipient recovery and
dynamic recrystallization. In some places, development of ribbon
quartz attests to more advanced recrystallization.

Most feldspar grains display some saussuritic alterations; many
are highly saussuritized. Many feldspar grains also display
mechanical twinning, as indicated by the irrequiar distribution and
abrupt termination of twin planes.

Strain shadows are observed symmetrically distributed about
some grains. The strain shadow regions are infilled with a
fine-grained assemblage of carbonate, quartz, chlorite and mica.
Asymmetric distribution of some strain shadows about weakly
sigmoidal-shaped gquartz grains suggests some component of
mechanical rotation accompanying the other deformation mechanisms
in development of the p.d.o. of the quartz and feidspar grains.

in the more weakly metamorphosed rocks, stylolitic surfaces are
rather rarely observed. The stylolites are identified as dark,
anastomosing bands less than 0.5 millimeter wide and rich in opaque
minerals and phyllosilicates. Quartz and feldspar minerals within the
bands are very fine-grained and coarse clasts of guartz, carbonate and
feldspar in contact with the bands are abruptly terminated. The

presence of stylolitic surfaces indicates that pressure solution



operated as a deformation mechanism.

There is no evidence in the microfabrics for a pre-existing
tectonic fabric. Such evidence is generally in the form of
overprinting criteria, such as crenulation cleavage development, or
refolding of folds. Pre-existing fabrics can be completely destroyed
by subsequent deformation, but such deformations are generally
accompanied by high strains and extensive recrystallization at high
metamorphic grades. Within the Quetico metasedimentary rocks,
some evidence for pressure solution has been found. This mechanism
is usually associated with relatively weak deformation, low strain
rates and incipient cleavage development. It is difficult to envision
the complete eradication of a previous fabric in anchimetamorphosed
and weakl’g deformed rocks; and yet even within these rocks, no
evidence for a pre-existing tectonic fabric is found.

It is concluded, then that the continuous cleavage of the Quetico
metasedimentary rocks, as defined by the preferred orientation of
quartz, feldspar and phyllosilicates is the first cleavage that these
rocks have developed.

As noted previously, biotite schists commonly contain two forms
of biotite: a fine-grained assemblage of elongate laths with a strong
p.c.o.; and a coarse-grained assemblage consistiong of individual
crystals and aggregates with elongate to stubby crystal forms and
ragged grain boundaries and a very weak p.c.0.

Biotite, like all phyliosilicates, tends to qrow fastest ina
preferred crystallographic direction: parallel to the basal mineral
cleavage planes. In the biotite schists of the Quetico rocks, the
growth of the coarse bictite assemblage appears to be strongly
influenced by the rock’s tectonic fabric. Biotite crystals which grew
perpendicular to the lithologic cleavage trace are short and stubby,

while those which grew parallel to the cleavage trace are coarse and
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elongate. As well, the coarse biotite crystals are observed to
overgroyv or replace quartz, feldspar and finer-grained phyllosilicates
in some places. Such textural relationships imply that the coarse
biotite assemblage is post-tectonic in origin. It is possible that
metamorphism was longer-lived than tectonism, at least within the

biotite schists of the southern part of the present study area.



&7



68
CHAPTER FIVE
MAGNETIC FABRIC

5-1. Introduction: Terms and definitions.

legnetic rabric, in the context of this study, refers to the physical
arrangement of the magnetic components of the Quetico
metasedimentary rocks. The magnetic components of the rocks are
represented by certain discrete minerals, and, hence, the lithological
magnetic fabric is controlied by the physical and spatial alignment of
these mégﬁez'fc mInNereis.

The magneti'c properties of minerals are determined on an atomic
scale, and are dependent on the arrangement and interaction of
electrons around atomic nuclei. The movement of any electrical
charge creates a magnetic field: Electrons are fundamental electrical
charges, and movement of electrons create simple magnetic dipoles.
E!éctrons, of course, move in complex orbitals around the nucleus, but
they also spin about their own axes. The magnetic dipote associated
with electron spin is much smaller than the dipole associated with
orbital movement.

‘when an atom is placed in an-external magnetic field, the force of
the external field affects both types of electron motion:

Firstly, the orbital movement is modified slightly; electrons slow
down and the magnetic dipole is weakened. Since the modification of
the electron orbital opposes the external magnetic force,
magnetization has a negative value and is termed g/smagnelism

Secondly, the axes of the spinning electrons, originally randomly
oriented, are reoriented parallel to the direction of the external
magnetic field. The electron spin, however, 13 not slawed and the

strength of the spin dipole is unaffected.
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It is energetically advantageous to group electrons into pairs in
each electron orbital shell. However, when an atom has an uneven
number of electrons, the outer shells will contain unpaired electrons.
Paired electrons spin in opposite directions to each other. When all
electrons of the outer shells are paired, the opposing spins of the
electron pairs tend to cancel the directional magnetization caused by
the alignment of the spin axis in the presence of an external magnetic
field. However, when the outer electron shell contains unpaired
electrons, realignment of the spin axes has the effect of adding the
spin magnetic dipoles to the external magnetic field to increase the
total magnetism. This magnetism has a positive value and is termed
LEFEMEGREL IS5

In the transitional series of elements, the atomic configuration
allows a number of overlapping electron shells, and it is possible to
have as many as five unpaired electrons. With such configurations,
magnetism of these elements, and certain minerals containing these
elements, is not related to single-atom electron motion, but to the
interaction of the outer unpaired electrons of adjacent atoms. The
crystal lattice arrangement of these elements and minerals is such
that the outer electron shells overlap. Unpaired electrons of adjacent
atoms interact and mutually re-align their respective spin axes.

The energy associated with the mutual alignment of spin axes is
referred to as exchenge erergy. To reduce the exchange energy to a
minimum, spin axes tend, in some cases to align into couples of
opposite{or antiparaliel) spin directions, effectively cancelling the
magnetization{Fig. 19B). Such magnetism is termed
sptirerramegnetism In some cases, however, electron spin axes are
aligned such that the spins are in the same({parallel} directioniFiq.
194). This leads to the creation of a strong internal magnetization

which is often sustained even in the absence of an external magnetic
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field {spontaneous magnetization). Such magnetization is termed
rerramegnetism. Crystal lattices and electron shells are complex,
however, and in most cases spin axes align with most in parallel spin
direction and some in antiparaliel spin direction {Fig. 19C). Thus, an
internal magnetization is created which is not as strong as
ferromagnetism. This type of magnetization is termed
Terrimegnetism.

The strength of internal magnetization (at a given temperature) is
a function of the strength of the external magnetic field for most
substances (Fig. 18). For weak external fields, this relationship is
defined by a simple equation:
J =kH

where J is the magnitude of internal magnetization, H is the
magnitude of the external magnetic field and the proportionality
constant, k, is the magnetic suscentiti7iiy™

in many crystals, it has been observed that the strength of
internal magnetization varies according to how the crystal is
oriented relative to an external magnetic field of constant strength
and direction. That is, the crystal's magnetic susceptibility (k) is
directionally variable. This property is generally refered to as
magnetic susceptitinjly snisalrapy(MSA). There are a number of

causes of MSA:

*k a3 defined hy the above equation, is dimensionless but may be measured in
terrns of unit mass, unit volume or unit gram molecular weight. in the present
study, unless otherwise stated, k is measured on 8 per unit cubic centimeter

basis, with J and H measured inc.g.3. units.
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LY

Magnetocrystalline anisotropy.

Shape anisotropy.

Stringing together of magnetic grains.
Alignment of magnetic domains.

Magnetostrictive (stress-induced) anisotropy.

oM s W N

Exchange anisotropy.

Each is reviewed by Bhatal{1971) and by Banerjee and
Stacey(1967). For our purposes, 1. and 2. are by far the most common
causes of MSA in rocks and minerals. 3. is a special case of 2.

Minerals, like all crystals, are an ordered arrangement of atoms.
The structure of a crystal lattice generaily tends to create one or
mare directions in which it is energetically easier to align electron
spin axes {or exchange forces) and, hence, to create "easy” directions
of magnetization. Alternately, directions in the crystallographic
structure which require considerabe energy to align spin axes are
"hard” directions of magnetization. These "easy” and “hard”
crystallographic directions of magnetization define the
megnetaciysislling snisatrany When placed in an external magnetic
field, the tendency of spin axes to align parallel to the direction of
external magnetization is balanced by the tendency to seek the lowest
magnetocrystalline energy state, as dictated by the "easy” direction
of magnetization.

MSA may also depend on grain shape. Consider a crystal which is
magnetocrystaliographically isotropic{Fig. 20). The internal magnetic
field of the crystal attempts to create two free magnetic poles on
opposite ends of the crystal surfacelFig. 204). A certain amount of
enerqy, the magnetasistic energy is required to maintain free
magnhetic poles. This energy is at @ minimum when the poles are

furthest apart. In a perfectly spherical grain{Fig. 20B3, no strong



Figure 18. Relationship between applied external magnetic fieid () and internal
magnetization (I} for a typical rock. In low magnetic fields,the
relationship isappraximately 1linear:

J=k "H
where k isthe sagnetic susceptibility.
{from Strangway, 1970).

Figure {9. Schematic illustration of electron spin orientation.
A. Ferrcomagnetism - all spins are parallel, leading to a strong external
magnetism is absence of applied field.
B. Antiferromagnetism - spins are in antiparallel orientation, so that
there isno external magnetization in absence of an applied field.
C. Ferrimagnetism - an unegual number of spins are antiparailel, so that
external magnetism ispresent in the absence of a applied field,but
issuch weaker than ferromagnetise.
{from Tariing, 1983},

Figure 20. Magnetic susceptibility anisoctropy (MSA) and grain shape. In order
tokeep magnetostatic energy toa minimum,  magnetostatic poles are
placed furthest apart on the surface of an elongate grain (A). Ina
perfectly spherical grain, surface - to- surface distance is equal
in alldirections, and poies are established parallel tothe direction
of the applied field. In an elongate rod-shaped grain, poles
generally establish at the ends of the grain regardless of the
direction of the applied field.

{from Tarling, [983).
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poles develop because distances from surface to surface through the
center of the grain are equal in all directions. However, in an
elongate, cylindrical-shaped grain(Fig. 20C), strong free magnetic
poles develop at either end of the fong axis of the grain, and the
magnetization direction of the internal magnetic fieid is paraliei to
the long axis. when this cylindrical-shaped grain is placed in an
external magnetic field, the direction of easiest magnetization is
parallel to the grain's long axis becausre thig direction encounters the
least opposition from the forces of the internal magnetic field(Fig.

20A). For an ellipsoid-shaped grain, a measure of anisotropy |

Dy:

Jiven

w

= 2N e Nk
2k = k;2(Ng= N/ (1+ Nak Y1+ Nk )

where Ak is the difference in susceptibility, ki is the intrinsic
susceptibility, and Ny and N,y are the maximurn and ranimum
demagnetizing factors along the respective axes, cauced by the
presence of the internal magnetic field(Stacey, 1963). The term ke
N the equation indicates that shape anisoiropy 15 most 1mportant in
minerats(and rocks) of high magnetic susceptibliity. in minerais of
high susceptibility, MSA Is offen defined by shape ani1sotropy even
when the mineral has a pronounced magnetocrysialline anisairopy
The three most important 1actors WhICh contral tne MSA of 3 rary

are:

I Magnetocrystalling anisairopy of magnanic graing

S

f‘i

4

ARG ANTSOTIADY oF MANATIC Araing

I
{

RPBTAPTSG Oreniation o7 maireTic Jraing



74

3. may be a preferred crystallographic and/or preferred
dimensional orientation. Using mathematical modelling,

Hrouda( 1982) has graphically represented the relationships between
rock MSA, grain MSA, grain dimensional ratio, degree of preferred
orientation of grains, and bulk magnetic susceptibility {Fig. 21).

Figure 21B indicates that, for grains with low magnetic
susceptibility, shape anisotropy (as represented by dimension ratio
a/c) will have little effect on the grain MSA. Hence, in most
paramagnetic and diamagnetic minerals {(and many ferrimagnetic
minerals), MSA is controlled solely by magnetocrystalline anisotropy.
The MSA of rocks containing these minerals is dependent on the
degree of magnetocrystalline anisotropy and on the preferred
crystalliographic orientation of the minerals.

Figure 21B also indicates that the grain MSA of minerals with high
magnetic susceptibilities is significantly increased with increasing
grain anisotropy. Magnetite is an example of a mineral which is
magnetocrystallographically isotropic but has a high bulk
susceptibility. The MSA of a rock containing magnetite is controlled
by the grain anisotropy and the preferred dimensional orientation of
the magnetite grains{Fig. 214).

The MSA of a mineral or rock can be described by a tensor of the

second order, the magnetic susceplibiiily lensar
Kypkigkyz
K1 koo ko3

kg1 Kzpkzz

Completely defined, the magnetic susceptibility tensor describes
the magnitice ellipgsard of megnetic suscaplitiiidy(Fig. 22), with

principal orthogonal axes k1 1 k;zz and k33. These three principa!l
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Figure 21. The relationship between grain MSA, grain shape and

rock MSA.
A. Relationship between degree of MSA of a rock (Pg)

and degree of MSA of its grains (Pg). The parameter,

C, characterizes the degree of preferred orientation
) of the uniaxial elongate grains in the rocks.
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dimensional ratio (a/c) for oblate spheroids. The
parameter H characterizes the bulk magnetic
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(from Hrouda, 1982). ,
ey %220
Ra15
=10
% =8
T X=5
X =3
w=t
. ® =01
1 5 10 15 alc



ki1

ki3

Figure 22. Magnitude ellipsoid of susceptibility with
orthogonal principal magnetic susceptibility axes:
K110= Kmay), kol = Kingd, k33( = k).

Figure 23. Flinn- tgpe grapmcal metod of representing
ellipsoids for susceptibility ellipsoids:
8= (kmaxf’klnt) and b = (k1nt/km]n)

' (adapted from Ramsay, 1967).

Constricted ellipsoids

/ +
/ EMpsoids
// Flattened sllipsoids
B :’ i /@w xicl ‘poncakes ﬁ




T=0

>

T:0.3
T:O.S
T=1

1

A

b

Figure 24. Flinn-type digram with MSA paraméter contours.
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magnetic susceptibilities are the maximum, intermediate and

minimum magnetic susceptibilities, respectively(ky | = Kpay » Koo =

Kint s K33 = Kmin)

The MSA of arock or mineral is most commonly described by the
shape and magnitude of its magnitude ellipsoid of magnetic
susceptibility and by the orientation of the three principal magnetic
susceptiblilties. There are many parameters available to describe
ellipsoids in general and susceptibility ellipscids specifically(see,
e.g., Hrouda, 1982, p.42). Most studies of the MSA of deformed rocks
have utilized two parameters:

3 = Kmax/Kint{"'magnetic lineation”)

b = Kint/Kmipl magnetic folation”)

The values of the two parameters can be used to construct an MSA
version of a Flinn graph(Fig. 23). The Flinn graph 15 commaonly
employed to graphically describe strain ellipsoids. Each point on the
graph represents an ellipsoid of a certain degree of anisotropy and z
certain shape. The slope, m, of a line connecting a point with the
graph's origin(t, 1) is:

m={(a-1)/(h-1)

The value of m describes the ellipsoid shape:

m=( untaxial eblate eihipsoid
tr>m>0Q flat-shaped eilipsoin
m=1 intermediate eltipsoig

e > | elongate silipsold

m = oo uniaxiai profate eihipsod

The istance o

L
-4

the point from the graph's oriqin ind10anes the



degree of anisotropy. Generally, the higher the value of a and/or b,

the greater the degree of anisotropy.

One of the main disadvantages of the Flinn graph is that ellipsoids
of low degree of anisotropy tend to plot very close together, making
it difficult to distinguish ellipsoid shape. Also, the m-values have a
pronounced numerical asymmetry. Elongate ellipsoids may have an
endless range of m-values, from 1 to infinity. However, flat-shaped
ellipsoids have a very restricted set of m-values, ranging from 0 to 1.
These problems are avoided when two different parameters are used

P'= exp( [2((n)-n2+(ny=n)2+(n3-n)2)]

T= 2(n2-n3)/{(n1-n3)-1}

where ny, N, and ns are the natural fogarithms of K, 4y, Kypy and

Kine TeSPectively, and n is the arithmetic mean of ny, N, and ny.

parameter. Both parameters were defined by Jelinek(1981) to
characterize the magnetic fapric of rocks. Figure 24A 15 a contoured
Flinn graph with Tines of equal T-values. T-values, unlike m-values,

are symmetrically distributed about the graph:

T=1 uniaxial oblate eilipsoid
1>T»>0 flat-shaped ellipsoid
T=0 intermediate eliipsoid
0>T>-1 elongate elipsoid

T=-1 uniaxiai prolate eitipsnid

T
ify

Figure 248 15 a contourad Flinn graph with tines of equal P'-val

The lines shaw an arithmeaetic progressinn of P'=v3glijes with digrancée
- - - i Faat - - - LR L A PO d v e - h -~ - -
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Figure 25. P’ ~T graph, showing fields of ellipsoid shape. Each

point on the graph represents an ellipsoid of a
certain shepe (T) and degree of MSA (P).
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from the origin; P' increases approximately arithmetically with
increasing degree of anisotropy.

Hence, a P'-T graph{Fig. 25) is a better method of displaying
susceptibility ellipsoids because it provides a field of equal
distribution for all ellipsoids regardless of ellipsoid shape or degree
of anisotropy.

There are a number of instruments capable of measuring
susceptibility and MSA. The most common currently-used
instruments are the spinner magnetometer, the torque magnetometer,
the inductive bridge, the cryogenic magnetometer and the anisotropy
delineator. Collinson{1983) and Tarling{1983) describe the operating
principles behind each instrument.

In the present study, | used a Sapphire Instruments 51-1 standard
induction coil unit{(Plate 12). The instrument measures inductances
parallel to the coil axis with and without a sample present, and

compares the inductance difference with that of a standard of khown

susceptibility. The standard is MnO,, which has a susceptibility of

3.29%1074 51 units/gram (Weast and Astle, 1978). MSA is determined
by measuring susceptibility of a sample in twelve different
orientations. From the twelve measurements, a computer generates a
best-fit magnitude ellipsoid of susceptibility and presents the
magnitudes and orientations of the ellipsoid’s three orthogonal azes
relative to a sample reference mark.

& more detalled description of operating principles and sensitivity

of the Sapphire Instruments S1-1 unit is presented in Appendix 1.
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5-2. Uses of MSA

There are many applications and implications of MSA in geological
and geophysical studies. Hrouda{1982) summarizes many of these in

an excellent review paper. A brief outline is presented below.

MSA and palaeomagnetism

The realization that MSA could affect the arientation of the
palaeomagnetic vector in rocks sparked the first serious studies into
the MSA of rocks and minerals (e.g. Uyeda et. al., 1967). It has been
found that the remanent magnetization (RM), or palaeomagnetic,
vector is deflected from the external magnetic field direction and
toward the long axis of the magnitude ellipsoid of susceptibility in
rocks with a significant MSA (Fig. 26). The angle of deflection is
dependent on the obliquity between the external field direction and
the maximum susceptibility direction. Initially, workers believed
that analysis of the rock’s susceptibility tensor and removal of this
component from the RM vector would resolve the "true”
palaeomagnetic direction. Experimental results, however, have shown
the relationship to be much more complex. More recent studies have
focused on demagnetization of samples and determination of RM

ellipsoids(e.q., Stephenson et al,, 1986).

MSA and applied geophysics

Because MSA is capable of deflecting magnetization vectars, it can
have important implications in airborne, ground or down-haole
geomagnetic surveys. MSA can significantly alter both the location
and configuration of the magnetic anomaly associated with a
magnetic body (Fig. 27). The influence will depend on the degree of

MSA of the magnetic body and the orientation of its susceptibility
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Figure 26. Schematic representation of the deflection of
remanent magnetization vector. The applied
directional magnetic field (H) is oblique to the
maximum magnetic susceptibility direction {k

causing the specimen’s internal remanent
magnetization (RM) direction to be deflected from
the H direction toward the k., direction.
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Figure 27. Schematic representation of the def.lec.tion of Fhe
magnetic anomaly peak over 8 sphericai magneuic
bedy for differing degrees of MSa (P

{(from Hrouda, 1982).
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M3A of the magnetic body and the orientation of its susceptibility
ellipsoid relative to field magnetic vectors. This effect could have
serious implications when the location of magnetic anomalies from
exploration geophysical surveys are important precursors to further

exploration.

Besides the implications associated with the defiection of
magnetization directions, MSA has considerable application in generai
geological studies. MSA studies evolved from the realization that, in
most geological environments, the magnitude ellipsoid of suscept-
ibility is generally consistently and systematically oriented paraliel
to one or another geologic fabric and, hence can be related to a given
geologic process. This is understandable since a rock's magnetic
fapric is defined by the spatial arrangement of its magnetic minerals.

One of the main advantages of an MSA study is the relatively rapid
return of reliable results. As well, most equipment is inexpensive
and many of the instrurments are portable, so MSA studies can be
conducted directly in the field or within the laboratory. Some of the

geological applications of MSA studies include.

MSA and massive ores

The Himited studies of MSA of massive ores have been found to oe
useful in detecting fabric that were otherwise unnoticed. Comparison
of the magnetic fabrics with footwall and hanging wall fabrics hiave
provided some workers(e.g. Schwarz, 1974, Porath, 1968b) with

insight into the genetic and post-genetic evolution of the ores.

<

MSA of sedimentary rocks

The MSA of clastic sedimentary rocks are weak (P’ vaiues rar

H
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exceed 1.1) but correlative with sedimentary fabrics. Maximum
susceptibility directions are usuaily parallel to sedimentary current
directions, though there are two exceptions. When the current is
strong, rolling of magnetic grains may cause maximum susceptibility
direction to be perpendicular to current direction, especially when
the MSA is dominated by shape anisotropy of magnetic grains.
Secondly, when the principal magnetic mineral is hematite, the
intermediate susceptibility direction is paraliel to current direction
(e.g. van den Ende, 1975).

MSA has been used to indicate, or support, palaeocurrent
directions where traditional palaeccurrent indicators
(cross-stratification, sole marks, groove-casts, etc.) are rare {e.q.

Hamilton and Rees, 1971).

MSA of igneous rocks

Like sedimentary rocks, the MSA of igneous rocks are rather weak,
but indicates flow direction - lava flow direction of volcanic rocks,
or magma flow direction of plutonic rocks. Minimum susceptibility
directions are perpendicular to the flow direction and both maximum
and intermediate susceptibility directions have been observed {o be
parallel to the flow direction.

MSA has been utilized to elucidate the genesis of 1gneous rocks in
geologically complex areas. One example involves the diabase rocks
on Ronnbeck and Bastian Islands at Spitsbergen (Halvorsen, 19745
The rocks define a roughly circular patterr on a map sheet. Two
hypotheses have been suggested to explain the evolution of these

rocks. firstly, that they represent the remains of an irreguiarty

et

sunken sill, and secondly, that they are parts of a ring dyke. Study o

~
7“

the MSA of the diabase revealed that minimurn susceptibitity

P
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directions are oriented near-vertically and the principal
susceptibility planes(also called the magnetic foliation) are
near-horizontal. This observation lends support to the sill
hypothesis, for, if the rocks represent the remains of a ring dyke, the
princiipal susceptibility plane would be expected to be

near-vertically oriented.

MSA of metamorphic and deformed rocks

As noted previously, sedimentary and igneous rocks have very
weak MSA. When, however, the rocks are subjected to even a weak
deformation and/or weak metamorphism, they very quickly develop a
strong MSA. Interestingly, after this initial profound transition, the
degree of MSA appears only slightly affected by additional
progressive deformation and/or metamorphism.

All metamorphic and deformed rocks have relatively strong, but
variable, MSA. P’ values are generally greater than 1.1 and can exceed
2.0. Susceptibility ellipsoids are generally oblate (Fig. 26).

The rapid transition from weak to strong M3A is, at least
partially, due to the ability of deformation mechanisms to quickly and
efficiently re-orient magnetic minerals into preferred alignment.
Borradaile and Alford(19387) deformed artificial cement-sand
mixtures with magnetite grains in the laboratory and observed that
the magnitude ellipsoid of magnetic susceptibility of these artificial
rocks re-oriented relative to principal strain directions more rapidiy
than would be predicted for active rotation of a material 1ine.

The strong MSA of metamorphic rocks ray also, in part, be related
to the preferred crystallographic growth of metamorphic minerais.
The common metamorphic minerais - biotite, muscovite, chiorite,

amphitole - are weakiy to moderately paramagnetic, out have strong
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Figure 29. Schematic illustration of the change in direction of
principal magnetic susceptibility axes of a
sedimentary rock with progressive deformation, as
viewed in the plane of the sedimentary bedding.
Axes in the center of the ellipses are normal to
bedding planes, and the other axes are parallel to
bedding planes. See text for discussion.

(from Graham 1966).
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magnetocrystalline anisotropies(Table 2). These minerals commonly

comprise a significant proportion of phyllites, schists and gneisses
so, even though the bulk magnetic susceptibitities are weak, the
minerals have been found to contribute significantly, or even entirely,
to the bulk magnetic susceptibility of rocks(see, €.g., Owens and
Bamford, 1976, Borradaile et. al,,1886). More importantly, the high
degrees of mognetocrystalline anisotropy of these minerals, cornbined
with the strong preferred crystallographic orientation, can produce a
strong MSA for the rock.

Graham(1954) was first to recognize the important correfations
between MSA and strain of deformed rocks. Graham(1966) studied the
magnetic fabric of deformed sedimentary rocks at a tectonic front in
the Appalachians. Here, the sedimentary sequence displays a
progressive change from relatively undeformed to highly deformed
tectonites. Deformation is dominantly horizontal bedaing-paraliel

shortening, with the plane of principal strain vertical and
perpendicular to bedding. Graham observed that kmm is perpendicular
£o bedding in the least deformed rocks. With progressive
deformation, the principal magnetic susceptibilities orientations are
gradually realigned in a systematic pattern (Fi1g. 29). in the first
step, kpyin remains perpendicular to bedding while Ky, 4y 15 recriented
to a direction within the bedding ptane perpendicular to the
shortening direction. As deformation contirues, Keqiy 13 graduaily
reoriented to e within the bedding planes and paraliel to the
direction of shortening. Kint’ at the same time, is gradually
re-oriented to become perpendicular to bedding. In the 1inal phasze o7

deformation, invelving.the Initiaticn of buckling and folding, K,y anC
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Keax directions are switched, k4 becomes perpendicular to bedding

and parallel to the-direction of maximum extension (Fig. 29).
In areas of syn-deformational metamorphism, principal magnetic

susceptibility directions correlate with metamorphic faprics. in

low-grade metamorphic terranes, Ky in 1S perpendicular to cleavage

or schistosity planes, while K4, 15 cOmmonly observed to be parallel

to bedding-cleavage intersection lineations(e.g. Hrouda, 1978, Stott
and Schwerdtner, 1981; Borradaile and Tarling, 1981).

Other studies have compared magnetic susceptibility ellipsoids
and strain ellipsoids determined from various strain markers. The

studies have invariably shown a definite correlation between

principal magnetic susceptibility directions(kpay, Kint Kpnin) and
principal strain directions (X, Y, 2} Ky, 1S £2Arallel 1o maximum
shortening direction{Z), ke, 4y 1S parallel to maximum extension

direction(X), and King 1S parallel to intermediate strain

direction(Y)(see, e.q., Kligfield et. al., 1982, Borradaile and Mothersili,
1984, wood et. al.,, 1976; Rathore, 1930).

There have been some attempts to quantitatively correlate
magnitudes of principal magnetic susceptibitities and principal
strains (Wood et. al., 1976; Rathore, 1979, 1580). 1t was hoped that
ceterrnination of the magnitude ellipsoid of susceptibility could
directly provide, not only the directions of principai strains, but an
estimate of the amount of strain experienced by the rock. it shouid be
remernpered, however, that the magnetic fabric represents only Gne
component, and usually a very specific component, of the rodk. and

generally could not be considered a representative tithological strain

recorder.
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More recent studies of magnetic fabric and strain have indicated

that a quantitative correlation is unwarrantable. Henry(1983)
discusses the complexities introduced by a polyphase magnetic
mineralogy. The case of significant contributions to the bulk
magnetic susceptibility of the rock from both a trace amount of a
ferrimagnetic fraction and an abundance of a paramagnetic matrix
fraction is concievable, and may be very common. Ferrimagnetic
minerals, such as magnetite, are usually present in only trace
amounts. Nevertheless, because magnetic susceptibility of magnetite
is so high, even only a few grains will contribute significantiy to the
bulk susceptibility to the rock. But the M3A of magnetite is
dependent upon the shape anisotropy of the grain, and the contribution
of magnetite grains to the MSA of the rock is controlied by the
preferred dimensional orientation of these grains. The preferred
crystaliographic orientation of matrix minerals, such as micas and
chlorites, is generally much stronger than the preferred dimensional
orientation of accessory and trace minerals, such as magnetite.
Hence, even though ferrimagnetic minerals may contribute
significantly to the bulk magnetic susceptibility of the rock, the
magnetic susceptibility anisotropy of that rock can be dominated by
paramagnetic matrix minerals on the basis of high magnetocrystaliine
anisotropy and strong preferred crystallographic orientation

(Borradaile et. al., in press).

between MSA and strain in syn-metamorphic tectonites. Firstly, if
the MSA of the rock is dominantly controlied by the paramagretic
matrix fraction and these minerals originated from metamaorphic

growth, the MSA may be only indirectly related to bulk strain of the

rock, and more aresult of metamorphic processes, Secondly, as
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Henry(1983) notes, the interaction of MSA of the ferrimagnetic and
matrix fractions is generally complex, and principal susceptibility
directions of each fraction may not coincide. So, even if the
magnitude ellipsoid of susceptibility of the ferrimagnetic fraction,
for instance, is representative of the strain ellipsoid, it is
overshadowed, or masked, by the magnitude ellipsoid of susceptibility
of the matrix fraction.

Borradaile and Alferd(1987), from their experimental pure shear
deformations of sand - cement - magnetite mixtures, have observed
no correlation between the magnitudes of final susceptibility and
strain ellipsoids, but a power law correlation between the strain
ratio(X/Z) and the change in degree of magnetic susceptibility
anisotropy( A P

AP & In(X/D)

This relationship, obviously, is of limited practicality in field
strain analyses. Firstly, the pre-strain degree of MSA would be
required. Secondly, the conditions are somewhat limiting, The
relationship is probably much more compliex for a more reaiisitic
situation of inhomogeneous strain, polyminerallic magnetic
mineralogy and the influence of such factors as metamorphic
processes.
In summary, studies of magnetic fabrics in rnetamorphic and
deformed rocks have identified the following correlations.
1. MSA of metamorphic rocks and tectonites is generally
strong. P'and T values are variable and show no simpie

correlation to degree of metarmorphism or deformation(Fiq.
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TABLE 2. Suscep‘-—ti—b;ﬁ.iy dala far common minerals of different metamarphic rocks and for magnetite.

mean susceptibility

mass of
Mineral kmin kint kmax SG SI/edx 1076 sampl?g?sed
{+95% limits) (£s.d.)
Actinolite (1) 0.947 0.982 1.076 2.90 3560.4 8.10
(0.005)  {0.007) (0.01) (8.9)
Actinolite (2) 0.899 1.027 1.083 3.42 6506.0 - . 12.79
(0.002) (0.002) {0.003) ' {19.1) ...
Hornblende {1} . 0.809 0.917 - 1.347 3.28 8919.0 21.00
{0.002) {0.001} (0.001) _ (11.0) _
Crocidolite 0.958 0.992 1.052 *3.44 7 332,58 .~ 9.60
.. (0.03) (0.03) (0.03) - (8.2) ’
Glaucophane 0.908 1.006 1.094 3.17 787.1 5.76
(0.013) (0.016) {0.01) {43.8) .
Chlorite (1) 0.864 1.060 1.093 2.76 358.4 11.01
(diabantite-ripidolite) {0.028) {0.035) {0.035) (53.7)
Chlorite (2) 0.734 1.058 1.287 *2.80 68.8 - 3.
{leuchtenbergite) {(0.2) {0.25) (0.24) {23.0) -
Chlorite (3) solid** 0.866 1.023 1.128 2.99 1553.6 12.94
. . {0.01) {0.01) {0.01) ! (184.0)
Chlorite (4) g.921 1.020 1.063 2.76 371.9 6.44
(Thuringite) (0.02} {0.02) (0.02) {8.0) e
Biotite (1) (large sheets)0.812 1.106 1.114 2.94 1234.5 6.08
{0.01) {0.02) {0.03) (6.5) -
Biotite (2} (large sheets)0.832 1.095 1.098 3.03 1834 9.62
: {0.01) {0.01) ( 0.01) ~ (170.0)
Phlogopite (large sheets) 0.838 1.091 1.098 2.80 1178.2 10.21
(0.01) {0.01) {0.01) {6.5)
Muscovite (large sheets) 0.820 1.052 1.159 2.82 165.0 5.21-
{0.07) (0.004) {0.09) {17.3)
Magnetite 0.951 0.989 1.283 5.17 5,841,000 25.0 i
(0.001) (0.001) (0.001) (40,020) !

' *Thesa densities were taken from published values. )
**This was an unsaparated, polygranular, solid saapla oi highly oriented schist.

from Borradaile, G.. reeler, W., Alford; C. and Sarvas, P., 1957;

Anisotropy of magnetic susceptibility of sorme metamorphic minerals,
Phys. Earth Planet. Int ., vol. 48, p. 161-166.



generally related to the dominant metamorphic and/or deformational

fabric. kmm ts consistently found to be perpendicular to this

fabric(cleavage, schistosity, gneissosity).
3. Principal magnetic susceptibility directions correlate well with

principal strain directions: Kpay I X; Kint IY; Kmin I 2.

4. Despite the directional correlation, there is no simple relationship

between magnitudes of principal magnetic susceptibilities and

magnitudes of principal strains.

5-3. Magnetic mineralogy of the Quetico rocks - Introduction.

In order to interpret meaningfully the magnetic susceptibility and
magnetic susceptibility anisotropy (MSA) of arcck, it is essential
that the magnetic mineralogy be determined. Every mineral has not
only a particular susceptibility, but a characterisitic MSA (Borradaile
et. al, inpress). If more than one magnetic mineral is present, the
MSA of each will combine to produce a resultant tithological MSA.
Thus, the bulk magnetic susceptibility and the MSA of a rock can be
attributed to the following factors:

1. The magnetic minerals present in the rock.

2. The relative contributions of each magnetic mineral t¢ the bulk

magnetic susceptibility of the rock.

<l

. The M3SA of each of the magnetic minerals.

4. The preferred orientations of each of the magnetic minerals.

The presence ¢f more than one magnetic mineral in a rock shoule

not be ararity. Many authors (e.g. Rathore, 1972; Kligfield et al,,
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1982, Goldstein, 1980) tend to attribute a rock's magnetic
susceptibility to single ferrimagnetic minerals such as magnetite or
hematite. Such phases, however, are usually present only in very
small amounts, commonly comprising less than one weight percent of
the rock. Certain micas, pyroxenes and amphibolies have lower
susceptibilities, but these paramagnetic minerats are often major
phases in rocks. It would hardly be surprising, then, if rocks with
weak to moderate susceptibilities (10'5 €.g.S. units/cm~) have
significant contrbutions from both a small amount of a ferrimagnetic
component and a much greater amount of a paramagnetic phase.

Henry(1983) has described a method of graphically determining
whether a rock has significant contribution from both a ferrimagnetic
component and a paramagnetic ( or matrix) component. The author
shows that the principal magnetic susceptibilities of a rock can be

defined as:

Ki=k[(ke =Ky + A5 = 33 /(Ke = k)] (2)
ki is the principal magnetic susceptibility of the rock {i=1,2,3), k is
the mean magretic susceptibility of the rock, K¢ is the mean magnetic
susceptibitity of the ferrimagnetic component of the rocK, Ky 13 the
mean magnetic susceptibility of the matrix component of the rack,
and &, and 9; are the fractions added 10 Ky and k,y,, respectively, to

define the anisotropy:
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Ay +An+A3=0
Km(max) = km * 91
Km(int) = Km * 92
Ken(min) = km * 93

3y +dy+d3=0

when the bulk magnetic susceptibility of a rock is due solely 1o a
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