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Abstract

An Archaean anorthosite complex crops out over more than 300 km? at the junction between an Archagan metasedimen-
tary accretionary prism (Quetico Belt) and a volcanic greenstone terrain to the north (Wabigoon Belt). The anorthosite is
feebly deformed and weakly foliated. However, anisotropies of low field susceptibility (AMS) and anhysteretic remanence
(AARM) define consistent magnetic fabric directions extending over subareas >25 km? in extent. Whereas magnetic
fabrics cannot define strain magnitudes, they normally provide réeliable indications of finite strain orientations, even where
the fabrics developed by stress-controlled nucleation during a progressive noncoaxia strain history. The field schistosity Sy,
being the oldest foliation, rotated closest to the shear plane. AMS foliation due to preferred crystallographic orientation of
silicates and pyrrhotite as well as preferred dimensiona orientation of magnetite lies at a greater angle to the shear plane;
because it formed late then S; had less time to rotate. The few measurements of the youngest AARM foliation caused by
magnetite and pyrrhotite suggest that it may lie at a still greater angle to the shear plane. Thus, S; and succeeding magnetic
foliations provide a cryptic shear-sense indicator. They revea relative motions along the terrain boundary that include
transpression due to NW—-SE shortening causing dextral E-W shear with a north-side-up component. Palacomagnetic data
confirm a progressive northwards steepening of the anorthosite sills that is consistent with northwards subduction of the
accretionary prism to the south. [0 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Rainy Lake arealiesin the Superior Province
of the Canadian Shield, where the Archaean coun-
try rocks cooled from their ultimate metamorphic
pulse ~2.7 Ga ago (Percival, 1989). The Province
is separated into alternating EW subprovinces of
greenstone—granitoid terrain and metasedimentary
terrain with the fault-bounded Rainy Lake block

* Corresponding author. Tel.: +1 (807) 935-2753; Fax: +1 (807)
935-2753; E-mail: borradaile@l akeheadu.ca

situated between the Wabigoon Greenstone terrain to
the north and the Quetico metasedimentary terrain to
the south (Fig. 1). Much of the regional geology can
be learned from Hudleston (1976), Sawyer (1983),
Hudleston et al. (1988), Williamset a. (1992), Bauer
et al. (1992).

Two almost east—west, dextral, transcurrent faults
bound the Rainy Lake block that hosts a gabbroic—
anorthositic complex (Fig. 1). The anorthosites com-
prise three sheets, the thickest being about 6 km at
its widest and at least 40 km aong strike. General
geological considerations and aeromagnetic interpre-
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Fig. 1. Location of the area studied. The region north of the Quetico Fault is the Wabigoon granite—greenstone terrain, and the Quetico

metasedimentary terrain lies south of the Seine River Fault.

tation (Fig. 2) show that the bodies dip steeply, as
tilted sills, approximately parallel to the steep-bed-
ded volcanic rocks in the north and the metased-
imentary rocks to the south. However, the bedded
sequences are isoclinally folded at least on scales
of several outcrops. Thus, we are not dealing with
a simple stratified sequence of sedimentary and vol-
canic rocks athough the anorthosite sills remained
rigid, subject only to minor flexure and acquired very
weak, cataclastic fabrics.

The absence of good strain markers in the region
encourages the use of magnetic fabrics to evalu-
ate the shear sense and principal fabric directions
(lineation and foliation). In adjacent areas one ob-
serves dextral transpression of the margins of the
Quetico Belt (Borradaile et a., 1993a; Borradaile
and Dehls, 1993) and north-side-up shear of the
metasedimentary terrain immediately to the north of
the Wabigoon Belt (Borradaile et a., 1993b). Else-
where in the region, the orientation distribution of

rock-forming silicates mainly influences the prin-
cipal susceptibility directions in the metamorphic
rocks. Physical separations of minerals or leaching
tests (Borradaile et al., 1990) and hysteresis studies
can distinguish, to various degrees, the paramagnetic
and ‘ferromagnetic’ contributions to bulk suscepti-
bility (Borradaile and Werner, 1994). The genera
conclusion is that AMS principal directions define a
foliation due to an orientation distribution of mineral
grains initialy aligned by stress-controlled nucle-
ation and subsequently modified by strain (Henry,
1990; Werner and Borradaile, 1996; Borradaile and
Henry, 1997).

Anisotropy of anhysteretic remanence (AARM)
extends the analysis by isolating the preferred
mineral orientations of the ‘ferro’-magnetic grains
(Jackson, 1991; McCabe et a., 1985; Jackson and
Tauxe, 1991). Where the ferromagnetic response is
primarily due to magnetite grains, the AMS re-
sponse revealstheir shape-fabric or preferred dimen-
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Fig. 2. Interpretation of the aeromagnetic anomalies using known susceptibility values for the rocks yields the above solution for the
structures at depth. Note the vertical or steep, northwards dipping structures. The line of the section is through the centre of the Rainy

L ake anorthosite.

sional orientation, due to the high susceptibility, low
anisotropy and the demagnetizing effect.

On the other hand, AMS combines responses
from paramagnetic (mafic) silicates and ferromag-
netic grains, with a normally negligible, diamagnetic
contribution from quartz, feldspar, etc. Where the
ferromagnetic response is minor, the AMS signal
largely shows the preferred crystallographic orien-
tation of the mafic silicates (Borradaile and Henry,
1997). If the ferromagnetic response forms a sig-
nificant portion of the signal, say >5%, isolating
the ferromagnetic and paramagnetic contributions
is advisable (Jackson, 1991; Rochette et al., 1992;
Borradaile and Werner, 1994). This may then be
subtracted from the AMS response to determine the
paramagnetic AMS fabric. In this way the silicate
matrix fabric (paramagnetic) and accessory (ferro-
magnetic) fabrics are separated.

Thus, AMS may identify subtle variations in pla-
nar (S-tectonite) or linear (L-tectonite) silicate pre-
ferred crystallographic orientations whereas AARM
determines the preferred orientation of higher sus-
ceptibility ferromagnetic grains. For magnetite this
would be a preferred dimensional orientation. Of
course, the strengths of these orientation distribu-

tions do not directly correlate with strain magni-
tudes or principal stress ratios, primarily because
different proportions of minerals change the bulk
anisotropy more than variation in preferred orienta-
tion (Borradaile, 1987a). Nevertheless, the principal
directions of the AMS tensor normally faithfully rep-
resent strain directions that are near the finite state
axes X > Y > Z (Borradaile, 1988, 1991; Bor-
radaile and Henry, 1997). AMS fabrics thus reveal
an ellipsoid most often influenced by the orientation
distribution of silicate-matrix minerals.

In this study, magnetic fabrics are particularly
useful because the anorthosite complex provides
only exceptionally coarse-grained rocks of low duc-
tility with low contents of phyllosilicates. Thus,
schistosity is rough, poorly developed and difficult
to measure. It is largely a spaced cleavage of a
cataclastic character (Borradaile et al., 1982). Field
lineations are still more difficult to discern. Thus,
observing L-S fabric variations in the field is not
possible asin most other tectonically deformed rocks
in the region.

Paramagnetic mafic silicates such as chlorite, bi-
otite, amphibole and epidote have intrinsic bulk sus-
ceptibility <2000 wSl. Where susceptibilities are
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Fig. 3. Curie points determined from a Sapphire Instruments
trandation balance reveal that pyrrhotite and magnetite are
present in most samples. Traces of hematite may be present
initialy in some samples but generaly this is an artefact of the
experiment.

higher, this may be due to inclusions of iron oxides
or sulfides (Borradaile and Werner, 1994; Borradaile,
1994). Thus, even if the rocks were composed en-
tirely of such silicates, their bulk susceptibility would
be <2000 . SI. However, the mean bulk susceptibil-
ity of 276 samples is 6058 wSl. This shows that
high susceptibility iron oxides or sulfides occur as
traces. Thus, these grains dominate the AMS signal
that combines of ferromagnetic, paramagnetic and
diamagnetic contributions.

Thermomagnetic tests in a Sapphire Instruments
trandational Curie balance on concentrated mineral
separations show that the remanence-bearing, high
susceptibility phases are pyrrhotite and magnetite
(Fig. 3). Moreover, it was subsequently found that
the bulk anhysteretic remanence of 39 suitable sam-
ples was 164 mA/m; thus, the samples have the
potential to carry asubstantial remanence.

2. Anisotropy of magnetic susceptibility (AMS)

We sampled 276 cores, of standard 1 inch diame-
ter and 0.85 inchesin height. At least two cores were
taken from each oriented hand sample. The main
sampling subareas are A through G, shown in the
inset maps of Figs. 4 and 5.

Anisotropy was measured using the seven-orien-
tation scheme of Borradaile and Stupavsky (1995)
with a Sapphire Instruments SI2B unit at 19,200
Hz with an RMS field of 0.7 oersted. Sensitivity

a) min
N

AMS contoured at E, 3E, 5E etc.,
where E is expected uniform density.

=86

Fig. 4. Orientations of minimum susceptibility (and interme-
diate where the magnetic fabric is congricted, L>S) for the
anorthosites in seven subareas. Throughout the anorthosites a
magnetic foliation trending NE-SW is discernible, to which the
pole concentration of minima is orthogonal. The exception is
subarea B where fabrics are constricted causing a horizontal gir-
dle of minimum susceptibility axes, defining a vertical magnetic
fabric linestion.

is 2 x 107 S| under good operating conditions.
This provides ample resolution for the lowest sus-
ceptibility samples (~50 wSl) provided the body
diagonal measurements are included and the appro-
priate checks for fabric homogeneity are applied
for low susceptibility samples (Borradaile and Stu-
pavsky, 1995). Most orientation distributions show a
point concentration of minimum AMS axes defining
aNE-SW foliation (S-fabric) that dips steeply north
through most of the anorthosite (Fig. 4A, C, D, E,
F, G). Subarea B differs in having a partial girdle of



G.J. Borradaile et al. / Tectonophysics 293 (1998) 239-254 243

a) max +Nlnt b) max

¢) max
N

n=12

d) max +Nint e) max +Nlnt

AMS contoured at E, 3E, 5E etc., °
where E is expected uniform density.

n=172

Fig. 5. Maximum susceptibility axia directions are shown for
the anorthosite, with intermediate axes where the subareas A,
D, E, F, G have flat-shaped magnetic fabric ellipsoids (S > L).
Thus, in those five subareas, the maximum and intermediate axes
define a crude girdle defining the magnetic fabric foliation. In
subareas B and C linear fabrics dominate with nearly vertica
magnetic lineations.

minimum axes, due to a more constricted fabric with
asteep lineation.

The maximum axes combine the zone axis of
long axes of paramagnetic silicates, the preferred
dimensional orientation of magnetite and preferred
crystallographic orientation of pyrrhotite. This is a
composite magnetic lineation. Most fabrics tend to
be oblate (S>L tectonites). Therefore combining
maximum and intermediate axes in most subareas
is more meaningful (Fig. 5). NE-SW foliations are
apparent from the girdles of maximum and interme-
diate susceptibilities in al subareas, except in the

north (Fig. 5B, C). In the latter, L > S fabrics suggest
congtriction about a steep axis.

3. Anisotropy of anhysteretic remanent
magnetization (AARM)

We determined remanence anisotropy for 39 sam-
ples to isolate the fabric contribution of the re-
manence-bearing grains. Remanence was applied in
seven directions, including the body diagonas of
the samples (Borradaile and Stupavsky, 1995) to
provide a rapid and precise estimate of anisotropy
(Werner, 1997). Experiments show that this proce-
dure does not require AF demagnetization between
each stage of application of ARM (Werner and Bor-
radaile, 1996). The principal directions of AARM
are shown in Fig. 6. AARM was applied in a Sap-
phire Instruments AF demagnetizer from a peak field
of 150 mT with a constant DC bias field of 1 oersted
over awindow from 100 mT to zero.

Most samples reveal only dight angular differ-
ences between the principal AMS and AARM axes.
However, they are consistent in a way that may be
attributed to fabric development during noncoaxial
tectonic strain increments (Borradaile and Henry,
1997). We did not find ‘inverse’ fabrics, in which
AMS axes do not correspond to AARM axes due
to the presence of some single-domain magnetite
or other mineral whose long axis coincides with
minimum susceptibility (Stephenson et a., 1986;
Rochette et al., 1992). The ferromagnetic acces-
sories are large intercrystalline, multidomaina or
large pseudo-single-domain grains scattered through
the matrix. Little remanence is carried by the sparse
inclusions in the feldspars (see Borradaile, 1994;
Borradaile and Werner, 1994).

4. Comparison of AMSand AARM magnetic
fabrics

The shape of magnetic fabric ellipsoids may cor-
respond generaly with the symmetry and eccentric-
ity of the causative mechanism (Borradaile, 1988;
Henry, 1989, 1990; Housen and van der Pluijm,
1990; Borradaile and Henry, 1997). For example, a
congtrictive strain event will produce an orientation



244 G.J. Borradaile et al. / Tectonophysics 293 (1998) 239-254

Rainy Lake
a) AARM,,, N

Vermillion Lake
b) AARM,,, N

¢) AARM,,.... N d) AARM,,... N

N=40

Fig. 6. Anisotropy of remanence isolates the contribution of fer-
romagnetic minerals, whereas low field susceptibility (Figs. 4
and 5) combines contributions from al minerals. Here rema-
nence anisotropy was determined using anhysteretic remanence
in a Sapphire Instruments AF demagnetizer. AARM is less well
defined than AMS (Figs. 4 and 5) because fewer samples are
suitable for AARM analysis. Moreover, the fabrics are controlled
by smaller grain populations in each sample that causes a sig-
nificant inter-sample scatter. Rainy Lake samples (a, c) show a
poorly defined foliation ENE-WSW with a subhorizontal fabric
lineation that would represent average maximum grain dimen-
sions. Near Vermillion Lake the fabrics are less homogeneous
(b, d).

distribution of minerals whose long axes define a
marked lineation without foliation. The constrictive
strain would be represented in symmetry alone by
a rod-shaped magnetic fabric ellipsoid. In a coaxial
strain history, the AMS (older silicates) and AARM
(younger ferromagnetic) fabric ellipsoids may have
a similar shape and their foliations would be paral-
lel. However, each mineral has a different magnetic
anisotropy and the AMS signal combines al their
responses. Thus, at best, AMS can yield only a
general impression of the crystals orientation dis-
tribution. Moreover, in our case, the same can be
said of AARM because it combines the response
of magnetite and pyrrhotite preferred orientations.
Moreover, the shapes of magnetic and fabric ellip-
soids must always differ if they depart from perfectly

prolate or oblate symmetry, even for a coaxial strain
history.

The eccentricity of the fabric ellipsoid represents
the intensity of the magnetic fabric and the crystal-
lographic or grain orientation distribution that causes
it. Unfortunately, this fabric parameter does not re-
late directly to finite strain magnitudes nor stress dif-
ferences during recrystallization because the intrinsic
anisotropy of the minerals overrides the anisotropy
of the causative mechanism, e.g., finite strain or mag-
matic flow (Borradaile, 1988, 1991). As an extreme
example a saturation alignment of mica can arise
readily through stress-controlled nucleation. This
would not represent the perfect alignment produced
by infinite strain of initially dispersed micas.

T, = +1 represents a perfect disk-fabric and
T, = —1 describes a perfect rod-fabric (Jelinek,
1981). P, describes the eccentricity or intensity of
fabric, for a sphere P, = 1. The AMS €llipsoids of
276 samples define clearly a concentration in the
field of flattened fabrics close to the origin (Fig. 7,

1 oblate
+ {elllpsoldsl
— AMS n=276
P=111 T =021

s 277N
1. \

S

’
/

Lo
2 neutral
I/ ellipsoids|

______

— ————AARM n=39
P,=2.03 T,=0.14
-1 7 T ; p_rolal.e
1.0 12 14 16 1.:@.0
i
Fig. 7. Jelinek (1981) plot of the AMS and AARM fabric d-
lipsoid shapes. The frequency of points is given in counts per
percentage area of the graph. Note that AMS fabrics are domi-
nantly flat-shaped, due to the influence of the intrinsic anisotropy
of phyllosilicate lattices. However, the data also cluster more
closely to the neutral shape (Tj = 0.21) than for most phyllosil-
icates. This is due to the combined contributions from rema-
nence-bearing grains. Their anisotropy was isolated by studying
anhysteretic remanence (dashed contours) that show much higher
anisotropy (P > 1.2 mostly) but more neutral shape on average
(Tj = 0.14). Average P, and T; values are given on figure.
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Table 1
Magnetic fabric parameters
No. of samples Mean bulk R T X Y z
AMS 276 6058 .Sl 111 0.21 104 101 0.95
AARM 39 164 mA/m 2.03 0.14 127 1.07 0.78

Table 1). Thus, they suffered mild flattening due
to an S>L orientation distribution of crystals and
grains. Although paramagnetic silicates form a sig-
nificant part of the AMS fabric, AARM isolated the
contribution due to pyrrhotite and magnetite. AARM
shows higher anisotropy intensity (P, Fig. 7, Ter
ble 1) than for AMS in which mafic silicates play
an important role. Of course, this does not mean
that the magnetite and pyrrhotite are strained more
than the mafic silicates; their lattices are just more
anisotropic. In fact, the magnetite and pyrrhotite
formed later in the metamorphic sequence from tex-
tural evidence and general metamorphic considera-
tions. Thus, they strained and rotated less than the
silicate matrix. Differences between symmetry of the
remanence-bearing grains (solely AARM) and sil-
icates (included in AMS) are clear. AARM fabric
elipsoids for magnetite are normally more neutral
(=0) than those of the accompanying AMS fabric.
Again, this reflects a difference in crystallographic
magnetic properties rather than a tectonic process.
It is even possible that the symmetry (T;) of the
causative mechanism, e.g., syncrystallization differ-
ential or finite strain, was identical during formation
of the remanence-bearing grains and the silicates.
This tentative statement relies on the fact that crys-
tallographic influence on magnetic anisotropy is nor-
mally more effective than deformation mechanisms.
In summary, AMS foliation planes for the seven
subareas are shown in Fig. 8 with the mean AARM
foliations for the two larger areas of Bad Vermillion
and Rainy Lake. The range of angles between the
AMSfoliationsin different subareas shows the fabric
is regionally heterogeneous. By inference the con-
trolling mechanisms, e.g., syncrystallization stress or
strain, were similarly heterogeneous in orientation
and intensity. Foliation planes vary over a range
of dightly more than 45°. Significantly, AARM fo-
liation planes are significantly discordant with the
AMS faoliation planes in the same subareas. Pet-
rographic evidence and general metamorphic con-

a) Rainy Lake
N

b) Bad Vermillion Lake
N

—— AMS mean foliation
by Subarea

— —— AARM mean foliation

Fig. 8. Mean magnetic foliation planes for the main part of the
Anorthosite intrusion near Rainy Lake (a) and the part sheared
and deflected near Bad Vermillion Lake (b). A through G refer
to the subaress of Figs. 4 and 5.

sideration shows that the accessory magnetite and
pyrrhotite formed late. Remanence studies and Curie
balance data (Fig. 3) show they are responsible for
the AARM.

When a planar fabric is locked into a rock,
whether by pressure solution, preferred nucleation
orientation of neocrysts or one of many other de-
formation mechanisms, it becomes a strain marker.
Generally, it isindéliblein the absence of acomplete
metamorphic overprint so that it will spin during a
subsequent noncoaxial strain history. We shall as-
sume homogeneous strain, i.e., straight lines will
remain straight and parallel lines remain parallel.
The planar marker may be considered passive (i.e.,
of exactly the same ductility as the matrix) or to have
different properties in which case particle-matrix
viscosity contrast influences spin rate.

For the passive plane, and sometimes for the
active plane, the spin rate exceeds the apparent ro-
tation of the strain ellipsoid (Fig. 9). For perfect
simple shear, with the necessary constraints on vor-
ticity with incremental extensions applied at 45° to
the shear plane, and no strain in the Y-direction,
the strain elipse and any planar marker rotates in-
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and AARM foliations in simple shear
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Fig. 9. Modd of progressive development of foliations in perfect smple shear assuming homogeneous strain. On the extreme left, the
initial fabric Sy, isinitiated at 45° to the shear plane. With a shear strain y it spins toward the shear plane. Then, an AMS foliation is
initiated, again at 45° to the shear plane. Both fabrics subsequently rotate further toward the shear plane. Finally and AARM foliation

develops and all three foliations continue to spin toward the shear plane.

definitely, but at different rates toward the shear
plane until they become paralel at infinite strain.
This ‘progressive’ strain is most common. However,
under certain circumstances of vorticity the strain el-
lipse may pulsate, returning periodically to a sphere
during the strain history (Ramberg, 1975). Such situ-
ations are unlikely to be relevant in magnetic fabric
studies where the upper limit on magnetic anisotropy
is dictated crystallographically. Moreover, for the
large shear strains associated with pulsating histo-
ries (e.g., mylonite zones) deformation mechanisms
may completely reset the magnetic anisotropy pe-
riodically. Thus, in rare pulsating strain histories,
magnetic fabric will at best only record a fraction of
the strain history, perhaps less than one half-cycle of
pulsation.

When multiple planar XY marker develop asyn-
chronoudly during progressive strain their relative
angles should revea the shear sense, by analogy
with S-C fabrics of classical structural geology. The
oldest anisotropy plane (S; cataclastic field folia
tion) should always lie most nearly paralel to the
shear plane (Fig. 9). Successively younger foliations
such as AMS influenced by mafic silicate fabric and
AARM due to the ferromagnetic fabric lie at greater
angular distances from the shear plane since they are
initiated at 45° to the shear plane in simple shear
at some later stage in the strain history. Of course,
for very large shear strains (y, Fig. 9) this may be
invalid because the different rheol ogies of the miner-
as defining each subfabric might rotate at different
relative rates to those assumed in Fig. 9, causing dif-
ferent relative angular relations. This is not possible

in this region because the strain is so low, and it
would be unlikely in most other metamorphic rocks.
S, was established by minor strain of the feldspars
in the anorthosite, whereas AMS and AARM were
frozen into the rocks by stress-controlled preferred
orientation crystallization and then strained. With the
low strains in our region (much less than in Fig. 9)
the relative angular relations confirm consistent shear
sense. Under these circumstances, the initial AMS
and AARM foaliations should be nearly parallel to the
principal XY plane of the appropriate strain ellipsoid
at the time of formation of each magnetic subfabric.
Relative orientations of AARM and AMS foliations
thus reveal shear-sense indicators with the younger
AARM faliation lying furthest from the shear plane
(Fig. 9). Our interpretation is essentially that small
strains (y < 3) rotated pre-existing fabrics produced
initially by stress-controlled crystallization.

An dlternative interpretation, more appropriate to
large strains, is that rotation is primarily strain-influ-
enced (Keith Benn, pers. commun., 1998). Due to the
rigidity of the anorthosite and the low internal strain
of its mafic silicates and ferromagnetic accessories
this is not a major concern in this study. However,
for more ductile rocks in the region where similar
conclusions have been drawn the criticism warrants
attention. Consider two extreme possible cases for
grain rotation (Borradaile, 1993a) and the complex-
ity they introduce, notwithstanding the assumption
of perfect smple shear.

The first case, perfect rigid body rotation, ex-
cludes intergranular strain and requires that the
marker grains align by rotating through a matrix of
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Fig. 10. Two idealized models of particle alignment by strain. PCO = preferred crystallographic orientation; PDO = preferred

dimensional orientation.

negligible viscosity, avoiding mutual impingement
(Fig. 10a). In two dimensions and for the case of
simple shear (strain only in a plane perpendicular to
the shear plane), the angle of grain long-axis to the
shear plane is approximately given by:

A
cot(a') = \/g [tan(y\/[A- C]

+arctan (\/g : cotao)} D

in which g = initial angle between long axis and
shear plane, o’ = final angle, y = shear strain, R =
grain aspect ratio (length/width) and
R? 1

RR+1 ~  R2+1

from Ghosh and Ramberg (1976). Therefore, even
with the idealized conditions of perfectly rigid mark-
ers, zero viscosity matrix, Y = 0 and shear confined

to two-dimensional strain, the rate of rotation de-
pends on initial angle and aspect ratio. In our study

A=

this oversimplified model is the closest to the case
of rotation of partially preaigned, rigid crystals to
enhance and rotate a preferred crystallographic ori-
entation (PCO, Fig. 10a).

An other extreme simplification, passive rotation,
assumes that the grain is indistinguishable from the
matrix in terms of physical properties, acting rather
like a marker distinguished only by some nonmate-
rial feature such as colour. This appliesreadily to any
object with an envelope that appears to be approxi-
mately elliptical, e.g., clastic grains, pebbles, concre-
tions, lava pillows (Borradaile, 1987b). Rotation is
apparent rather than real because the outline behaves
like a rubber band lying on a flat surface that is
pulled in adirection different from itslong axis. This
isclearly demonstrated by the upper elliptical marker
in Fig. 10b. It has such a low aspect ratio that its
rotation would be negligible if it responded rigidly.
Here, however, the perfectly ‘ductile’ response can
pull the ellipse out toward the long axis of the finite
strain ellipse producing an apparently large rotation.
Such an alignment affects shape directly and is more
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properly called a preferred dimensional orientation
(PDO, Fig. 10b). For a genera strain history, in-
cluding perfect simple shear, the equation relating
theinitial and finite particle orientations with respect
to the long axis of the strain ellipse (rather than the
shear plane) is:
tan2¢ =
2 Rs- (Ry—1) -sin20
(Ro+1 - (Re—1) + (Ro— 1) - (Ro+1) - c0s29
)
where /Ry = initial aspect ratio, /R = final aspect
ratio, »/Rs = strain ratio, # = initial angle between
long axis and finite strain elipse long axis, ¢ =
final angle (Ramsay, 1967, egs. 5-22). This is con-
siderably more complex than the more commonly
considered passive line rotation:

cota’ = y + cotag

(©)
where y = shear strain, ag = the initial angle with
the shear plane and «’ = the finad angle (Ramsay,
1967, egs. 3—7). Nevertheless, where grain aspect ra-
tioisnot very large (<10), it is advisable to consider
the rotation being controlled by reshaping mech-
anism described graphically above and by Eg. 2.
Simple shear of passive objects produces a slower
alignment than of passive linear markers (Fig. 11).
Thus, if finite strain causes the grain alignment,
the final orientations of two minera foliations de-
pend on grain aspect ratio, initia orientation, the
relative roles of rigid/passive rotation and the rela-
tive ages of the two foliations in the strain history.
Moreover, grain shape and initial orientation are
not unique; their frequency distributions also affect
the outcome (Borradaile, 1987b). The author can

(a)

(b) (©)

(d)
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provide a shareware computer program to simulate
these effects and perform a variety of strain anal-
ysis techniques (RfPhi.EXE obtainable from Bor-
radaile@L akeheadU.CA).

Clearly, if finite strain were the dominating con-
trol on the fabric orientations and if the shear strain
were sufficiently large (y > 3), one could expect
a variety of outcomes, in which either AARM or
AMS foliations could have rotated closer to the
shear plane, depending on the numerous variables
(Egs. 1 and 3). For example, if the mica subfabric
turned more slowly toward the shear plane than more
equidimensional grains such as magnetite, AMS fo-
liation would be further from the shear plane than
the AARM foliation, contradicting our results and
those of earlier studies. Such concerns are limited to
materialswith suitable aspect ratios and large strains,
e.g., magmatic flow (Benn and Allard (1989), high
temperature deformation (Blumenfeld and Bouchez,
1988) or soft-sediment deformation.

We conclude that the noncoaxial strain history
with moderate regional dextral shear on an E-W ver-
tical shear plane progressively produced and aligned
S;, AMS and AARM foliations with the shear plane.
Near Bad Vermilion Lake this reveals dextral shear
(Fig. 8b). For the Rainy Lake block, the angular rela-
tionships of foliations similarly reveal north-side-up
displacement (Fig. 8a).

Feldspars show no clear preferred orientation so
that it is unlikely that AMS is influenced by their
sparse ferromagnetic inclusions, whose orientations
could be controlled by host crystallography. A previ-
ous rock-magnetic study of ferromagnetic inclusions
in silicates shows that even where silicates posses
significant ferromagnetic inclusions their intracrys-

Shear Plane

(e) N

Fig. 11. In homogeneous strain with a progressive noncoaxia history like simple shear, a passive linear marker will spin more rapidly

toward the shear plane than a marker defined by some closed loop.
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talline angular dispersion combined with the scat-
tered orientation distribution of host grains results
in negligible whole-rock magnetic anisotropy (Bor-
radaile, 1994). Indeed, if this were not so, palaeo-
magnetic work would scarcely be possiblein igneous
rocks. For this reason, and from basic petrographic
observations and the normal progression of meta-
morphic reactions we argue that the intergranular
ferromagnetic grains grew late. We attribute their
well developed, consistent AMS to stress-controlled
crystalization. In contrast, S; is a rough, poorly, lo-
cally developed fabric of weakly deformed feldspar
that could not account for such a consistent AMS.
AMS faliation, due mainly to mafic silicates, is off-
set anticlockwise in plan view from S,;. Since the
samples represent homogeneously strained portions
of the rock, large-scale E-W dextral shear can ac-
count for the AMS foliation of biotite and chlorite
that grew late in the metamorphic sequence. On the
other hand, S; represents a longer history, recorded
by feebly developed feldspar fabrics. AARM folia
tion might be dightly offset counterclockwise from
S, contradicting our model (Fig. 9), but in indi-
vidual subareas where there are sufficient data to
corroborate our shear-sense interpretations region-
aly. Because AARM foliation is the youngest it may
reveal alate component in the noncoaxial strain his-
tory. If the plan-view counterclockwise interpretation
is correct, this may represent E-W sinistral shear.

5. The palaeomagnetic record

Incremental thermal demagnetization was suc-
cessful for 42 samples over a temperature range
up to 700°C. Normally, at least eleven demagneti-
zation steps were made. We analyzed demagneti-
zation trajectories on the vector plots by principal
component analysis (Kirschvink, 1980). This was
done interactively during the experiments using a
combined spinner—magnetometer control and data
interpretation program. Most samples demagnetized
completely, just below 600°C (e.g., intensity graphs
inset in Fig. 12). This suggests that magnetite car-
ries the remanence, rather than the pyrrhotite whose
Curie point is around 300°C.

In most samples, steep northwards, downwards
secondary components unblock between 200°C and

a) W or up

E or down 700°C

b) W or up

ChRM and
secondary overlap

—some "O" data obscured
/

S < t N
e}
700°C \
\
10 mA/m ¢+ ‘\
\
(@]
® = plan view ]
QO = side elevation ,'
(o]
E or down

Fig. 12. Typica vector plots (Zijderveld, 1967) for the rema
nences in the anorthosites. (a) Most samples show two magne-
tization components; a young one down to the north, that may
be VRM in the present geomagnetic field. However, they aso
show a strong, variably oriented characteristic component due
to effects of deformation. (b) Some samples show two curved
demagnetization trgjectories. Although normally considered due
to overlapping blocking temperature spectra, it could also be due
to slowly acquired remanence accompanying tilting.

300°C (Figs. 12 and 13c, d). They have aFisher mean
orientation of 004/67, close to the present geomag-
netic field. They could represent a modern viscous
overprint becauseit is not deflected systematically in
respect to structural position in the area. However,
numerous posttectonic or late syntectonic intrusions
about 100 km to the east have similar remanence
directions that were shown to be primary (Dunlop,
1979a, 1983, 1984a,b, 1985). By comparison, our
secondary component could be a posttectonic, late
Archaean remanence that is fortuitoudly close to the
present geomagnetic field direction.

The characteristic remanence that we consider to
be primary has a bimodal distribution at 293/46 and
084/-63 (Fig. 13a, b). Although these are not quite
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ChRM components:
a) Lower hemisphere n=18

b) Upper hemisphere n=23

Secondary component:
c) Lower hemisphere n=10 d) Upper hemisphere n=2

Fig. 13. Characteristic components of remanence cluster on the
upper and lower hemisphere but they are not antipodal. They
may represent a Normal/Reverse pair distorted by the regional
shortening. Thisis possible because NW-SE regional shortening
is which could steepen both the (a) down-maximum and (b) up-
maximum to their present angular relationship. Clear secondary
components (c, d) are generally downward and north.

antiparallel, they could represent a normal and re-
versed polarity pair, bearing in mind the effects of
deformation and the unknown intervals of geomag-
netic reversals in the Archaean. The 41 characteris-
tic remanences recognized by principal component
analysis show a weak NW-SE girdle (Fig. 13a,
b), approximately perpendicular to the anorthosite
sills. Down-seeking and up-seeking maxima lie in a
girdle parallel to the regional horizontal shortening
direction. This could explain the two maxima as a
Normal /Reverse pair steepened toward a vertical ori-
entation so that they are no longer antiparaldl. It is
now well accepted that stable remanence directions
may rotate under the influence of small shortening
strains, e.g., ~30%, associated with the initiation of
cleavage in sediments el sewhere (McL elland-Brown,
1982; Facer, 1983; Schwartz and van der Voo, 1984,
Hirt et al., 1986; Lowrie et al., 1986; van der Pluijm,

1987; Cogné and Perroud, 1987; Henry, 1992; Bor-
radaile, 1993b, 1997). Here, strain shadows reveal
shortening of <20% so that we could expect a mod-
est dispersion of stable remanence vectors.

For some samples, the vector plots showed a
curved trajectory representing some combination of
differently oriented characteristic sub-components
(eg., Fig. 12b). Normally, one interprets this as
overlapping blocking temperature spectra of mul-
tiple components of similar age (Dunlop, 1979b;
Hoffman and Day, 1978; Halls, 1979; Dunlop and
Ozdemir, 1997). However, it seems too much of
a coincidence that the vector-trgjectory curves lie
in NW-SE vertical planes, parallel to the NW-SE
regional shortening direction.

We envision that as the anorthosite tilted to a
steeper angle, earlier magnetic components were
rotated with it and younger components were im-
posed initially at gentler angles to the sill, only to
be rotated southward subsequently (Fig. 15). The
progressive southward rotation eventually permitted
the acquisition of softer, younger components al-
most parallel to the sills. This sequence accounts for
the range of principal components that we find and
for their unblocking temperatures. Syntectonic mag-
netization and remagnetization is documented from
other studies and regions (e.g., Kligfield et al., 1983;
Miller and Kent, 1986; Kodama, 1988; Vetter et al.,

A

N

English River |
Metasedimentary Belt |

Wablg
Metavolcanic Belt

UP__ o et =

Ralny Lake & /= - + - DOWN~ o
Anorthosites T Quetico
Metasedimentary Belt
_ Shebandowan
Metavolcanic Belt

Fig. 14. Schematic map shows the sense of terrain-boundary
shear and the senses of vertical motion on the boundaries. Mag-
netic fabrics confirm this kinematic pattern for the eastern part of
the Shebandowan Belt (Borradaile and Spark, 1991; Borradaile
and Dehls, 1993) and for the southern margin of the English
River Belt (Borradaile et a., 1993ab). Structural mapping sup-
ports dextral transpression of the margins of the Quetico Belt
elsawhere (Hudleston, 1976; Borradaile, 1988; Hudleston et a.,
1988).
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1989; Hudson et al., 1989; Stamatakos and Kodama,
1991a,b; Borradaile, 1997). It may not be necessary
to invoke conveniently syntectonic thermal or chem-
ical events to produce the required magnetizations.
Experiments suggest that pulses of stress may trigger
remagnetization in magnetite (Borradaile, 1996).

6. Discussion

S, fabric developed first in these rocks, express-
ing itself permanently in feldspars, as a cataclastic
foliation. Within the anorthosite, a single deforma-
tion phase produced an integral schistosity-lineation
fabric with dominant foliation (S>L). Thisis barely
discernible in some parts of the massive, coarse-
grained anorthosite. The growth of biotite, chlorite

Rainy Lake
( cross-section )

Time

:,; !

<

anorthosite

and other mafic minerals contributed to the pre-
dominantly planar AMS fabric, sometime after the
initiation of S;. The plan-view angular offset be-
tween the AMS foliation and S; is compatible with
dextral shear along a vertica SW-NE Seine River
Fault in the eastern part of the intrusion, south of
Bad Vermilion Lake (Fig. 15). For the main part of
the intrusions, near Rainy Lake, the magnetic fabric
geometry also favours north-side-up shear. Compar-
isons of AMS and still younger AARM foliation
orientations suggest that this shear sense may have
persisted later in the deformation history, at least in
some subareas. Localized E-W sinistral shear near
Bad Vermilion Lake is a loca strain heterogeneity
modifying the more important and regionally signif-
icant north-side-up shear on the north side of the
Quetico subprovince (Figs. 14 and 15). We con-

Bad Vermilion Lake
( south side, plan view )

w E
Quetico Fault

Fig. 15. Schematic local cross-section for Rainy Lake and map for Bad Vermillion area. The Rainy Lake section reveals progressive tilting
of the anorthosites from the progressive magnetizations (ChRM = characteristic remanent magnetization). The successive development
of AMS (silicates), then AARM (magnetite) confirm the progressive south-side-down movement. Together with tilting of the anorthosite
this confirms suggestions by other authors that subduction was to the north. The Bad Vermilion area shows a local complexity because
the anorthosite occurs in a strain shadow against a conjugate fault (Borradaile and Dehls, 1993). Thus locally, on the south side of this
block, the shear sense is sinistral. However, AMSfoliation is till younger than AARM foliation.
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sider that the north-side-up shear over the bulk of the
Rainy Lake anorthosite and northwards steepening of
the anorthosite sills (Figs. 12 and 15) accompanied
northwards subduction with dextral transpression of
terrain boundaries (Fig. 14). This much agrees with
the S;, AMSfoliation and AARM foliation kinemat-
ics and is compatible with the dextral transpression
inferred by structural studies (Hudleston et al., 1988;
Borradaile et al., 1988).

Characteristic magnetizations unblock >300°C
and disperse in a NW-SE girdle with two, not quite
antiparallel maxima. The girdle contains the NW-SE
horizontal regional shortening direction. Moreover,
S;-AMS-AARM kinematicsfavour thisasthe plane
containing poles to tilted surfaces during progressive
steepening. Therefore, the two primary remanence
maxima could have been originally antiparallel, their
present steeper attitudes due to NW—-SE shortening
or compression. In that case, at least one geomag-
netic reversal could have occurred in this interval.
Further evidence for the close timing of characteris-
tic magnetization and tectonism comes from vector
plots that show ‘smeared’ or curving paths. It isrea-
sonable to assume that the now vertical anorthosite
sheet was initially gently dipping. Thus, the simplest
interpretation is that the anorthosite tilted to acquire
successive components of magnetization in the geo-
magnetic field at successively gentler angles to the
sheet. Palaeomagnetic evidence therefore supports
the geological contention that the anorthosite tilted
progressively northward (Fig. 15).
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