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ABSTRACT

The Opatica belt is a late Archean granitoid—gneiss terrane situated within the northern Abitibi Subprovince, along the
northern margin of the Abitibi greenstone belt, Quebec. This belt is composed of several suites of tonalite~granodiorite—
granite composition, variably deformed under epidote-amphibolite to upper-amphibolite grade conditions. Specimens
from 87 sampling sites within the Opatica belt show a wide range in variation of magnetic susceptibility (K); the large
variations are due essentially to varying proportions of ferromagnetic trace minerals. Detailed study of the opaque miner-
alogy by reflected light petrography, electron microprobe analysis and SEM observations, as well as alternating field and
thermal demagnetization experiments confirm that multi-domain, very pure magnetite is the dominant ferromagnetic
phase which, along with ferrosilicates, contribute to the magnetic susceptibility. In some cases, hematite may also make a
significant contribution to K. In rocks with low K, the susceptibility may be dominated by the ferrosilicates hornblende
and biotite. Intensity of anisotropy of magnetic susceptibility (AMS) is also highly variable, and appears to be controlled
by the mineralogy of the rock rather than by strain intensity or deformation state. The shapes of AMS ellipsoids are also
controlled by mineralogy. Detailed comparisons are made of AMS fabrics with field measurements of magmatic and met-
amorphic foliations and mineral and stretching lineations, and with mineral lineations determined by image analysis of
polished slabs. There is very good agreement between the average orientations of poles to structural foliations, and the
average orientation of the K principal axes of the susceptibility ellipsoids in all outcrops. In most cases, there is also good
agreement between average structural lineations and the average K, axis. In quartz-monzodiorites, disagreement betweer.
the average lineation and average K, may be due to complex textural occurrences of magnetite, and the presence of abun-
dant hematite. In gneisses, broad scatter of the orientations of X, for individual samples from an outcrop (quantified by
statistical confidence regions about the principal axes) locally occurs within the foliation plane, and may be attributed to
the partial overprinting of earlier fabrics by subsequent deformation.

Introduction

Granite-gneiss belts, along with plutons and
intrusive complexes within granite—green-
stone and metasedimentary belts, represent by
far the largest surface area in most cratons of
known Archean age. With this in mind, struc-
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tural studies of crystalline rocks should be con-
sidered of prime importance in developing tec-
tonic models for Archean cratons. Plutons may
be emplaced at various stages during regional
deformation, and thus record much of the tec-
tonic evolution of a terrane. In some cases,
granite-gneiss belts may be representative of
the middle to lower crust underlying adjacent
supracrustals. For example, it has been pro-
posed that the Kapuskasing—Wawa gneiss
would represent the deeper crust of the Wawa
greenstones in northern Ontario (Percival and
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Card, 1983). It has also been suggested that the
Opatica belt, which is the subject of this paper,
represents the metamorphic—plutonic hinter-
land to a late Archean orogenic terrane which
includes the Abitibi greenstone belt (Benn et
al., 1992; Sawyer and Benn, 1993). Structural,
petrological and geochronological information
gathered from these rocks will extend con-
straints on the evolution of Archean orogens to
middle and lower crustal levels. As well, struc-
tural analysis of granitic rocks can provide in-
formation on kinematics and strain in major
movement zones.

In 1989, a LITHOPROBE funded study of
the late Archean Opatica granite—gneiss belt
was initiated (Fig. 1), involving over 200 km
of structural mapping along three N-S trav-
erses (Fig. 2). The results of this work have
provided a regional perspective on the struc-
ture and composition of the Opatica, and pro-
vided new constraints on the tectonic evolu-
tion of the Abitibi Subprovince of the
Canadian Shield (Benn et al., 1992; Sawyer
and Benn, 1993). Principal elements in the
structural make-up of the Opatica belt include
regionally consistent mineral and stretching
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Fig. 1. Location map of the Opatica belt in Superior Prov-
ince. The rectangle corresponds to Fig. 2.
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Fig. 2. Traverses mapped in the Opatica belt. Sampling
sites corresponding to detailed fabric study are indicated.
Major transcurrent ductile faults are also indicated.

lineations, associated with both deep-seated
thrusting and major ductile transcurrent faults.
Though crucial to regional kinematic analysis,
lineations are often hard to determine accu-
rately in the field, due to the flat, two-dimen-
sional nature of outcrops. Lineations may be
particularly difficult to determine in unde-
formed or weakly deformed granitoids, where
the low-intensity mineral or stretching linea-
tions may record the kinematics of crustal de-
formation during and following pluton em-
placement. To help overcome this problem, we
have tested the applicability of anisotropy of
magnetic susceptibility (AMS) analysis
(Hrouda, 1982; Borradaile, 1988) as a tool to
indirectly measure mineral preferred orienta-
tion fabrics in a suite of rocks representative of
various compositional types and deforma-
tional states. AMS has previously been suc-
cessfully applied to the determination of pe-
trofabrics orientations in a wide variety of rock
types. In general, K, the maximum suscepti-
bility direction, is used to approximate the
mineral lineation, and K3, the minimum sus-
ceptibility direction, is taken as the pole to the
mineral foliation.
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The relationship between the petrofabric of
a rock sample and the AMS fabric critically de-
pends, however, on the mineral species pres-
ent and textural relationships between min-
erals (Rochette, 1987; Jover et al., 1989,
Borradaile et al., 1990; Rochette et al., 1992).
Low-field AMS analysis renders a bulk mag-
netic fabric for the sample, which may be an
average of two or more subfabrics correspond-
ing to different minerals. Therefore, a detailed
study of mineralogy is a requisite in basing any
kinematic interpretation on AMS fabrics. For
this reason, the magnetic mineralogy of differ-
ent rock types was determined by detailed pet-
rographic study, demagnetization experi-
ments, electron microprobe analysis and
scanning electron microscopy observations.

In this paper, we will present a highly de-
tailed study of the magnetic mineralogy, mag-
netic susceptibilities and AMS of a suite of
rocks from 87 sampling sites within the Opa-
tica belt. Site average AMS fabrics will be com-
pared to average foliations and lineations
which were either measured in the field, or in
the laboratory using a recently developed im-
age analysis technique. It will be demonstrated
that in most cases, the K, and K principal axes
of the AMS ellipsoid provide a good approxi-
mation of the mineral preferred orientations in
an outcrop. Broad scatters of K| axes in some
sampling sites will be related to complex oxide
mineralogy, or to subtle composite fabrics
arising from incomplete structural overprint-
ing of deformation fabrics in gneissic rocks.
The magnetic susceptibility and mineralogical
data presented here may also provide a data-
base for interpretation of aeromagnetic maps,
and for eventual paleomagnetic studies in the
area.

Regional geology
Tectonic setting

The southern part of the Archean Superior
Province of the Canadian Shield is made up of

an assemblage of ENE-WSW trending sub-
provinces (Goodwin, 1977), recently rede-
fined on the basis of geological, structural,
metamorphic and geophysical characteristics
(Card and Ciesielski, 1986; Card, 1990; Fig.
1). Elongate volcano-plutonic and metasedi-
mentary subprovinces in Minnesota, Mani-
toba and northwestern Ontario are truncated
to the east by the NNE-SSW trending Kapus-
kasing structure, along which Archean lower
continental crust has been upthrust (Percival
and Card, 1983; Percival and McGrath, 1986).
To the east lies the Abitibi volcano-plutonic
subprovince, a significant component of which
is the Abitibi belt, the largest continuous gran-
ite-greenstone belt in the world. Recent models
of the late Archean tectonic evolution of
southern Superior Province are based on anal-
ogies with Phanerozoic and modern-day plate
margins. Petrologically, volcano-plutonic sub-
provinces are of dominantly calc-alkalic affin-
ity, and are considered to represent remnants
of magmatic arcs. Intervening metasedimen-
tary subprovinces are interpreted as arc-re-
lated sedimentary basins or accretionary
prisms.

Detailed structural studies limited to supra-
crustal assemblages in northwestern Ontario,
suggest that accretion of magmatic arc terranes
in the late Archean resulted in early thrusting
and imbrication of crustal slices during bulk
north-south compression (Poulsen et al., 1980;
Hudleston et al., 1988; Williams, 1990), fol-
lowed by large scale E-W transcurrent move-
ments in a transpressional régime (Borradaile
et al., 1988; Borradaile and Spark, 1991).
LITHOPROBE seismic reflection profiles
within the southern Abitibi Subprovince dem-
onstrate the presence of well defined horizon-
tal reflectors within the middle crust, which
may be interpreted as thrusts (Jackson et al.,
1990). Dimroth et al. (1983) proposed a tec-
tonic model for the southern Abitibi Subprov-
ince in Quebec, involving large-scale south-
ward vergent thrusting of an island-arc terrane.
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Geology of the Opatica

Subprovince boundaries in Superior Prov-
ince have been modified several times, and the
name Opatica has been used to refer to differ-
ent regions (see discussion in Benn et al.,
1992). In this paper, we will use the term Opa-
tica belt to refer to the granite—gneiss belt ad-
jacent to the Abitibi greenstone belt on its
northern side (Figs. 1 and 2), and which rep-
resents the northern parts of the Abitibi Sub-
province as defined by Card and Ciesielski
(1986). Though the Abitibi is one of the
world’s most studied Archean granite-green-
stone belts, no work other than reconnaissance
lithological mapping has been previously car-
ried out in the Opatica belt just to the north.
During 1989 and 1990, structural and lithol-
ogical mapping was carried out along three N-
S traverses in the Opatica (Fig. 2). Detailed
results of this work and a discussion of impli-
cations for the tectonic evolution of the Abi-
tibi Subprovince are presented by Benn et al.
(1992) and by Sawyer and Benn (1993). A
brief summary of the geology and structure of
the Opatica is presented here.

The crystalline rocks of the Opatica have
been divided into four suites at the map scale.
These suites and their relative ages are tenta-
tively established by intrusive and structural
relationships.

Suite 1 orthogneisses are composed of lo-
cally migmatitic grey tonalites and light grey to
pink granodiorites. Highly sheared pegmatite
is also locally present. These rocks are typically
heterogeneous, and cross-cutting relationships
between several intrusive phases are com-
monly preserved.

Suite 2 is made up of diorites, melanocratic
to leucocratic tonalites and granodiorites.
Granodiorites are locally porphyritic. These
rocks often contain a compositional layering of
magmatic origin which is better defined in the
dioritic to melanocratic tonalites than in the
more leucocratic rocks.

Suite 3 is dominated by quartz-monzodior-
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ites and granodiorites, also having well pre-
served magmatic layering. The relative age re-
lationship of Suites 2 and 3 is uncertain, and
these two suites may be genetically related.

Suite 4 is composed of biotite granites and
pegmatites, most commonly pink but locally
grey. Cross-cutting relationships prove that this
is the latest plutonic suite in the Opatica. Dykes
and sills of granite and pegmatite are locally
more abundant than the older rocks, present
only as xenoliths.

The only published isotopic date which
might represent a magmatic crystallization age
for Opatica rocks is a 2697 + 3 Ma Pb-Pb iso-
chron obtained by Gariépy and Allégre (1985).
This date was determined on rocks belonging
to our Suite 3, previously mapped as the Bar-
low pluton (Racicot et al., 1984), situated
along the northern margin of the Abitibi green-
stones. The four suites correspond to compo-
sitional types, and reflect, to a large degree, rel-
ative ages of emplacement.

Textural types have been defined according
to microstructural criteria as (1) very weakly
deformed, (2) LT (low temperature) epi-
dote-amphibolite grade protomylonites to
mylonites, and (3) HT (high temperature)
amphibolite grade gneisses (Benn et al., 1992).
Briefly, the textural characteristics of these
types are as follows.

Type 1. Little microscale evidence of solid
state deformation. Only quartz has undergone
minor plastic strain. Highly dentate quartz-
quartz grain boundaries record high grain
boundary mobility, indicating that deforma-
tion was under subsolidus conditions.

Type 2. Dynamic recrystallization, largely by
rotation of subgrains, under upper-greenschist
to epidote—amphibolite grade conditions. S-C
fabric asymmetries (Berth¢ et al., 1979) are
common, with chlorite—epidote—amphibole
assemblages crystallizing along C surfaces.

Type 3. Complete or nearly complete dy-
namic recrystallizaton under amphibolite grade
conditions involving high grain boundary mo-
bility. These textures have been modified to
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varying degrees by static annealing. The pres-
ervation of coarse porphyroclasts suggest that
these rocks are at least locally true HT mylon-
ites (Hanmer, 1987).

Two principal deformation events have thus
far been recognized in the Opatica. D, resulted
in regional fabrics which are gently to moder-
ately dipping foliations and mineral and
stretching lineations, recording early thrust-
ing. These fabrics are best developed within
high strain zones with L>S tectonite fabrics,
and which are interpreted as ductile thrusts.
Two families of mineral and stretching linea-
tions are currently attributed to D,. Lineations
which are parallel to the belt (ENE-WSW) or
transverse (NW-SE), tend to be dominant
within structural domains. Further structural
study, along with isotope geochronological re-
sults, should help determine if both families of
lineations are in fact related to one tectonic
event. D, structures have been reworked to
widely varying degrees into open to tight, up-
right folds by later transpressive D, events
which also resulted in the development of kil-
ometer-scale transcurrent ductile faults (Fig.
2).

Sampling

From one to five cores, 25 mm in diameter,
were collected from 87 sampling sites located
along the three traverses. Sites are situated at
least 300 m apart, and individual cores. from
each site were separated by 2 to 60 m in the
field. One, two, or three samples, 22 mm in
length, were cut from each core. All composi-
tional and textural rock types are represented
in the sampling population. Locations of sam-
ples selected for detailed comparison of AMS
and structural fabrics are indicated in Fig. 2.

Petrographic study of opaque mineralogy

Twenty-one representative samples were

chosen for a reflected-light petrographic study.
A summary of observations is given in Table
1. Because optical identification of fine-grained
oxides is difficult, more than 60 oxide grains
from eight samples were examined using an
electron microprobe and the quantitative
chemical analysis of 40 grains was carried out
using an energy dispersion spectrometer with
operation conditions of 15 kV, 10 nA and 200
s counting time. Furthermore, two samples,
8968 and 8977, were selected for detailed ex-
amination of very fine-grained secondary
magnetite using SEM.

In all rock types, varying amounts of mag-
netite occur as large (50 um-1200 um), euhe-
dral to subhedral grains, variably replaced by
hematite both as lamellae along {111}, and
along grain boundaries and fractures (Fig. 3a).
In magmatic rocks and LT deformed equiva-
lents, magnetite also typically occurs as anhed-
ral inclusions (generally <20 gm) in ferrosil-
icate minerals, and as tabular, very fine grains
aligned within biotite and secondary chlorite
cleavage planes. These secondary magnetites
have grain sizes <1 um (Fig. 3b). Advanced
replacement of magnetite by hematite is typi-
cal of the Suite 3 rocks (especially quartz-
monzodiorites), where magnetite grains may
be almost entirely replaced (Fig. 3c). Abun-
dant titanite is invariably associated with the
hematite in Suite 3, and oxide textures are
complex. In Suites 2, 3 and 4, coarse-grained
ilmenite (50 um-1200 um) is often present,
always in subordinate amounts to magnetite.
Hematite lamellae are common in ilmenite
grains (Fig. 3d), and hematite and rutile are
also present as fine-grained aggregates replac-
ing ilmenite. In general, hematite is most
abundant in Suite 3. In Suite 1 gneisses, mag-
netite occurs as coarse grains, sometimes with
very thin rims of hematite and minor hematite
replacement along cracks, and as small tabular
grains aligned within biotite and hornblende
cleavages. Pyrite has been observed in trace
amounts in all rock types.
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TABLE 1
Opaque mineralogy
Sample = Compositional Textural mt ilm  ilm-ht ht rut  py
type type®
A B D A B C D
8913 hb-qz monzodiorite i a m t m a a m t t t
8916 bt-hbl tonalite 1 a a m m
8924 bt tonalite 1 m a
8927 bt tonalite 1 m m m t
8962 px-bt-hbl tonalite 1 a m m m m m t
8976 bt tonalite 1 a t
8977 bt tonalite 1 a t m m
918 bt tonalite 1 m t
8967 bt granite 1 a t t m t
8968 bt granite 1 a t m t
8981 bt granite 1 a t t t t
8929 px-hb-qz monzodiorite 2 a m m t
8957 px-hb-qz monzodiorite 2 m m m a t t
912 bt tonalite gneiss 3 m t
9114 bt hbl tonalite gneiss 3 a t t
9121 bt hbl tonalite gneiss 3 t
9122 hbl tonalite gneiss 3 t t
914 bt granodiorite gneiss 3 m t
9117 bt granodiorite gneiss 3 t
9124 bt granodiorite gneiss 3 t

*See text.

Abbreviations. mt=magnetite; ilm=ilmenite; ilm-ht=ilmenite-hematite intergrowths; ht=hematite; rut=rutile; py=pyrite;
qz=quartz; px = pyroxene; bt =biotite; hb =hornblende; a=abundant; m = minor amounts; t=traces.

Types of occurrences. Magnetite: A = coarse subhedral to euhedral; B=fine-grained anhedral inclusions in pyroxene and/or horn-
blende; C=tabular grains as inclusions within cleavage planes of biotite/hornblende; D =secondary fine-grained inclusions in
chlorite. Hematite: A =lamellae in magnetite; B=as rims and along cracks in magnetite; C=coarse grains probably as replace-
ment of coarse-grained magnetite; D =fine grains in ferromagnesian silicates, or as aggregates.

All magnetite grains analyzed have compo-
sitions of nearly pure Fe;O, independent of
grain sizes and their occurrences. They are es-
sentially free of TiO,, Cr,03;, MnO, and V,0;
(<0.3 wt.%). Even the central cores of coarse
magnetite grains of size >1 mm do not con-
tain appreciable Ti. The nearly pure magnetite
compositions are attributed to sub-solidus re-
equilibration of the oxides.

Hematite is known to potentially contain
significant amounts of Ti, and the Ti content
is believed to affect the intensity of optical an-
isotropy (Ramsdohr, 1980). No TiO, (<0.3
wt.%) was detected in hematites which appear
to display strong bireflection.

Magnetic identification of ferromagnetic
minerals

Very fine-grained opaque minerals may be
difficult to identify using a petrographic mi-
croscope, but their presence could have a strong
influence on AMS fabrics. The nature of the
opaque mineralogy was therefore further stud-
ied through alternating field (AF) and ther-
mal demagnetization of anhysteretic remanent
magnetization (ARM), which is carried by the
soft (low-coercivity) fraction of the magnetic
minerals, and isothermal remanent magneti-
zation (IRM), which concerns both soft and
hard fractions. These experiments were car-
ried out on representative samples of Suites 2,
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Fig. 3. Photomicrographs of oxide textures. (a) Minor
hematite replacing magnetite along fractures. (b) SEM
image of very fine-grained secondary magnetite along
cleavage planes in chlorite; scale bar 10 um. (c¢) Magne-
tite largely replaced by hematite in a Suite 3 quartz-mon-
zodiorite. (d) Abundant hematite exsolutions in ilmen-
ite. M =magnetite; H=hematite; IL =ilmenite; Q=quartz;
scale bar 100 um.
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3 and 4, as the petrographic study has shown
that their magnetic mineralogy may be com-
plex (Table 1). Three successive sets of exper-
iments were performed on each sample.

(1) Samples were cleaned of natural reman-
ence in an AF of 100 mT. ARM was then im-
parted along the axis of the cylindrical samples
in an AF of 100 mT, and a superposed coaxial
direct field of 1 mT. Stepwise demagnetization
was then carried out in AF’s of §, 10, 20, 30,
40, 60, 80, and 100 mT.

(2) IRM was then induced in a direct field
of 2.5 T along an axis perpendicular to the
sample axis, and stepwise demagnetization was
carried out in the same fashion as in the pre-
vious experiment.

(3) ARM was again induced perpendicular
to the residual IRM in 100 mT AF. Thermal
demagnetization of this composite magnetiza-
tion was carried out at temperatures of 150°,
200°,250°, ..., 700°C.

AF demagnetization results

Normalized results of experiments 1 and 2
are plotted in Figs. 4, 5 and 6. This type of dia-
gram was proposed as a test to distinguish be-
tween AF demagnetization behavior of SD
(single domain) and MD (multi domain)
magnetic particles (Lowrie and Fuller, 1971),
on the basis that resistance to AF cleaning of
weak-field (ARM) acquisition would be
greater than resistance to AF cleaning of high-
field (IRM) acquisition for SD magnetite. For
MD magnetite, resistance to AF cleaning would
be greater for IRM. It was subsequently sug-
gested (Johnson et al., 1975) that pseudo-sin-
gle domain (PSD) magnetic particles would
have similar AF demagnetization behavior to
SD particles. Other workers have proposed that
interpretation of this type of plot should be
based on the shapes of the decay curves (Bai-
ley and Dunlop, 1983). According to these au-
thors, curves for SD and PSD magnetic parti-
cles would be inflected, with slow decay at both
low and high AF’s and more rapid decay at in-
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termediate AF’s, while curves for MD parti-
cles would show rapid decay at low to moder-
ate AF’s and continuous but slower decay at
high AF’s. The net result of either of these two
interpretations would be that for rocks with
MD particles of one ferromagnetic phase, nor-
malized IRM decay curves should plot above
normalized ARM decay curves, while for SD
and PSD particles, ARM should plot above
IRM.

In a more detailed analysis of natural exam-
ples of various rock types (Dunlop, 1983) four
types of weak field-high field AF decay curve
combinations were defined, corresponding to
(1) simple SD-PSD behavior, or (2) MD be-
havior, (3) the case where grain size is transi-
tional from SD-PSD to MD behavior (be-
tween 4 and 15 mm), and (4) bimodal
behavior corresponding to two populations of
ferro-magnetic grains, one with grain sizes <4
mm (SD or PSD) and the other with grain size
>15 mm (MD). Types 1 and 2 are limiting
cases (see above paragraph ). The goal behind
the application of this test to our samples was
to determine the presence or absence of signif-
icant amounts of SD or PSD ferromagnetic
minerals, which may lead to incorrect estima-
tions of petrofabrics from AMS fabrics (Roch-
ette, 1988a; Potter and Stephenson, 1988).

Suite 2. AF decay curves for tonalites are
plotted in Fig. 4. With the exception of sample
8977, all the curves clearly correspond to MD
type behavior, with IRM curves plotting above
ARM curves, and only very slight inflections
of curves for samples 8916, 8961 and 8927 at
H <10 mT. For 8977, the shapes of the decay
curves indicate MD behavior, though the IRM
curve plots below the ARM curve at H> 10
mT. The AF demagnetization plot for 8977 re-
sembles the Type 3 (Dunlop, 1983 ), and would
reflect the coexistence of magnetite in two dis-
tinct grain size populations (see also next
section).

Suite 3. Plots for both samples of quartz-
monzodiorite in Fig. 5 show MD type relative
hardnesses, i.e. with IRM curves plotting above
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1.0 4
0.8 4
QG:
0.4 4

0.2 4

0.0

H (mT)

1.0 4

80 100

8957

20 40 60
H (mT)

Fig. 5. Normalized AF demagnetization curves for IRM and ARM in Suite 3 rocks.

67



68

1.0 4
O 20 40 60 80 100
H (mT)
1.0 4
8966
0.8-
0.6
0.4
02
0.0 . : .
O 20 40 60 80 100
H (mT)
4
1.0 8981
08 |
0.6 4
0.4
0.2
0-0 T T L] 1 -
O 20 40 60 80 100
H (mT)

Fig. 6. Normalized AF demagnetization curves for IRM
and ARM in Suite 4 rocks.

ARM curves. However, IRM decay rate de-
creases at intermediate AF’s. This is most not-
able for sample 8957, where the decay rate for
ARM also shows a slight decrease at 10
mT < H<30 mT. It is suggested that this type
of behavior reflects the presence of a large pro-
portion of hematite with respect to magnetite,
as documented by reflected light petrography.

Suite 4. The AF demagnetization curves for
pink granites presented in Fig. 6 all clearly show
MD type behavior.
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Thermal demagnetization results

Results of stepwise thermal demagnetiza-
tion experiments of orthogonal components of
IRM and ARM are plotted in Figs. 7, 8 and 9
for Suites 2, 3 and 4, respectively. Using this
method, higher and weaker coercivity frac-
tions of the ferromagnetic mineralogy are
magnetized along mutually orthogonal direc-
tions, allowing separate analysis of the demag-
netization behavior of the two fractions
through decomposition of the total magnetic
vector at each step in the experiment (Lowrie,
1990).

Suite 2 (Flg. 7) ARMinitial> IRMinitial in
tonalitic samples (with the exception of 8976)
expressing a predominance of the low coerciv-
ity soft fraction of the opaque mineralogy.
Characteristic unblocking temperatures for
ARM of between 550°C and 600°C in sam-
ples 8916, 8919, 8927, 8976 and 8977 indicate
the presence of magnetite. In 8916 and 8927,
ARM is only completely removed at 700°C,
indicating that ARM is in part carried by he-
matite. In 8977, a second inflection in the ARM
curve is evident at between 350° and 400°C.
SEM observation of patches of chlorite replac-
ing biotite in this sample reveals the presence
of disseminated very fine-grained magnetite
(Fig. 3b). We attribute the low unblocking
temperature inflection to this very fine-grained
secondary magnetite. Submicroscopic second-
ary magnetite (associated with chlorite) was
invoked to explain unblocking temperatures of
300°C in the Archean Shelley Lake granite
(Dunlop et al., 1984).

Various possible Curie points may be iden-
tified on the IRM curves: 650-700°C (hema-
tite) for 8927 and 8916, 550-600°C (nearly
pure magnetite) for 8919, 8927, 8961, and
8977, and in the range 200-300°C for almost
all the samples. The low Curie temperature
may be due to very fine-grained magnetite, but
is more probably due to a high coercivity min-
eral with its Curie point in this range. This
mineral would probably be high-Ti hematite;
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Fig. 8. Thermal demagnetization curves for IRM and ARM in Suite 3 rocks.

the other possibility, pyrrhotite, is excluded as
it has never been observed in thin section.
Suite 3 (Fig. 8). IRMinitial > ARMinitial and
the characteristically high unblocking temper-
atures for both soft and hard fractions in

quartz-monzodiorites reflect the presence of
hematite as the predominant ferromagnetic
phase, while the presence of magnetite is also
detectable in the soft fraction of sample 8913.

Suite 4 (Fig. 9). In pink granites, hematite



60
50

8966

4 IRM
40 o ARM

30
20
101

M (10-6 S)

0 100 200 300 400 500 600 700
T(C)

60!

8967
50
40

30

M (10-6 S

20
10
0"l B T 1 1 T L w -
0 100 200 300 400 500 600 700
T0O)

1500
8981

1000 A

500

M (10-6 Sl)

0

T T 77T T T -y
0 100 200 300 400 500 600 700
T(°C)

Fig. 9. Thermal demagnetization curves for IRM and
ARM in Suite 4 rocks.

is clearly the dominant phase in the hard frac-
tion, though some high-coercivity magnetite is
detectable in 8967. The soft fraction in these
rocks is clearly dominated by magnetite.

Origin of the magnetic susceptibility

Mean magnetic susceptibilities
(K= (K, +K,+K;)/3; Ellwood et al., 1988),
reported here in 10~¢ SI units, were deter-
mined at room temperature, using a Kappa-
bridge KLY-2 a.c. bridge, or for a few samples,
a Molspin spinner magnetometer. Mean sus-
ceptibilities for all sample sites, along with
maxima and minima are given in Table 2. Site

K. BENNET AL.

average K is plotted in a cumulative frequency
diagram in Fig. 10.

Site average K is extremely variable within
the studied population (58.5<K<45654).
This range of variation in K magnitudes is very
similar to that reported for ten samples of var-
ious crystalline rock types from the Wawa
gneiss dome in Ontario (160<K<32600,
Shive and Fountain, 1988). The higher sus-
ceptibility rocks compare well with silicic plu-
tonic and gneissic rocks from the Pikwitonei
and Sachigo Subprovinces in Superior Prov-
ince (average 102 SI, Williams et al., 1986).
From inspection of Table 2, the variations in
K are independent of the compositional suites
and textural types. This can be verified in Fig.
13, which will be discussed in the next section.
Suite 3 has a somewhat restricted variation in
K, but this may be due to a smaller sample
population. Hornblende and biotite are the
only paramagnetic minerals present in more
than trace amounts in rocks at 84 of the 87
sample sites, though orthopyroxene and clino-
pyroxene are present at one site (8962) and
clinopyroxene at two others (8929, 8963). In
paramagnetic minerals, susceptibility, which
varies with content of Fe, and to a lesser extent
Mn, cannot exceed about 10~ SI. The esti-
mated volume fractions of these ferromagne-
sian minerals is less than 0.25, and rarely ex-
ceeds 0.30. In Suite 4, biotite accounts for
volume fractions of about 0.05. A first order
observation of K values therefore indicates that
the rock matrix composed of paramagnetic and
diamagnetic minerals cannot alone account for
susceptibilities at most of the sample sites, and
that some ferromagnetic phase must be present.

A semi-quantitative approach to estimating
the relative contributions of matrix and ferro-
magnetic trace minerals is obtained by plot-
ting both K and K., against atomic weight
percent of Fe and Mn (Fig. 11). Kaurix is the
maximum susceptibility of the rock supposing
that all Fe and Mn is contained in the para-
magnetic matrix (Rochette, 1987; Bouchez et
al., 1987). Chemical analyses were obtained for
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Fig. 10. Cumulative frequency diagram of site average
magnetic susceptibilities.
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Fig. 11. Mean susceptibility (K circles) as a function of
whole rock iron (Fe', all iron considered as Fe**) and
manganese (Mn) content for 24 selected samples. The
curve paramagnetic represents K., where all iron and
manganese would be paramagnetic, and is calculated as
Kpawix=—14+d(25.2t+33.4t")  (Rochette, 1987,
Bouchez et al., 1987), where t=wt.% Fe, t' =wt.% Mn,
and d (density) =2.65. Curves for all iron in hematite and
magnetite are also shown.

24 samples with widely varying susceptibili-
ties. It can be seen from Fig. 11 that for 16 of
the 24 samples, a paramagnetic matrix con-
taining all Fe and Mn in the rock could ac-
count for less than 10% of measured K; in these
samples, only the presence of a significant
amount of magnetite could account for the high
K values.

Anisotropy of magnetic susceptibility

To illustrate the AMS and to help determine

K. BENNET AL.

the factors controlling the magnitudes and
shapes of the AMS ellipsoids, we have chosen
two widely used parameters:

P=K, / . €
the degree of anisotropy (Nagata, 1961), and:
T=2(InK, —InkK;)/(InK, —InK;) —1

which characterizes the shape of the suscepti-
bility ellipsoid (Hrouda, 1982; Borradaile,
1988). T'=1 for purely oblate ellipsoids, while
T= — 1 for purely prolate ellipsoids. In Fig. 12,
P is plotted against K for all sampling sites.
Fields have been outlined for values of P and
K corresponding to rocks where susceptibility
would be due exclusively to 10% biotite, 25%
hornblende, or any amount of either of these
two minerals plus magnetite (+hematite).
Susceptibility and anisotropy data for biotite
and hornblende are found in Borradaile et al.
(1987), Borradaile (1988) and Rochette et al.
(1992). Two important observations can be
made. First, at the vast majority of sites, mag-
netite makes a significant contribution to the
susceptibility of the rocks, in agreement with
Fig. 11. Second, rocks with P> 1.15 are con-
fined almost exclusively to the magnetite field.
High anisotropy in these rocks can thus be cor-
related with the presence of ferromagnetics,

201
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Fig. 12. Degree of anisotropy P as a function of mean sus-
ceptibility K for all sampling sites.



MAGNETIC SUSCEPTIBILITY, MAGNETIC MINERALOGY AND MAGNETIC FABRICS 73

2.0 .
Suite 1
+
18} o type 1
= type 2 +
16 + type 3
o typ
1.4} R
1.2} - * . *
Q:'f K
10 A A . "
10 100 1000 10000 100000
201 guite 2
181
16F o
| ]
14F o Ba ™
a
a a
12 baa © [ . o
1.0 Songp 5 i -
10 100 1000 10000 100000
2.0y .
{ Suite 3
18}
16}
n
1.4F ]
-
g
1.2F L -
-] a
10 A , " )
10 100 1000 10000 100000
20 .
[ Suite 4
18}
16}
o -]
14} o gpg
a o
?
12 " & %
° o @ v o®
10 A A . .
10 100 1000 10000 100000

Fig. 13. The degree of anisotropy P as a function of mean
susceptibility K for different rock suites and textural types.

mostly anisometric magnetite grains.

In Fig. 13, the P vs. K plot is broken down
according to the defined rock suites and tex-
tural types. Neither rock suites nor textural
types can be clearly differentiated with regards
to either their susceptibility or their anisot-
ropy. Suites 2, 3 and 4 all have maximum an-
isotropies of about 1.6, while only two samples
of Suite 1 (all textural type 3) have P greater
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Fig. 14. The shape parameter T as a function of the degree
of anisotropy P for different rock suites and textural types.

than this value. As a whole, the anisotropies
for weakly deformed plutonic rocks are very
similar to those for strongly deformed and re-
crystallized rocks. In the T vs. P plots of Fig.
14, all but two sites in Suite 1 gneisses plot in
the field of oblate AMS ellipsoids (7> 0). In-
terestingly, these gneisses can be classed as
L>S tectonites based on the field criteria of a
very well developed stretching lineation but a
poorly developed planar fabric; the shape of the
AMS ellipsoid does not reflect the apparent
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deformation state of these rocks. In Suite 2,
higher susceptibility sites tend to have oblate
ellipsoids, whereas lower susceptibility sites for
this suite, and all sites for Suites 3 and 4 have
either oblate or prolate ellipsoids.

Our data indicate that both susceptibility and
AMS intensity are strongly controlled by min-
eralogy. In general, P> 1.15 is correlated with
the presence of ferromagnetic trace minerals
(mostly magnetite). With regards to HT tex-
tural types, a negative correlation might exist
between the shapes of AMS ellipsoids (7>0)
and the apparent deformational state of the
rock.

Comparison of magnetic and structural fabrics
Data presentation

A major objective of this work is to investi-
gate the empirical relationships between mag-
netic and structural fabrics: i.e. does the ori-
entation of the AMS ellipsoid closely reflect the
magmatic and metamorphic mineral preferred
orientations? In Figs. 15 and 16, we present di-
rect comparisons of AMS and structural mea-
surements plotted in lower hemisphere equal-
area projections. In Fig. 15, the K, and Kj prin-
cipal axes for 8 samples of textural type 3 (HT
tonalite and granodiorite gneisses) are pre-
sented in the geographic coordinate system
along with field measurements of lineations
and foliations. In Fig. 16, K, and K of three
examples of very weakly deformed rocks (tex-
tural type 1) are plotted in a structural coor-
dinate system; i.e., with the mineral lineation
horizontal and the foliation in the plane of the
diagram. In these weakly deformed rocks,
mineral foliations were determined visually on
oriented samples in the laboratory, and were
found to be very nearly perpendicular to X;
(Fig. 16). Mineral lineations were measured
by applying a recently developed automated
image analysis technique (Launeau et al.,
1990), involving the analysis of shapes and
orientations of object populations in digitized

K. BENNET AL
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o K1 + lineation
o K3 x | foliation

Fig. 15. Comparative equal-area plots of the K, and K;
principal susceptibility axes and corresponding field mea-
surements of lineations and poles to foliations in geo-
graphic coordinates. Average orientations are indicated by
larger symbols. Elliptical regions in AMS fabric plots cor-
respond to 95% confidence regions for the average. See
also Table 3.

images of finite surface areas. In this applica-
tion, the populations of dark minerals (biotite
and subsidiary oxides) were analysed within
rectangular areas traced on slabs cut parallel to
the mineral foliation. Sample 8968 is a fine-
grained granite, for which two rectangular areas
were analyzed. Angular differences between
magnetic and structural fabrics are given in
Table 3.

Average orientations of structural elements
were calculated using a standard vector aver-

a. 9022 b. 8968-1
L— _
.) J
c. 8968-2
L— — L—
s Kt
° K3

Fig. 16. Comparative equal-area plots of the K, and K
principal susceptibility axes and corresponding measure-
ments of poles to foliations (vertical) and lineations (L).
See also Table 3.

aging method. For AMS fabrics, the orienta-
tion of the mean normalized susceptibility ten-
sor is plotted for each site, along with 95%
confidence ellipses about each of the principal
directions. Calculations and plots of mean ten-
sors and confidence ellipses were carried out
using software purchased from Geofyzika n. p.
Brno. Use of the mean tensor for representing
average AMS fabrics was suggested by Jelinek
(1978), who outlined the method and pointed
out its advantages over the averaging of the
principal directions independently. (1) The
principal directions of the mean normalized
tensor are orthogonal. (2) Confidence ellipses
about the principal directions may be calcu-
lated, which “‘express the directional character
of uncertainty”. (3) The normalization by K
of the susceptibility tensor for individual spec-
imens minimizes the error which may be in-
troduced by very low-anisotropy, high-suscep-
tibility specimens, whose principal directions
may be less well defined. This is of particular
importance in this study, where the suscepti-
bility magnitudes may be highly variable at
sampling sites (Table 2), due to variable con-
tents of disseminated magnetite in individual
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TABLE 3

Comparison of magnetic and structural fabrics, average susceptibilities and error estimates

Sample No. K| K; KiAL K;aLlS K K, K; oK,/ oK,/
(Ki—Ky) (K;—K;)

E, E, E E, av g av g av g

9124 8 15.2 11.3 32.7 12.4 17 19 1.3350 0.0824 0.9424 0.0547 0.7227 0.0546 0.2099 0.2485

9117 6 23.8 16.0 24.8 6.5 61 29 1.1517 0.0397 1.0027 0.0226 0.8456 0.0621 0.2664 0.3953

9114 6 322 6.2 18.7 5.0 23 25 1.0351 0.0175 1.0101 0.0081 0.9548 0.0152 0.7000 0.2749

9123 6 37.5 24.0 253 9.0 11 12 1.2303 0.0282 1.0365 0.0298 0.7332 0.0557 0.1455 0.1836

914 5 149 59 121 6.3 42 23 1.0685 0.0176 1.0218 0.0048 0.9097 0.0214 0.3769 0.1909

9112 6 71.2 22 139 38 9 6 1.0463 0.0142 1.0198 0.0154 0.9339 0.0274 0.5338 0.3190

912 6 50.6 7.6 153 49 66 18 1.0863 0.0548 1.0277 0.0226 0.8860 0.0611 0.9352 0.4312

9122 6 37.5 24.0 253 9.0 34 29 1.0337 0.0080 1.0222 0.0038 0.9441 0.0094 0.6957 0.1204

9022 4 198 4.4 439 144 6 - 1.0166 0.0014 0.9957 0.0004 0.9877 0.0011 0.0670 0.1375

8968-1 6 16.8 2.5 11.3 50 11 - 1.1486 0.0231 1.0188 0.0159 0.8326 0.0301 0.1780 0.1617

8968-2 21. -

8913 6 41.3 13.0 19.8 12.9 57 - 1.0670 0.0149 1.0225 0.0174 0.9105 0.0236 0.3348 0.2107

No. =number of samples; K, K,, K;=maximum, intermediate and minimum principal susceptibilities; E,, E; =angular value of
maximum and minimum semi-axes of the 95% confidence ellipse; K; AL, K; A L S=angles between principal susceptibility di-
rections and average orientations of structural fabric elements (L =lineation; L S=pole to foliation); av=average; o=standard

deviation.

specimens. By normalizing the susceptibility
tensors, we are in fact approximating the an-
isotropy per unit volume of magnetic miner-
alogy (Ernst and Pearce, 1989).

Jelinek (1978) pointed out that the deter-
mination of confidence regions about the prin-
cipal axes will be more precise as the variances
of the principal susceptibilities of the mean
tensor become smaller with respect to differ-
ences in susceptibilities along the principal di-
rections, i.e., precision should be greater as the
ratios:

a(K,)/(K,-K3) (1)
and
o(K;)/ (K2 —K3) (2)

become very small. He suggested that confi-
dence ellipses could be considered valid if their
semi-axes, expressed as confidence angles, did
not exceed 25°. In a re-examination of the sig-
nificance of the Jelinek confidence ellipses,
Lienert (1991) found that they provided a
good description of the AMS fabric distribu-
tion as long as the ratios (1) and (2) were

<0.3. For a ratio of about 1.0, the confidence
angles underestimated broad dispersions by
about 10°. Lienert’s work provides a yardstick
with which our magnetic fabric data can be
compared. To this end, Table 3 includes the
normalized mean susceptibilities, standard de-
viations, ratios of standard deviations to sus-
ceptibility differences, the maximum and min-
imum confidence angles about X, and K;, and
the angles between the principal susceptibility
directions and corresponding structural cle-
ments. This data will be discussed in the next
section.

Comparison of magnetic and structural fabric
orientations

The empirical relationship between AMS
fabrics and structural fabrics has led to much
interest in the possibility of inferring bulk rock
petrofabrics from easily performed, non-de-
structive AMS analysis. Many previous inves-
tigations of the geometric relationship be-
tween planar and linear structural elements and
the AMS ellipsoid in metamorphic rocks have
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shown that K, tends to be parallel to the me-
soscopic mineral or stretching lineation,
whereas K, tends to be perpendicular to the
foliation (Khan, 1962; Wagner et al., 1981;
Rathore, 1985; Pearce and Fueten, 1989). The
same relationship has also been demonstrated
for weakly deformed or undeformed grani-
toids (Guillet et al., 1983; Bouchez et al.,
1990). From comparisons of magnetic and
mesoscopic structural fabrics presented in the
literature, the orientation of K; perpendicular
to the foliation plane appears to be the general
case, though some studies have shown that K
does not always approximate the mineral or
stretching lineations. For instance, Mac-
Donald and Ellwood (1990) found that the
orientation of K; was close to intrafolial fold
axes, and oblique to a prominent stretching
lineation in mylonitic crystalline rocks within
a detachment fault above a metamorphic core
complex. Hrouda and Kahan (1991) also
found a correlation of K, with intrafolial fold
axes in deformed crystalline basement nappes
of the High Tatra Mountains, Czechoslovakia.
Ruf et al. (1988) studied AMS fabrics in my-
lonite zones in two detachment faults from
metamorphic core complexes in the Santa Ca-
talina and Pinaleno Mountains. In the first ex-
ample, they found K, to be coaxial with the
structural lineation. However, for their second
example it was shown that K, was not coinci-
dent with the stretching lineation, due to com-
plicated oxide mineralogy including synkine-
matic crystallization of hematite.

By inspection of Figs. 15 and 16, it can be
seen that the confidence regions agree well with
the distributions of K} in all cases, though the
dispersion of K; poles in Fig. 15a is somewhat
underestimated. For all but two examples, the
maximum confidence angles associated with K
are equal to or below the 25° cut-off suggested
by Jelinek. The ratio (2) for each sampling site
is in general <0.3, and always <0.5. With re-
gards to K, the confidence regions also show
good agreement with the fabric distributions;
however, for six of the eleven examples, confi-

dence angles largely exceed 25°, and the ratio
(1) is greater than 0.3 for five of these sites.
By comparison with the results of Lienert
(1991), the confidence regions may underes-
timate the error by a few degrees at these sites.
In general, where the principal susceptibility is
associated with a large confidence angle, the
percentage of standard deviation with respect
to principal susceptibility differences is rela-
tively large (an exception is site 9123).

Let us now compare orientations of mag-
netic and structural fabrics, beginning with
Figs. 15a—15¢e and 16a—16c. In these examples,
the confidence angles are small. Angular dif-
ferences between the orientations of K, and K
and the corresponding structural elements are
variable, exceeding 10°. Average K is close to
the average poles to mesoscopic foliations, and
K, generally lies close to the averages of mea-
sured lineations. The large angles between K|
and average lineation in Figs. 15b and 15¢ are
poorly defined, as only two field measure-
ments are available for each. In Figs. 15f-15h
and 16d, confidence angles about K, are quite
large; scatter of K| poles define broad partial
to nearly complete girdles. In Figs. 15f-15h,
ratio (1) is >0.5. Despite the wide scatter of
K, and the weak linear anisotropy, K| is still
very close to the average lineation in Fig. 15f.
In Fig. 16d, there is a broad scatter in the ori-
entations of K, the major confidence angle as-
sociated with this principal direction is large,
and mean K lies at 57° from the measured lin-
eation, despite a relatively strong linear mag-
netic fabric reflected by a low value for the ra-
tio (1).

Discussion

For most of the examples presented here, the
K, and K; principal directions of the AMS el-
lipsoid provide a good approximation of the
orientations of the penetrative mineral folia-
tions and lineations observed in the rocks.
Carried out in conjunction with regional map-
ping, the AMS fabrics provide good estima-
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tions of the orientations of mineral and
stretching lineations. It should be born in mind
that the measurements of structural fabrics are
themselves only approximations of the true
mineral preferred orientations. As in many
shield terranes, outcrops in the Opatica tend to
be flat and two-dimensional, and the measure-
ment of structural fabrics, in particular linea-
tions, are not always highly accurate. With re-
gards to Fig. 16, mineral preferred orientations
were determined by image analysis of areas
ranging from 76 cm? to 103 cm?, on slabs cut
from oriented samples.

In contrast, a sample analysed for AMS rep-
resents 10 cm? of rock that can be collected with
relative ease from evenly spaced locations on
an outcrop. AMS fabric measurements might
thus be considered as more representative of
the petrofabric of ferromagnesian and ferro-
magnetic minerals than the field measure-
ments or image analysis results. Good group-
ing of K, and K in Figs. 15a-15¢ and 16a-16¢
also suggests that the magnetic fabrics repre-
sent well defined bulk petrofabrics.

Two explanations may be offered for the
more poorly defined preferred orientations of
average K in Figs. 15f-15h and Fig. 16d: min-
eralogy and interference of composite struc-
tural fabrics.

Mineralogy

The relationship between mineral preferred
orientations and AMS critically depends on the
minerals carrying the AMS signal. This work
has shown that the principal species responsi-
ble for the susceptibility and the AMS of the
Opatica rocks are magnetite, hornblende, and
biotite, and to a lesser degree hematite. The
magnetocrystalline AMS of most paramag-
netic ferrosilicates, including hornblende and
biotite, is such that principal directions are
parallel to the shape anisotropies which are
typical of the minerals. K; in hornblende is
parallel to the ¢ crystallographic axis, which is
also the elongate direction of the crystal habit.
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K in biotite is perpendicular to the basal plane,
the alignment of which defines the structural
foliation. The anisotropy (P) for these min-
erals is <1.35 (Rochette et al.,, 1992). For
magnetite, the AMS is a function of the shape
anisotropy; if the magnetite grains are elongate
or flattened, K, will be parallel to the elongate
direction and K; will be perpendicular to the
broad flat faces. Hematite has a strong mag-
netocrystalline AMS, with K; perpendicular to
the basal plane and K, =K,>K; (Uyeda,
1963) and 2.5<P<100 (Rochette et al.,
1992). Petrographic observations (Table 2)
have shown that the quartz-monzodioritic
rocks (for example 8913) tend to have com-
plex oxide textures, with magnetite occurring
as both discrete grains and inclusions in horn-
blende and biotite, and abundant hematite
both as discrete grains and replacing magne-
tite. It is probable that the scatter of K, orien-
tations in Fig. 16d, and more importantly the
high angle between average K; and the mea-
sured lineation, which is a hornblende-biotite
preferred orientation, is largely due to the
complex oxide mineralogy. The preferred ori-
entations of strongly anisotropic magnetite and
hematite or inclusions of these minerals within
silicates may not record the kinematics of de-
formation, which is here essentially magmatic
flow. As this rock has undergone very little solid
state deformation, these complex textures may
be a primary petrological characteristic of this
suite of rocks.

The wide scatter in K, poles in Figs. 15f-15h
must be explained otherwise. All three sites are
within highly deformed and recrystallized rocks
of Suite 1. Average susceptibilities at all three
sites is low (<700x 10~¢ SI), though a rela-
tively large variation in K is was found for site
912 (Table 2). Petrographic observations con-
firm that these rocks contain only very small
amounts of coarse magnetite, with, in some
cases, very thin rims of hematite. We have
found no correlation between the orientations
of K, for individual samples at a site, and either
K, Por T, as might be expected if distinct non-
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coaxial subfabrics could be attributed to dif-
ferent mineral species.

Interference of structural fabrics

Two families of early (D,) mineral and
stretching lineations have been documented
within HT tonalite and granodiorite gneisses
throughout the Opatica (Benn et al., 1992),
one family trending WSW-ENE, and the other
trending NW-SE. No clear evidence has yet
been found to demonstrate the relative ages of
the two families of lineations, which are both
associated with early thrusting (they may be
penecontemporaneous). The scatter of K, at
sites 912, 9112 and 9122 might be due to the
incomplete overprinting of one family of line-
ations by shearing along an oblique trajectory
during D, thrusting.

An alternative interpretation would be that
D, transcurrent shearing would cause subtle
and localized microscale folding of D, fabrics,
resulting in a K, parallel to the F, fold axis.
Mesoscopic F, folding is widespread in the
Opatica, though it has not been observed in the
outcrops in question. Similar AMS fabrics have
been demonstrated for black shales from sub-
Alpine massifs in the French Alps (Rochette,
1988b; Aubourg et al., 1991). These authors
demonstrate that an earlier K, preferred ori-
entation, parallel to the transport trajectory of
Alpine nappes, is locally overprinted by a K|
orientation corresponding to a fold axis-paral-
lel intersection lineation. Note that site 912
(Fig. 15g) is located only a few kilometers
south of a major D, transcurrent ductile fault
zone within which site 914 (Fig. 15¢) is lo-
cated (Fig. 2).

Conclusions

In all granitoids and gneisses of the Opatica
belt, magnetic susceptibilities are highly vari-
able, due mainly to varying contents of very
pure, multi-domain magnetite. The magnetic
mineralogy and susceptibilities of the Opatica

rocks are similar to those for felsic plutons and
crystalline gneisses form at least two similar
terranes elsewhere in Superior Province (Wil-
liams et al., 1986; Shive and Fountain, 1988).
The intensity of AMS of all the rocks appears
to be strongly controlled by mineralogy rather
than by strain or deformation state. Suite 1
gneisses have oblate susceptibility ellipsoids, in
contrast with their L> S classification based on
mesoscopic structure.

The AMS technique was tested here primar-
ily as a tool of structural geology. Our results
show that AMS provides a viable method of
indirectly determining petrofabrics in Ar-
chean granite-gneiss terranes where precise
field measurements may otherwise be difficult
to obtain due to outcrop conditions. Detailed
comparison of field and laboratory measure-
ments of mineral preferred orientations and
AMS fabrics reveals that most often the aver-
age K, and K, principal susceptibility direc-
tions provide good estimations of the mineral
and stretching lineations and poles to folia-
tions. Where disagreement arises between ori-
entations of K, and the observed lineations in
the rocks, this may be attributed: (1) to com-
plicated oxide mineralogy and textures which
are a petrological feature of some plutonic rock
types, or (2) in high grade gneisses, to subtle
composite rock fabrics due to incomplete ov-
erprinting of mineral preferred orientation
fabrics by subsequent deformation.
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