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Abstract—The Sparrow pluton is part of the Prosperous Suite of two-mica granites that crop out within
amphibolite grade meta-greywackes of the southern Yellowknife Domain, in the Slave Province of the Cana-
dian Shield. The magnetic susceptibility (K) and the anisotropy of magnetic susceptibility (AMS) were used to
systematically map the structural patterns in the pluton and to establish the relationship between plutonism
and Late Archean tectonics in the region. Paramagnetic Fe-phyllosilicates (biotite, chlorite) and very fine-
grained magnetite contribute to K and to the AMS. The magnetic foliation and the magnetic lineation are pre-
dominantly controlled by the biotite fabrics and their orientations are consistent with the regional D, strain
field. The horizontal magnetic lineations in the Sparrow pluton suggest a horizontal stretching component as-
sociated with the regional D, event. The zonation defined by K values is compatible with a fold pattern trend-
ing parallel to the regional F, folds and S, foliation and to the magnetic fabric trends in the pluton. The
intensities and symmetries of the AMS also define map patterns that are consistent with D, deformation.
Microstructural study indicates the pluton recorded D, strain as it crystallized and cooled from the solidus,
demonstrating syn-D, emplacement. The results indicate the pervasive structural patterns in the Sparrow plu-
ton are an integral part of the regional strain field, and that they are kinematically consistent with a transpres-
sive D, strain regime. Mapping the fabric patterns within syntectonic plutons provides a useful approach to
the kinematic analysis of synemplacement deformation events in multiply deformed metamorphic terranes. ©
1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION The work focused mainly on mapping the pervasive
fabrics developed in the pluton during the magmatic

The Prosperous Suite of granites is a regionally exten- and high-temperature subsolidus deformation that ac-

sive plutonic assemblage that crops out within cordier-
ite and andalusite-bearing metasedimentary rocks of
the Yellowknife Domain in the Archean Slave
Province of the Canadian Shield (Fig. 1; Henderson,
1985). The Prosperous Suite is a key element in the re-
gional tectono-magmatic evolution because the plutons
represent collisional-type granite magmatism associ-
ated with one of the main Late Archean tectonic epi-
sodes (Bleeker and Beaumont-Smith, 1995; Bleeker et
al., 1997a). Structural and magnetic fabric analyses of
Prosperous Suite granites were undertaken as part of a
wide-ranging study of the relationships between plu-
tonism and tectonics in the Yellowknife Domain, in
conjunction with a SNORCLE Lithoprobe deep-seis-
mic transect that crosses the region (Fig. 1) and with
the Slave Province NATMAP program. In this paper,
we present a detailed investigation of the Sparrow plu-
ton, one of the principal intrusions of the Prosperous
Suite.

*E-mail: kbenn@uottawa.ca

companied and followed emplacement. The fabrics
were systematically mapped on a tight sampling grid
(68 sites distributed over the 120 km? map area) using
the low-field anisotropy of magnetic susceptibility
(AMS) technique (Borradaile, 1988; Rochette et al.,
1992). Comparison with field measurements suggests
the magnetic fabrics are predominantly controlled by
the preferred orientations of paramagnetic biotite
crystals, although paramagnetic chlorite and very
fine-grained magnetite also contribute to the magnetic
susceptibility and to the AMS. The magnetic fabric
orientations are homogeneous at the outcrop scale
and at the pluton scale, and define a pattern that is
consistent with the regional D, strain field. The mag-
netic susceptibility, the degree of magnetic anisotropy
and the shapes of the AMS ellipsoids also define
patterns that can be related to D, deformation.

The results are of interest from both regional tec-
tonic and thematic standpoints. Syntectonic emplace-
ment of the pluton during the main phase of D, is
demonstrated, hence new isotopic dates for the pluton
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Fig. 1. Location and geology of the Yellowknife Domain, Slave

Province. The trace of the SNORCLE Lithoprobe seismic transect is

indicated by the heavy dashed line. SP: Sparrow pluton, SDC:
Sleepy Dragon Complex, AC: Anton Complex.

(ca 2596 Ma) may be used to establish the age of this
Archean tectonic event in the southern Slave Province.
The fabrics documented using the AMS are compatible
with transpressional synemplacement tectonics, indicat-
ing a horizontal Z-axis and an important component
of horizontal stretching associated with the bulk re-
gional D, strain. The horizontal stretching is inferred
from the magnetic lineations in the pluton. The results
demonstrate that in regions with complex deformation
histories the internal fabrics of granite plutons can pre-
serve a record of the strain field and kinematics associ-
ated with the synemplacement tectonic event.

TECTONIC AND STRUCTURAL SETTING

The Archean supracrustal rocks in the Yellowknife
Domain (Fig. 1) belong to the Yellowknife
Supergroup (Henderson, 1981, 1985) which is com-
posed of mafic and felsic volcanic rocks at its base
overlain by metasedimentary rocks of the Burwash
Formation. The latter consists predominantly of turbi-
ditic greywackes. The Sleepy Dragon Complex, a poly-
phase granitoid—gneiss complex that structurally
underlies the Yellowknife Supergoup (Kusky, 1990;
Bleeker et al., 1997b) crops out in the eastern part of
the region (Fig. 1).

Henderson (1981,
between the Sleepy

1985)
Dragon Complex and

interpreted the contact
the
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Yellowknife Supergroup as an unconformity, and pro-
posed a tectonic model wherein the Yellowknife
Supergroup represents the fill of an ensialic rift basin,
bordered to the east by the Sleepy Dragon Complex
and to the west by the Anton Complex (Fig. 1).
Subsequent workers proposed that the Yellowknife
Supergroup represents the remnants of an oceanic
basin (Fyson and Helmstaedt, 1988) or a collage of arc
assemblages, obducted oceanic crust and foredeep
basin material (Kusky, 1989, 1990) thrust over the
Sleepy Dragon Complex during a collisional event. In
these models, calc-alkaline plutons such as the Defeat
Suite granitoids (Fig. 2a) would represent subduction-
related magmatism. Extensional faulting along the
contact between the Yellowknife Supergroup and the
gneisses of the Sleepy Dragon Complex may indicate
late stage tectonic exhumation of the gneisses during
crustal extension that followed thickening due to col-
lision (James and Mortensen, 1992).

Three generations of structures are recognized by re-
gional mapping of the Burwash Formation turbidites
(Bleeker and Beaumont-Smith, 1995). The oldest re-
gional foliation (S}), a slaty cleavage, is axial planar to
tight or isoclinal, upright, doubly-plunging folds (Fj,
Fig. 2a). D, deformation caused regional-scale refold-
ing (F»), about mostly steeply plunging axes, of the F,
fold belt and resulted in the development of the princi-
pal regional foliation, S>, a NW- to N-trending crenu-
lation cleavage. D, is interpreted to be the expression
of regional dextral transpressive tectonics that was the
far-field effect of a collisional event along the periphery
of the proto-Slave craton as it existed ca 2600 Ma
(Bleeker et al., 1997a). The dextral transpressive nature
of D, deformation is inferred from the kinematics of
discrete late-D, strike-slip shear zones and from the
pattern of refolding of F; folds. The D, event resulted
in fold interference that produced steeply plunging
mushroom folds (Fig. 2a & b) in the supracrustal
cover and in the structurally lower basement com-
plexes (Bleeker, 1996). Regionally developed extension
lincations associated with the main D, deformation
phase are notably lacking in the Yellowknife Domain.
Late during the D, event, deformation was localized
within discrete shear zones, such as the Watta Lake
and Yellowknife River Deformation Zones (Fig. 2a),
which contain shallowly plunging extension lineations
and associated dextral shear sense indicators (Bleeker
and Beaumont-Smith, 1995). Locally, younger NE-
trending F; folds and an associated coarsely spaced
crenulation cleavage (S3) overprint D; and D, struc-
tures. Retrograde chlorite is associated with Ss.

The Prosperous Suite plutons outcrop within the
Burwash Formation along a broad N-S-trending cul-
mination of andalusite—cordierite facies metamorph-
ism, outlined by the cordierite-in isograds (Fig. 1). The
Prosperous Suite is composed of predominantly homo-
geneous, medium-grained muscovite—biotite granites
with associated pegmatitic phases. The granites contain
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Fig. 2. (a) Synoptic map of the Yellowknife Domain with the principle geology and structures, showing the Prosperous

Suite (Sparrow pluton indicated) in the context of F; and F, folds and the overall D, deformation field. WLDZ: Watta

Lake Deformation Zone; YRDZ: Yellowknife River Deformation Zone; A: location of (b); B: an intrusion of the

Prosperous Suite cross-cuts an F; fold axial surface trace; SDC: Sleepy Dragon granitoid—gneiss complex; AC: Anton

granitoid—gneiss complex; YK: town of Yellowknife. (b) Aerial photograph of an F|—F, mushroom interference structure
at locality A in (a).

plagioclase of composition Ans and are locally tour-
maline bearing (Kretz et al., 1989). The contact meta-
morphic  assemblage of cordierite + andalusite
indicates pluton emplacement at depths corresponding
to between 200 and 400 MPa (Kretz et al., 1989).
Based on their characteristic mineralogy, the
Prosperous Suite plutons are peraluminous (Clarke,

1981) and can be tectonically classified as the Cgt
granite type (“Crustal Shearing and Thrusting”,
Barbarin, 1990) implying intra-crustal magma genesis
during a collisional event. The granites and pegmatites
also form abundant dykes and stocks that crop out
between the main plutons. Some dykes contain andalu-
site consistent with emplacement at pressures of less
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than 400 MPa. Emplacement of the Prosperous gran-
ites post-dated D; since one of the intrusions cross-
cuts a regional F; fold (B in Fig. 2a). Structures and
microstructures within the Sparrow pluton can be used
to infer syn-D, emplacement.

STRUCTURES AND MICROSTRUCTURES

A penetrative, homogeneous mesoscopic-scale foli-
ation is distinguished in many granite outcrops. The
foliation is defined by mostly euhedral, apparently
igneous biotite and plagioclase crystals suggesting that
fabric formation began during deformation of the crys-
tallizing magma (Paterson et al., 1989; Bouchez et al.,
1990). A minor but penetrative high-temperature sub-
solidus deformation of the pluton is indicated by the
dynamic recrystallization of quartz (assumed to be the
last mineral to crystallize from the magma) into aggre-
gates of new grains (Fig. 3a), suggesting that the foli-
ation records a continuum in deformation from the
magmatic state to high-temperature subsolidus con-
ditions. In the northern, roughly rectangular region of
the pluton the evidence of subsolidus deformation is
restricted to subgrain development and minor recrys-
tallization of quartz. In the southern ‘tail’ of the plu-
ton the quartz is largely recrystallized, especially near
the pluton margins, and the homogencous foliation is
more strongly expressed than in the northern region.

Field measurements of the foliation indicate predo-
minantly NNW- to NW-strikes parallel to the regional
S, foliation trajectories, and moderate to steep dips,
implying continuity in the D, strain field recorded by
the magmatic to high-temperature subsolidus foliation
in the granites and by the structures in the surrounding
country rocks (Paterson and Tobisch, 1988). This in-
terpretation is further supported by the magnetic data
that provide a much more complete fabric picture (see
below). The knife-sharp margin of the pluton is
exposed at the southeastern tip of the pluton’s tail.
There, the contact is perpendicular to the S, foliation
in the host rocks and to the homogeneous foliation in
the granites. This outcrop-scale observation empha-
sizes that the discordant nature of the Sparrow—coun-
try rock contact (along the northern and southern
borders of the pluton) with respect to the S, foliation
is in no way an indicator of post-D, emplacement.

Further D, deformation of the granites was concen-
trated into decimetre- to metre-scale protomylonitic
strike-slip shear zones (Fig. 3b) that likely formed once
the rocks had cooled to temperatures below 550°C
(Gapais, 1989). Northwest- to N-striking shear zones
are dextral, consistent with bulk regional dextral D,
shearing. A second family of predominantly NW- to
E—-W-striking shear zones is sinistral and kinematically
consistent with the apparent sinistral deflection of the
southern tail of the pluton where this family of shear
zones was observed. Localized sinistral shearing was
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likely induced by the presence of an older, rigid pluton
of the Defeat Suite located just to the south (Fig. 2a).
Granitic and pegmatitic dykes of the Prosperous Suite
observed near the Sparrow pluton are folded with
axial surfaces parallel to S, (Fig. 3c) further suggesting
D, deformation during granitic magmatism.

AMS METHOD

Sixty-eight sampling sites were established within the
120 km? map area of the Sparrow pluton. Distances
between sites are less than 2 km, and in many cases
less than 1 km. Two 25 mm diameter oriented drill
cores were collected at each site, and two 22 mm long
cylindrical specimens were cut from each of the cores.
The use of four specimens per site (43 cm® of rock)
and a 1-2 km sampling grid should provide sufficient
sampling to characterize the AMS in homogencous
granites of medium grain size (Olivier et al., 1997).
The AMS was measured on a Kappabridge KLY-2
instrument at the University of Ottawa. Treatment and
statistical analyses of the data followed the procedures
described in Benn et al. (1997) and the full AMS data
set is available from the first author.

Two standard scalar parameters were used to
describe the degree of anisotropy and shapes of the
AMS ellipsoids (Tarling and Hrouda, 1993). The
degree of anisotropy is expressed as

P'% = (P — 1) x 100, (1)

where

P = €Xp \/{2[(7]1 - 17771)2 + (172 - 77m)2 + (’73 - nm)z] }’

2

n; = In(K;) (i = 1-3) and /i, - 115 - 13- The shape of the
ellipsoid is described by

In K2 —1n K3
T=2\——) -1, 3
(ln K] —1In K3) ( )
where T'=1 and T = — 1 indicate, respectively, per-

fectly oblate and perfectly prolate ellipsoids. We chose
to calculate P'% and T after correction of K; by ad-
dition of an isotropic diamagnetic component
(Kgia= —6x10° SI) carried by all minerals
(Rochette, 1994), but which is dominated by quartz
and feldpar because these diamagnetic minerals rep-
resent >85% of the rock. The correction is applied
for rocks with very low susceptibilities in order to give
P'% values that more closely reflect the anisotropies
due to the paramagnetic and ferromagnetic com-
ponents of the AMS.

Many previous studies have shown that the principal
axes of the AMS are often parallel to the principal
penetrative  structural  anisotropies in  rocks.
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Fig. 3. (a) Photomicrograph showing large subgrains of quartz with straight extinction in the right half of the figure. (b)

A small-scale discrete shear zone in the Sparrow pluton, with a Silva compass for scale. (c) A folded dyke of Prosperous

granite with S, axial-planar cleavage, located a few hundred metres east of the Sparrow pluton within the Burwash
Formation. The long dimension of the photograph is roughly N-S.
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Commonly, the measured K3 axis (the pole to the mag-
netic foliation) is perpendicular to a structural foliation
whereas the K, principal direction (the magnetic linea-
tion) is parallel to a structural lineation. The presence
of more than one foliation in a rock may give rise to
composite magnetic fabrics not simply related to the
petrofabric (Housen et al., 1993; Aranguren et al.,
1996; Riller et al., 1996); we have observed no meso-
scopic or microscopic evidence of multiple mineral fab-
rics in our samples. Anomalous magnetic fabrics can
also arise due to the presence of minerals with inverse
intrinsic magnetic anisotropies (Rochette et al., 1992).
Therefore, interpretation of the AMS requires investi-
gation of the minerals that contribute to the induced
magnetization.

Study of thin sections revealed the presence of bio-
tite, and also chlorite that has locally replaced biotite.
Both of these iron-rich paramagnetic minerals contrib-
ute to the magnetic fabric. Tourmaline is also present
locally in the pluton, forming polycrystalline clusters a
few centimetres in diameter. Care was taken not to
collect tourmaline-bearing samples since this mineral
has an inverse intrinsic AMS. Petrographic study also
indicates that coarse-grained opaque minerals, e.g. pri-
mary magnetite, are absent from our samples. Small
amounts of fine-grained ferromagnetic crystals, difficult
to identify by standard optical microscopy, may con-
tribute significantly to the susceptibility and its aniso-
tropy. This may be especially true for rocks with very
low bulk susceptibilities like the Sparrow granites
(Fig. 4a). A study of the hysteresis properties and the
coercivities of the granites was carried out to deter-
mine the relative contributions to the bulk suscepti-
bilities (K) from the paramagnetic component (Kpara,
attributed to biotite and chlorite) and from the ferro-
magnetic component (Kg,ro), and to identify the ferro-
magnetic mineralogy.

An alternating gradient force magnetometer
(Micromag) at Lakehead University was used to estab-
lish hysteresis loops for granite fragments weighing
between 10 and 20 mg. Measurements were made on
eight fragments, four from each of two specimens
which had been used in the low-field AMS study. All
the fragments contained both mafic and felsic minerals.
Fields up to 500 mT were used in order to saturate the
ferromagnetic minerals. The value of Ky, was
deduced from the slope of the linear part of the hyster-
esis loops where the ferromagnetic minerals were satu-
rated. Removing the slope of the linear part of the
hysteresis loops allows determination of Ko
(Borradaile and Werner, 1994). Results show that all
of the studied fragments had ferromagnetic contri-
butions greater than 20% of their paramagnetic sus-
ceptibilities (Fig. 4b).

Coercivities (H.), saturation remanence (M,) and
saturation magnetization (M) were obtained from the
hysteresis loops, and coercivities of remanence (H..)
were determined through demagnetization of satur-
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Fig. 4. (a) Histogram of the average susceptibilities (K) for all speci-
mens. (b) Plot of the paramagnetic (Kyara) and ferromagnetic (Kyerro)
contributions to the magnetic susceptibilities. (c) Domain structures
of magnetite based on the ratio of saturation remanence (M,) to sat-
uration magnetization (M) and on the ratio of coercivity of rema-
nence (H,) to coercivity (H.). SD: single domain; PSD: pseudo-
single domain; MD: multi domain. Diagram modified after Day et
al. (1977) and Borradaile and Werner (1994). In (b) and (c), black
dots are for sample 96SP60 and open circles are for sample 96SP49.

ation remanence using the Micromag. The H. values
(between 17.2 and 72.2 mT) and the H. values
(between 34.1 and 71.1 mT) are comparable to pub-
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lished coercivities for very fine-grained magnetite
(Heider et al., 1987, 1996) suggesting this mineral is
the predominant carrier of the K, component in our
samples. Remanence and coercivity ratios are plotted
in Fig. 4(c), which is a diagram modified from Day et
al. (1977) with boundaries taken from Borradaile and
Werner (1994). The plot suggests the presence of very
fine-grained magnetite, possibly with pseudosingle-
domain behaviour. Comparison of the data in Fig. 4(c)
with data in figs 7.10 and 7.11 of O’Reilly (1984) indi-
cates magnetite grain sizes on the order of 1-10 um.

AMS RESULTS
Foliation and lineation

The directional components of the AMS are plotted
on maps in Figs 5(a) and 6. Field measurements of the
mesoscopic foliation in the pluton are plotted in
Fig. 5(b) for comparison with the magnetic foliation.
The orientation data for magnetic fabrics and field
measurements are also plotted on lower-hemisphere
Schmidt projections in Fig. 7, where the data are
shown separately for the northern region and the
southern tail region of the pluton. Inspection of Figs 5—
7 immediately reveals that the magnetic fabric orien-
tations define very consistent patterns in both the
northern and southern regions that can be directly
compared to the orientations of the mesoscopic foli-
ation measured in the granites and to the orientations
of the D, structures in the country rocks.

In the northern region, the magnetic foliation strikes
NNW-SSE and has variable but mostly steep dips
(Figs 5a & 7a). In the southern region, the magnetic
foliation is rotated in a counter-clockwise sense with
respect to the fabrics in the northern region, striking
NW-SE and dipping steeply at most outcrops (Figs Sa
& 7d). The counter-clockwise rotation of the magnetic
foliation in the southern region is coincident with the
apparent sinistral deflection of the pluton’s tail.

Comparison of the maps in Fig. 5 and the Schmidt
projections in Fig. 7(a, b, d & e) reveals that the mag-
netic foliation and the mesoscopic (biotite) foliation
have similar strikes at almost all the sampled outcrops,
and this argues for a strong control of the biotite pre-
ferred orientation on the magnetic fabric. The dips of
the magnetic and mesoscopic foliations differ signifi-
cantly at some outcrops, and in a few cases shallowly
dipping NE-SW-striking magnetic foliations were
measured at sites where field measurements indicate a
more steeply dipping NW-SE-striking mesoscale foli-
ation (compare Fig. 5a & b). The more variable dips
displayed by the magnetic foliations may result from
the influence of fine-grained magnetite crystals on the
bulk AMS, causing the orientation of the magnetic
fabric to deviate from the mesoscopic foliation.
Alternatively, at some sampling sites the magnetic fab-
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scale foliation in the Sparrow pluton. Sampling sites are located at
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fabric stations where no field measurements of the foliation could be

made. Bedding (Sy) traces and foliation (S5) in the country rocks are
taken from Henderson (1985).

rics may provide a more precise determination of the
fabric orientation than the field measurements.

In both the northern and the southern regions, the
magnetic lineations have strong NNW-SSE- to NW—
SE-trending and shallowly plunging preferred orien-
tations. Since mesoscopic linear fabrics are not present
in the granites it is not possible to make a direct com-
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parison between the magnetic lineations and field
measurements. In light of the influence of the biotite
foliation on the magnetic fabric, the strongly oriented
magnetic lineation is interpreted to be predominantly
controlled by the biotite fabric at most sampling sites.
Neither the presence of fine-grained magnetite nor the
local replacement of biotite by chlorite seem to have a
strong effect on the lineation orientations which are
quite consistent (Figs 6, 7c & f). Major contributions
to the AMS from pseudosingle-domain magnetite crys-
tals would most probably cause increased scatter in
the lineation orientations and possibly flipping of the
magnetic fabric axes (Rochette et al., 1992), like at the
two stations indicated by asterisks in Fig. 6 where NE-
trending magnetic lineations were measured. Owing to
the highly oblate shape of the intrinsic AMS ellipsoids
of biotite crystals, with the K3 principal direction lying
close to the crystallographic c-axis and very little mag-
netic anisotropy in the basal plane (Borradaile and
Werner, 1994), the strongly oriented magnetic lineation
is parallel to the zonal axis about which the biotite
basal planes are aligned (Bouchez, 1997).

Average susceptibilities
In granite massifs where K is dominated by contri-

butions from paramagnetic minerals, the magnetic sus-
ceptibility can be used as a petrological mapping tool
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because K values are a linear function of the iron con-
tent in the paramagnetic minerals (Gleizes et al., 1993).
A simple correlation between the spatial distribution
of K values and petrological zonations cannot be made
with certainty for the Sparrow pluton because of the
ferromagnetic contribution to the susceptibilites
(Fig. 4b). However, the mapping of K values on a
tight sampling grid in the Sparrow pluton reveals a
distinct pattern that is useful from a structural stand-
point since it can be related to the regional strain field.

A contoured map of the site average magnetic sus-
ceptibilities is presented in Fig. 8(a). The overall vari-
ations are small (22 < K <98) but a zonation pattern
is recognized that suggests the presence of NNW- to
NW-trending folds. This is most evident in the north-
ern region, where the broad zone defined by
50 < K < 75 crosses the entire pluton and is highly
discordant to the magnetic fabrics, defining an appar-
ently doubly-plunging fold pattern. This interpretation
is supported by the fact that the fold trends are paral-
lel to the average foliation strikes and to the magnetic
lineation in the pluton, and to the regional D, struc-
tural trends in the host rocks. The interpretation
implies that the K values in the northern part of the
pluton define a thin and horizontal zonation that is
parallel to the map section and to the bulk shortening
recorded by the foliation. In the southern region, sev-
eral narrower zones are discordant to the magnetic
fabric trajectories and may be folded with an axial sur-
face trace that is parallel to the NW-trending magnetic
fabrics.

Anisotropies and shapes of the AMS ellipsoids

Contoured maps of the degree of anisotropy (P %)
and the ellipsoid shapes (7) are shown in Fig. 8(b &
¢). P’% values are generally higher in the southern tail
of the pluton coinciding with the more strongly
expressed mesoscopic foliation in that region. The con-
toured area corresponding to P'% > 6 extends into the
northern region of the pluton where it defines two
NW-SE elongate lobes oriented parallel to the mag-
netic fabric trends. The map of 7 values shows
elongate NW-SE-trending corridors defined by more
oblate (7>0) and more prolate (7 < 0) AMS. The
horseshoe-shaped zone of oblate fabrics in the north-
ern region closes at a site where 7 = 0.08, i.e. where
the AMS has a nearly neutral shape, and so the two
limbs of the horseshoe may be considered as two sep-
arate corridors. The corridors defined by oblate and
prolate fabrics are parallel to the trends defined by the
magnetic fabrics.

DISCUSSION

The Sparrow pluton is characterized by penetrative
fabric anisotropies that were systematically mapped
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Fig. 7. Lower-hemisphere Schmidt projections of (a & d) the magnetic foliation poles, (b & ¢) the poles to the meso-
scopic-scale foliation measured in the field and (¢ & f) the magnetic lineations for the northern and southern regions of
the Sparrow pluton. Contour intervals are at 3g.

using the directional and scalar parameters of the ani-
sotropy of magnetic susceptibility. With the exception
of some field measurements of the mesoscopic foliation
(Fig. 5b) none of the structural information provided
by the magnetic study could be obtained by conven-
tional mapping methods. Microstructures suggest that
formation of the penetrative fabrics began during crys-
tallization of the granitic magma and continued during
the early stages of subsolidus cooling of the pluton.
The structural picture provided by the magnetic data
can be used to confirm syn-D, emplacement of the
Sparrow pluton and to shed new light on the kin-
ematics of the D, event that was concurrent with
granitic magmatism in the Yellowknife Domain.

The AMS signature and syn-D, emplacement

The structural patterns revealed by the magnetic
data are signatures of the regional D, structural event.
This is shown by direct comparison of the maps of
magnetic data with the D, structures in the surround-
ing Burwash Formation. Since the penetrative struc-
tures in the pluton record deformation of the
crystallizing magma and the still hot granites as they

cooled from the solidus, the magnetic data demon-
strate syn-D, emplacement.

1. Despite the contributions to the AMS from multiple
mineral sources, the magnetic foliation orientations
are comparable to the mesoscopic foliation that is
defined by the preferred orientations of biotite
crystals. The systematic mapping of the magnetic
foliation confirms the field observations of a pen-
etrative NNW-striking (in the northern region) to
NW-striking (in the southern region), predomi-
nantly steeply dipping-foliation in the pluton. The
foliation is parallel to the axial surface traces of
F, folds in the country rocks and is consistent
with regional horizontal D, shortening.

2. The well-defined magnetic lineation is interpreted to
be parallel to the biotite lineation at most sampling
sites, i.e. the K; principal direction of the AMS is
parallel to the zone axis about which the biotite
basal planes are aligned (Bouchez, 1997). The mag-
netic (biotite) lineation is considered to indicate the
maximum principal stretch recorded during the late
stages of crystallization and the early stages of cool-
ing of the fully crystallized granite. This interpret-
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ation is based on the results of numerical models of
fabric development (Blanchard et al., 1979) showing
that during progressive deformation, dilute suspen-
sions of rigid platy crystals with initially random
orientations adopt a zonal arrangement about an
axis close to the maximum principal stretch. This is
expected to occur in a deforming magma of low
crystal fraction. Any inherited weak preferred orien-
tation of the platy crystals might be overprinted
after about 10-15% of superimposed strain, so that
the lineation would be close to the X-axis of the
superimposed strain (Benn, 1994). The fabric orien-
tation tends to become steady state due to the
increasing physical interactions between crystals at
advanced stages of crystallization and at higher
strains, and due to the averaging effects of subfab-
rics corresponding to crystals with different shapes
(Tikoff and Teyssier, 1994; Arbaret et al., 1997,
Bouchez and Benn, 1997; Ildefonse et al., 1997).
The mapped magnetic lineation is interpreted to in-
dicate a strong component of NNW to NW hori-
zontal stretching associated with D, deformation of
the crystallizing and cooling Sparrow pluton.

. The zonation defined by the K values shows an
apparent NNW- to NW-trending fold pattern
(Fig. 8a) parallel to the fabric trends in the pluton
and to the trends of F, folds in the Burwash
Formation. Hence the fold pattern in the pluton is
interpreted to have formed in response to the same
regional D, horizontal shortening that is recorded
by the magnetic foliation and the magnetic linea-
tion, and that affected the pluton as it crystallized
and cooled. This interpretation implies that the
mapped zonation formed in the crystallizing magma
or within the still hot and ductile pluton. It may be
that the magnetic susceptiblity zonation outlines a
petrological layering formed by injection of multiple
sills and/or by fractional crystallization (see for
example Mahood er al., 1996). Alternatively, the
zonation may indicate a late-magmatic alteration
pattern, possibly related to the production of fine-
grained magnetite. Whatever the petrological signifi-
cance of the zonation may be, the corresponding
map pattern defined by the magnetic susceptibility
data provides a useful structural criterion for syn-
D, pluton emplacement.

. The patterns defined by P'% and T are also consist-
ent with emplacement and deformation of the
Sparrow pluton during D,. Both of these par-
ameters can be strongly affected by small variations
in magnetite content (Borradaile and Henry, 1997).
However, the generally higher anisotropy (P'%)
values in the southern region of the pluton are co-
incident with the more strongly expressed foliation

Fig. 8. Contoured maps of (a) the average susceptibilities (K), (b) the

degrees of anisotropy (%) and (c) the AMS ellipsoid shapes (7).
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there as compared to most of the northern region,
judging from field observations. This suggests that
the mapped pattern of P'% values can be used as a
rough indicator of the relative strengths of the pre-
ferred orientations of the fabric-defining magnetic
minerals. In the northern region, higher P'% values
are located mostly in the central part of the plu-
ton. This might be explained if tectonic defor-
mation and fabric development were concentrated
within the core of the pluton that would have
crystallized and cooled more slowly than the mar-
gins of the pluton. The orientations of the NNW-
to NW-trending elongate corridors defined by T
values are similar to the patterns defined by other
directional and scalar parameters of the AMS,
suggesting the spatial distribution of AMS ellip-
soid shapes is also consistent with D, deformation
of the pluton.

Magnetic fabrics and regional kinematics

The dextral transpressive nature of D, tectonics in
the Yellowknife Domain has been interpreted from the
pattern of refolding of F; folds (Fig. 2a) and from the
presence of discrete late-D, dextral shear zones
(Fig. 2a; Bleeker and Beaumont-Smith, 1995), both of
which suggest an important transcurrent component
for the D, event. A more detailed kinematic analysis
of D, deformation in the supracrustal rocks of the
Yellowknife Supergroup is rendered difficult because
the strain is superimposed on the older D; deformation
including tight or isoclinal, upright, doubly-plunging
F; folds (Fig. 2a & b). This has resulted in mostly
steeply plunging F, folds and a somewhat complex
total strain pattern. Locally, the strain pattern is
further complicated by later F; folding and S5 cleavage
development. D, extension lineations are not widely
developed in the Burwash Formation, so the directions
of tectonic stretching associated with the main phase
of this event have not been documented.

Jamison (1991) examined the kinematics of strain as-
sociated with compressional folding of initially hori-
zontal layers and showed that a significant amount of
fold axis-parallel extension is diagnostic of transpres-
sion. Jamison’s (1991) model results are not directly
applicable to kinematic analysis of the D, event in the
Burwash Formation due to the complex total
(D + D») strain pattern, but the results may be more
applicable to the deformation recorded within the
Sparrow pluton that is revealed by the magnetic data.
The pluton has been affected by one phase of pervasive
strain (D,) which produced the NNW- to NW-striking
foliation, the NNW- to NW-trending horizontal linea-
tion and the folding of a horizontal zonation revealed
by the map of K values. The magnetic foliations indi-
cate horizontal shortening and the magnetic lineations
suggest an important stretch parallel to the axis of

1257

folding in the granites, as predicted in the models of
Jamison (1991). Therefore, the magnetic fabric maps
provide new corroborative evidence for the interpret-
ation of D, as a transpressive tectonic event in the
Yellowknife Domain.

Fabrics in plutons and terrane analysis

The results presented in this paper highlight the use-
fulness of fabric studies in granites for the analyses of
multiply deformed metamorphic terranes. The internal
fabrics of plutons can preserve a record of the regional
deformation associated with the synmagmatic tectonic
event, whereas the structural picture in the country
rocks may be complicated by the superposition of
different generations of structures. In the present case,
the detailed magnetic fabric maps allowed the extrac-
tion of new information on the strain field and kin-
ematics of a principal Late Archean tectonic episode in
the southern Slave Province. The structural analysis of
the Sparrow pluton has clearly shown that it was
emplaced during the regional D, deformation, which
may now be dated using geochronological data from
the granites.

The tectonic fabric signatures of granites may be
most strongly developed in plutons that, like the
Sparrow, were emplaced within high-grade terranes
such as the metasedimentary rocks of the Burwash
Formation. In such a metamorphic environment crys-
tallization and cooling will be relatively slow, and per-
vasive tectonic deformation of the pluton may occur
as its viscosity gradually approaches the viscosity of
the thermally softened host rocks (Pavlis, 1996). The
Trois-Seigneurs pluton (Leblanc et al., 1996) and the
Rose Blanche granites (Benn et al., 1993) are other
examples of syntectonic granitoids emplaced within
amphibolite-facies metasedimentary rocks, for which
AMS data demonstrate a well-defined tectonic fabric.
An implication is that mineral preferred orientations
developed during magma emplacement might be over-
printed by tectonic deformation late in the pluton crys-
tallization history. Fowler and Paterson (1997) and
Paterson and Miller (1998 this issue) provide field data
suggesting magmatic fabrics formed late during empla-
cement of the Mount Stuart Batholith within the
amphibolite-grade Chiwaukum Schist, since the fabrics
formed after the incorporation of stoped blocks into
the crystallizing magmas.

On the contrary, plutons emplaced within cold, rigid
country rocks of low metamorphic grade would freeze
more quickly and may undergo less penetrative tec-
tonic strain than plutons emplaced within higher-grade
crust, and in this case the fabrics may preserve the kin-
ematics of magma flow into the growing pluton. The
Lebel Stock (Cruden and Launeau, 1994) and the
Dinkey Creek and Bald Mountain plutons (Tobisch
and Cruden, 1995) represent examples where the AMS
has been used to map apparently buoyancy-driven
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magma flow patterns. Transitional cases may occur
where fabrics related to emplacement flow or to the in-
ternal dynamics of magma chambers are only partly
overprinted by synemplacement tectonics late during
pluton crystallization. An example is the South
Mountain Batholith where the preserved fabrics pro-
vide information on emplacement dynamics and on the
synemplacement regional deformation event (Benn et
al., 1997).

CONCLUSIONS

The magnetic susceptibility and the anisotropy of
susceptibility (AMS) were used to derive detailed maps
of the pervasive structural anisotropies that record
magmatic to high-temperature subsolidus deformation
of the Late Archean Sparrow granite pluton. The effi-
ciency of the AMS technique for the structural map-
ping of granitoid plutons is strongly emphasized since
little of the structural information inferred from the
magnetic data could have been gathered using stan-
dard field methods. The mapped structural patterns in
the pluton are directly comparable to the regional
structures in the country rocks, and the strong tectonic
signature of the magnetic fabrics confirms pluton
emplacement during the main phase of regional D, tec-
tonics in the Yellowknife Domain.

The magnetic data from the Sparrow pluton also
provide new information on the kinematics of the D,
event. The patterns defined by the magnetic foliation,
the magnetic lineation and the bulk susceptibility
suggest that deformation and folding of the pluton
involved fold axis-parallel stretching, consistent with
deformation of the crystallizing magmas and of the
solidified but still hot granite in a transpressive tec-
tonic regime. In the absence of widely developed exten-
sion lineations in the country rocks, the magnetic
lineations in the Sparrow pluton represent the best
available evidence for the horizontal stretching associ-
ated with D, transpression.

In regions with complex deformation histories the
internal fabrics of granite plutons can preserve a
record of the strain field and kinematics associated
with the synmagmatic tectonic event. The magnetic
fabrics in the Sparrow pluton provide a simpler and
more easily derived picture of D, strain than can be
obtained from the multiply deformed country rocks.
The tectonic signatures of the fabrics in syntectonic
granites may be most strongly developed in plutons
that were emplaced within highly ductile host rocks in
high-grade terranes such as the amphibolite-facies
metasedimentary rocks of the Burwash Formation.
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