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ABSTRACT: The anisotropy of magnetic susceptibility (AMS) is widely and routinely used to
measure the preferred orientations of Fe-rich minerals in undeformed and weakly deformed granite
plutons. The interpretation of the mapped AMS fabrics depends on rock-textural observations, on
the map patterns of the fabrics in plutons, and on comparisons of the pluton fabrics to tectonic
structures in the country rocks. The AMS may document emplacement-flow related fabrics, but the
emplacement fabrics may be reworked or completely overprinted by rather weak tectonic strains of
the magma mush or the cooling pluton, especially in syntectonic intrusions. The Late Devonian
Canso granite pluton is an excellent example of overprinting of emplacement fabrics by weak
tectonic strains. The Canso pluton was emplaced ca. 370 Ma along the boundary between the
Meguma and Avalon tectonic terranes, in the northern Appalachian orogen. The AMS was mapped
along two traverses that cross the pluton and that are perpendicular to the terrane boundary.
Textural evidence suggests the rocks underwent very modest post-full crystallisation strains. The
AMS records the dextral transcurrent shearing that occurred on the terrane boundary during
emplacement and cooling of the Canso pluton, supporting interpretations that weakly deformed
syntectonic granites can be used as indicators of regional bulk kinematics. AMS fabrics in Late
Devonian granites of the Meguma Terrane suggest partitioning of the non-coaxial shearing into the
terrane bounding fault, with pure-shear dominated deformation further from the fault. Numerical
simulations suggest that the kinematics recorded by the fabrics in the Canso pluton was simple-
shear, or transpression or transpression with small components of pure shear oriented perpendicular
to the bounding shear zone.
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It is common practice amongst structuralists and granitologists
to classify granitic plutons as pre-, syn- and post-tectonic,
referring to emplacement prior to, during or following the
cessation of orogenic deformation and metamorphism of the
country rocks. Such a classification is useful in the practice of
putting chronological brackets on tectonic events by isotopic
dating of pluton emplacement. Interpretations of pre-, syn-
and post-tectonic intrusions are also important in developing
pluton emplacement models. Structural interpretations of pre,
syn- and post-tectonic emplacement are based on observations
of rock textures, the fabric pattern mapped within plutons and
comparisons of pluton fabric patterns with the regional-scale
structures that record tectonic events.

This present paper presents new data from a syntectonic
granite pluton that show tectonic overprinting of magmatic
fabrics by small strains related to shearing on a nearby
transcurrent terrane boundary. The Canso pluton is a granite
of Late Devonian age that was emplaced near the boundary of
the Meguma and Avalon terranes, in the Northern Appala-
chian orogen. The goals of the study are to demonstrate that
the fabrics in weakly deformed plutons can provide excellent
kinematic indicators of orogenic deformations, and to make
the point that the fabrics must be considered in the tectonic
context before they can be potentially interpreted to be

markers of magma emplacement flow. Numerical simulations
are also presented in order to constrain the kinematics of the
tectonic overprint of magmatic fabrics in the Canso pluton.

First, interpretations of fabrics in granite plutons are dis-
cussed. Then the tectonic setting of the Canso pluton is
explained, the new fabric data are presented and the tectonic
overprint of the igneous fabrics is argued. The numerical
simulations are presented and used to constrain the kinematics
along the Meguma—Avalon terrane boundary.

1. Interpreting pluton fabrics

Mineral fabrics in granite plutons can be interpreted in a
kinematic framework related to magma dynamics or to re-
gional tectonics (Paterson ez al. 1998). In the first case, mineral
alignments record magma dynamics driven by body forces
related to transport and emplacement of the magma, or to
convection driven by thermal gradients within the mostly
liquid intrusion. The kinematic history recorded by the fabrics
can then be interpreted to record buoyancy-driven magma flow
(Cruden & Launeau 1994; Tobisch & Cruden 1995) and
possibly the mechanics of intrusion. In the second case, the
fabric records post-emplacement tectonic deformation of the
crystallising magma mush, or of the solidified pluton as it
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Figure 1 Examples of relationships between fabrics in granite plutons
and structures in the country rocks: (A) pluton fabrics are unrelated to
country rock structure; (B) probable emplacement-related fabric is
folded by regional deformation and lineation is reoriented parallel
to the fold hinge; (C) fabric in the pluton is completely overprinted
by the regional deformation; (D) pluton emplaced within a region
that is undergoing bulk shearing, resulting in partial overprint of the
fabric.

cooled from the solidus. The granite fabric then provides
information on some (probably small) increment of the re-
gional tectonic strain, and may also be used to infer the
tectonic stress field (Benn et al 2001). These two cases are
considered to be end-member models. In many published
examples of detailed pluton-fabric studies, there is evidence of
a partial tectonic overprint of a first generation of mineral
alignments that was formed during emplacement flow
(Bouchez & Gleizes 1995; Pignotta & Benn 1999; 74k et al.
2005; Ce¢ys & Benn 2007).

Figure 1 depicts four examples of fabric patterns in plutons
and the relationships of the fabrics to tectonic structures in
their host rocks. The precise fabric orientations that are
represented in the diagrams are not of primary significance to
this discussion. The focus is on the geometric relationships
of the fabrics in different nested parts of plutons and on the
relationships of pluton fabrics to the tectonic structures. The
diagrams in Figure 1 are used to discuss first order interpreta-
tions of pluton fabrics. Figure 1A—C depicts plutons emplaced
into folded, or folding, country rocks, as indicated by the
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anticlinal axial surface trace in each figure. Figure 1D shows
another example where emplacement occurred during bulk
shearing of the host rocks. Cases A and C are similar to pluton
fabric development ‘completely decoupled’ from host rock
deformation, and pluton fabric development ‘completely cou-
pled’ to host rock deformation, as illustrated in figure 13A and
C of Paterson et al. (1998). Figure 1 includes the necessary
analyses of the mineral lineations in plutons which, in practice,
are usually determined using the anisotropy of magnetic
susceptibility. The interpretation of pluton fabrics is incom-
plete and risks being erroneous if only the mineral foliations
are considered.

In Figure 1A, the pluton fabrics show no geometric relation-
ship to the regional-scale fold. There are also distinct fabric
orientations in the nested portions of the pluton that would
represent separate magma pulses, indicating the fabrics record
the flow kinematics in the two pulses. The structural relation-
ships in Figure 1A suggest that the pluton fabrics record
magma flow that was decoupled from deformation in the host
rocks, so they can be interpreted to indicate emplacement of
the successive magma batches (Vigneresse & Bouchez 1997,
Dehls et al. 1998; Siegesmund & Becker 2000; Becker et al.
2000; Molyneux & Hutton 2000; D’Eramo et al. 2006;
Razanatseheno et al. 2009). This is an example of fabric in a
post-tectonic pluton that can be used to infer an emplacement
mechanism.

Figure 1 illustrates examples where the fabrics in the plutons
are reworked to varying degrees by tectonic deformation.
Figure 1B shows a pluton where the foliation is rotated about
the regional fold hinge, and the mineral lineation is aligned
parallel to the regional hinge. This type of fabric pattern is
interpreted to represent folding of a pre-existing foliation in
the pluton by regional deformation and reorientation of the
lineation parallel to the fold hinge. Figure 1C illustrates a
foliation in the pluton that is axial-planar to the regional fold
and a lineation that is parallel to the fold hinge. That example
represents a stronger tectonic overprint that has resulted in
parallelism of the foliation and the lineation in the pluton with
the regional structures. Published examples of structural rela-
tionships as shown in Figure 1B and C have shown them to
indicate emplacement during the regional folding event (Benn
et al. 1997, 1998; Bolle et al. 2003; Ceéys & Benn 2007;
Pignotta & Benn 1999). The fabrics in the plutons cannot be
used to directly infer the kinematics of emplacement flow, or
mechanisms involved in pluton emplacement.

In Figure 1D the pluton is emplaced within shearing country
rocks. There is an early-formed fabric in the central parts
of the pluton that may record magma emplacement flow and it
is variably overprinted by the regional shear. The tectonic
overprint may begin as the magma in the pluton reaches some
threshold of crystallisation, when the solid fraction forms a
contiguous framework with increasing strength that trans-
mits anisotropic stresses from the deforming country rocks.
Examples like Figure 1D have also been shown to be indicative
of syntectonic emplacement (Leblanc et al. 1996; Djouadi et al.
1997; Gleizes et al. 1998; Czeck et al. 2006; Gebelin et al.
2006).

In examples such as Figure 1B and D, there may be regions
of a pluton where igneous textures are preserved; but in no
case should the fabrics be interpreted to indicate emplacement
flow kinematics, because the fabrics have likely been reworked
to some degree by tectonic deformation. The following study
serves to illustrate and strengthen the interpretation that, even
in granites that would generally be referred to as ‘undeformed’
or ‘weakly deformed’, the fabrics may serve as tectonic strain
markers.
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Figure 2 Geological map of the study area, modified from Hill (1991): TSZ, Tittle shear zone; HISZ, Harbour
Island shear zone, DI, Durrell’s Island. Inset: location map of the Meguma Terrane and the study area: CCFZ,

Cobequid—Chedabucto fault zone; SMB, South Mountain batholith; BPP, Barrington Passage pluton.

2. Tectonic setting of the Canso pluton

The Meguma Terrane of southern Nova Scotia (Fig. 2 inset)
represents the most internal allochthon recognised within the
northern Appalachians (Keppie 1993). The supracrustal rocks
are predominantly greenschist to lower amphibolite-grade
Cambro-Ordovician metaturbidites of the Meguma Super-
group, which are thought to represent detritus eroded from the
Saharan Shield and deposited on the continental slope of
northwestern Africa (Schenk 1971, 1995). Collision of the
Meguma Terrane with the eastern margin of ancestral North
America, represented by the Avalon Terrane (Fig. 2 inset),
occurred in the Middle Devonian (Williams & Hatcher 1982;
Keppie & Dallmeyer 1987). In Nova Scotia, the boundary
between the Meguma and Avalon terranes is represented by
the Cobequid-Chedabucto fault zone (CCFZ), which may be
linked to a shallowly southward-dipping sole thrust underlying
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the Meguma Terrane (Keppie 1993). Detailed studies along the
CCFZ have revealed a prolonged history of ductile and brittle
deformation related to dextral transcurrent tectonics that
continued into the Carboniferous (Mawer & White 1987).
The regional structural pattern within the Meguma Super-
group is dominated by upright, shallowly-plunging regional
chevron folds (Horne & Culshaw 2001), and associated folia-
tions that trend NNE-SSW in the southern part of the terrane,
and that are ENE-WSW trending close to the CCFZ (Keppie
1982). These structures developed during the dextral transcur-
rent tectonics associated with the Meguma-Avalon collision
which is recognised in Nova Scotia as the Acadian Orogeny.
Acadian fabric development commenced at about 415 Ma,
corresponding to the oldest *°’Ar/>*’Ar dates obtained from
whole rocks and separates of fabric-forming minerals
(Dallmeyer & Keppie 1987; Keppie & Dallmeyer 1987;
Muecke et al. 1988). “°Ar/*’Ar dates as young as 360 Ma
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Table 1 Characteristics of textural types.

Textural type Visible fabric Microstructure

1 None ® Igneous texture preserved
® Undulose extinction and subgrains in quartz
2 Weak, vertical foliation defined by quartz ® Quartz entirely recrystallised into roughly equant new grains, 0-2 to
aggregates 0-4 mm in size, with highly lobate grain boundaries
® Other minerals essentially undeformed
3 Vertical foliation and horizontal extension ® Quartz entirely recrystallised into elongate new grains, <0-2 mm in

lineation, both defined by quartz aggregates size, with straight or gently curved grain boundaries

® Mica and feldspars deformed and locally recrystallised

obtained from the Meguma Supergroup (Keppie & Dallmeyer
1987) probably represent thermal resetting during the emplace-
ment of huge volumes of peraluminous granite magma
throughout the Meguma Terrane, including the South Moun-
tain batholith (Clarke et al 1993), the Barrington Passage
pluton (Reynolds et al. 1987) and the Canso pluton, which is
the subject of the present study. Geochronological data indi-
cate that the granitic plutons of the Meguma Terrane crystal-
lised between 380 Ma and 365 Ma (Clarke & Halliday 1980;
Reynolds ez al. 1981; Hill 1988; Keppie et al. 1993; Tate et al.
1997).

Extensive structural, AMS and gravity modelling studies of
the large, composite South Mountain batholith showed it to be
composed of tabular intrusions, emplaced within a compres-
sional tectonic stress field, resulting in folding of emplacement-
related horizontal foliations, and lineations that are parallel to
the regional fold axis (Benn ez al. 1997, 1999). A detailed fabric
and AMS study of the Barrington Passage pluton, in the
southwestern Meguma Terrane, revealed a similar fabric pat-
tern to the one depicted in Figure 1B (Pignotta & Benn 1999).

3. The Canso pluton and its host rocks

The study area is located along the southern margin of the
CCFZ, near the town of Canso, at the eastern tip of the Nova
Scotian mainland (Fig. 2). The country rocks are composed of
amphibolite-grade psammites and pelites of the Goldenville
and Halifax Groups of the Meguma Supergroup. The rocks
were strongly deformed during the Acadian Orogeny, resulting
in the formation of several generations of vertical, NE-SW to
ENE-WSW-trending foliations associated with tight, upright,
shallowly plunging folds (Mawer & Williams 1986; Mawer &
White 1987). The Canso pluton is discordant to those regional
structures, but the contact-parallel folds mapped by Hill (1991)
along its western margin (Fig. 2) may record shortening in the
wall rocks due to expansion of the pluton during emplacement,
as suggested for pluton margin parallel folds near the con-
tact with the South Mountain batholith (Benn et al 1999).
Porphyroblasts of biotite, garnet and andalusite include dex-
trally crenulated segments of the regional foliation within the
metamorphic aureole around the pluton, demonstrating em-
placement after the development of the regional foliations
(Mawer & Williams 1986; Mawer & White 1987; Hill 1991).
Two vertical, E-W to WNW-ESE-striking mylonitic shear
zones affect the pluton (Fig. 2). Both contain horizontal
extension lineations and consistently dextral shear sense indi-
cators (C-S fabrics), showing that the granites were affected by
the regional dextral shearing that continued following full
crystallisation, and as the pluton cooled.

The Canso pluton was mapped in detail by Hill (1991), who
defined the lithological units shown in Figure 2. The granites
tend to be homogeneous in both composition and grain size
at the outcrop scale. Comagmatic enclaves are rare, and
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centimetre-scale feldspar phenocrysts are only locally present;
therefore the orientations of those markers cannot be mapped
systematically. The horizontal two-dimensional nature of most
outcrops (except locally along the Atlantic ocean shoreline)
also makes field mapping of mineral-preferred orientations
difficult. However, shallowly dipping foliations defined by
tabular feldspar crystals were reported for a few outcrops of
undeformed granites (Hill 1988).

Where autoliths of one magmatic unit are found within
another, they tend to be rounded, and the strike of the pre-full
crystallisation feldspar foliation is parallel in the autoliths and
in the host granite, suggesting that both host and autoliths
were deformed together in the magmatic state. This suggests
that the different magmatic units in Figure 2 were emplaced
contemporaneously, which is consistent with similar monazite
crystallisation dates obtained from the different units of
373 Ma to 367 Ma (*°"Pb/***U; T. Krogh in Hill 1991). “°Ar/
¥Ar cooling dates obtained for a relatively undeformed
sample of granite vary from 366 Ma to 362 Ma (biotite and
muscovite separates (Keppie & Dallmeyer 1987)), indicating
that the pluton had cooled to about 300°C within <11 Ma
following monazite crystallisation.

4. Rock textures

Microstructures show whether the rock fabric was formed in
response to deformation of the crystallising magma, or if some
degree of post-full crystallisation overprint may have reworked
the magmatic fabric (Paterson et al. 1989; Bouchez et al. 1990;
Vernon 2000). Three microtextural types are defined here for
the Canso pluton. The textural types can be correlated with the
strength of the mineral fabrics determined in the field, and also
using the AMS, and their distinguishing characteristics are
given in Table 1.

Rocks of textural type 1 are found at 14 sites, all at distances
greater than 1500 m from the mylonitic shear zones. In the
field, the rock has no visible fabric, and in thin section there is
evidence of only very limited post-full crystallisation strain.
The igneous texture is well preserved, and grain-scale ductile
strain features are limited to undulose extinction and minor
subgrain development in quartz (Fig. 3A).

Closer to the shear zones, there is a transition in the
characteristic microstructures, recording an increase in post-
full crystallisation deformation. In textural type 2, quartz is
recrystallised, though micas and feldspars show little evidence
of intracrystalline strain. Quartz new grains are relatively large
(Table 1) and have highly lobate grain boundaries (Fig. 3B),
suggestive of grain boundary migration, a high temperature
recovery mechanism. The new grains form slightly elongate
aggregates that define a weak, vertical foliation as observed in
the field.

Closer to the shear zones, in rocks of textural type 3,
the quartz aggregates are more elongate (defining an easily
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Figure 3 Photomicrographs of the three microstructural types
defined in the text: (A) Type 1, from site 19; (B) Type 2, from site 8; (C)
Type 3, from site 11.

recognised foliation in the field) and new grains tend to be
smaller than in type 2 (compare Fig. 3B and C). The quartz—-
quartz grain boundaries are lobate, suggesting recrystallisation
under fairly high temperature conditions, but the smaller size
of quartz new-grains compared to type 2 suggests greater flow
stresses (Urai er al. 1986) that can be attributed to minor
cooling of the pluton during shearing. Some grain-scale shear
instabilities (shear bands) are present in type 3 samples which
is thought to be indicative of shearing in granites that have
cooled to =500°C (Gapais 1989).

The above observations indicate that in rocks of textural
type 1, which show no sign of significant subsolidus deforma-
tion, the preferred orientations of early formed minerals, such
as biotite and euhedral feldspars, will record deformation of
the granite magma. On the other hand, the clear imprint of
strain and recrystallisation in textural types 2 and 3 shows that
fabrics in these rocks have been reworked to some degree, by
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deformation which occurred after full crystallisation of the
magma. The evidence for increasing strain and dynamic recrys-
tallisation under decreasing temperature conditions as the
shear zones are approached suggests that fabrics in rocks of
textural types 2 and 3 record deformation during subsolidus
cooling of the granites, and a progressive localisation of
subsolidus strain into the shear zones.

5. Anisotropy of magnetic susceptibility (AMS)

The anisotropy of magnetic susceptibility (AMS) is a method
that has proven to be efficient and accurate for measuring the
preferred orientations of Fe-minerals in granites, in order to
map the fabrics at the pluton-scale (Bouchez 1997, 2000).
Sampling for the AMS study was carried out at 30 outcrops
along two traverses, mostly following roads and along the
Atlantic coastline. No sampling was done for AMS within the
mylonitic shear zones, as the fabrics are easily measured in
the field, and because the presence of pervasive composite
planar fabrics (S-foliation and shear bands) would lead to
complex magnetic fabrics (Housen et al. 1993; Aranguren et al.
1996) that are of no interest in the present study.

Traverse 1 extends from 100 m to 2500 m south of the
Harbour Island shear zone (HISZ, Fig. 2), with a maximum
spacing between sampling sites of 300 m. Traverse 2 extends
from 150 m south of the Tittle shear zone (TSZ, Fig. 2) to
1500 m north of the HISZ, with distances of 125 m to 3000 m
between sites. Whereas traverse 1 is entirely within a single
intrusive unit of homogeneous muscovite-biotite granite,
traverse 2 crosses several internal contacts, and sampling sites
therefore represent different intrusive units. Two specimens of
22 mm-length were cut from each of three 25 mm-diameter
drill cores collected per sampling site. Thus individual sites are
represented by approximately 65 cm® of rock. Individual drill
cores were separated by several metres in the outcrops in order
to obtain a representative sampling.

The AMS was measured at the University of Ottawa using a
Kappabridge KLY-2 a.c. bridge (manufactured by AGICO,
Czech Republic), in a field strength of 300 A/m at a frequency
0f 920 Hz. The AMS of each sample is represented by a second
order tensor from which the magnitudes of the principal
susceptibilities (K;>K,>Kj), and the orientations of the
principal directions (K,) were obtained. Calculation of site-
average AMS tensors and of confidence ellipses about each of
the average principal directions was performed using the
Hext-Jelinek tensor averaging method (Jelinek 1978, 1981;
Borradaile 2003). The confidence ellipses represent the statisti-
cal estimates of the areas on the sphere within which 95% of
the most probable average orientations of the AMS axes are
included.

5.1. Source of the AMS signal

The AMS of a rock sample represents the sum of the intrinsic
susceptibility anisotropies of all of the constituent crystals
(Hrouda 1982; Borradaile 1988; Rochette et al 1992). The
essential minerals of the Canso pluton are biotite +muscovite +
plagioclase+ K-feldspar+quartz, and accessory minerals in-
clude ilmenite, apatite, monazite, garnet and zircon. The
mineral assemblage is typical of the ilmenite-series of granites,
where titanomagnetite is generally absent (Ishihara 1981;
Barbarin 1990). Biotite makes up from 3% to 10% of the rock,
and it is the most abundant mineral containing significant
amounts of Fe. Its contribution should therefore be predomi-
nant in the susceptibility signal of most samples. The suscep-
tibility of ilmenite is greater than that of biotite (Kjjmenite =
1S, Kyioie=10"" SI; Borradaile 1988), and should this
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Figure 4 Plot of the degree of magnetic anisotropy (P’ %) against the
susceptibility (K) for all samples. The dashed lines indicate K values for
rocks where the susceptibility is entirely due to 2%, 5%, and 10%
biotite, assuming susceptibility K=1200 x 10~ ® SI for biotite.

mineral be locally present in more than trace amounts, it could
significantly affect the AMS. We must also consider the
presence of very fine grained secondary oxides which may form
in association with small amounts of chlorite replacing micas
(Benn ef al. 1993; Borradaile & Werner 1994).

Figure 4 is a plot of the average susceptibility (K) for all
samples against P'%=(P’ — 1)*100. P’ is the degree of anisot-
ropy parameter suggested by Jelinek (1981),

P'=expy/20n, — 1,)>+ (1, — 1, + (13— 1,,)°).

where 7,=n(K,) (i=1 to 3), and #,,=3/7n,'1,'n5. P'% was
calculated following the addition of an isotropic diamagnetic
(negative) susceptibility component to the measured AMS.
The addition of this component is intended to eliminate the
effects of the diamagnetic quartz—feldspar matrix in rocks with
weak magnetic susceptibility (Rochette 1987; Bouchez et al.
1990). The isotropic component Ky;,,= —6 x 10~ ¢ SI corre-
sponds to equal contributions from quartz and feldspar, based
on susceptibility data reported in Borradaile (1987).

Significant contributions from locally abundant ilmenite, or
secondary magnetite, should result in large variations in K
in Figure 4. The susceptibilities in the Canso granites are
consistently low, with 178 of 180 samples having K<10 ~* SI,
corresponding to expected values for rocks where K is entirely
due to the presence of <10% biotite (Fig. 4).

Although the magnetic susceptibility of the specimens can
be mostly accounted for by the quantities of biotite present in
the rocks, this may not be true for the anisotropy of the
susceptibility, which can be strongly affected by the presence of
even small amounts of secondary magnetite (Rochette et al.
1992, 1999; Borradaile & Henry 1997). Such cases can be
recognised by locally anomalous fabric orientations.

To a good approximation, the AMS in the Canso granites
can be interpreted in terms of the biotite petrofabric. Since
K, for biotite monocrystals is close to the [001] crystallo-
graphic axis, the measured magnetic foliation (1 K;) will be
parallel to the average orientation of biotite basal planes,
which defines a structural foliation. As K; =K, for biotite
monocrystals, the measured magnetic lineation (K,) is parallel
to the mineral lineation, which is defined by the axis about
which the platy biotite crystals are statistically aligned
(Bouchez 1997).
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5.2. Results

The AMS data, including susceptibilities (K), the degree of
anisotropy (P’%), the shape parameter for the average AMS
ellipsoids (T, defined in the legend of Table 2), and the
orientations of the principal directions for each sampling site,
are compiled in Table 2.

Figure 5 presents the AMS orientation data for traverse 1.
The strike of the vertical quartz—aggregate foliation, a marker
of the weak subsolidus strains that affected some of the
sampled granites, is also shown in the orientation diagrams for
those outcrops where it is developed (textural types 2 and 3,
sites 6-12). Rocks of textural type 1 crop out at the nine sites
that are furthest from the HISZ. Site 5 is unique in having an
anomalous fabric orientation that is interpreted to indicate a
strong magnetic signal from secondary oxides, and it will not
be further discussed. At all other sites of textural type 1 (nos.
1-4, 25-28) the orientations of the average principal directions
are very consistent. K, (the magnetic lineation) is horizontal
or shallowly plunging, with a NNE-SSW (dominantly) to
NE-SW trend, which is consistently oblique in a counterclock-
wise sense by 50° to 75° to the HISZ. At most of the sites,
the K; principal direction is well grouped, and K;,, plunges
steeply, indicating a subhorizontal magnetic foliation.

Approaching the shear zone, in rocks of textural types 2 and
3 the AMS fabrics are rotated in a clockwise sense, and the
magnetic foliation steepens progressively. The progressive
change in orientations of the fabrics is attributed to the small
subsolidus strains that were undergone by the granite at those
sites, as indicated by the presence of the vertical quartz—
aggregate foliation. It is stressed that the quartz foliation is
vertical at all of the sites, but the magnetic (biotite) foliation
steepens progressively as the shear zone is approached, and as
the solid-state deformation is increased, as shown by the
microtextural observations. This is interpreted to indicate that
the horizontal foliation that is found in the underformed rocks
of textural type 1 was reworked by the solid state deformation
associated with dextral shearing, and that the horizontal
foliation is completely overprinted with increased strain closer
to the shear zone.

On traverse 2 (Fig. 6), the AMS fabric orientations define a
pattern similar to the one described for traverse 1. At the sites
where the rocks are of textural type 1, K5, is subvertical,
indicating horizontal to shallowly-dipping magnetic foliations.
K,,, is subhorizontal, and trends consistently NE-SW to
ENE-WSW. The orientations of K,,, are counterclockwise
oblique to the HISZ and the TSZ, and it rotates in a clockwise
manner in the rocks of textural types 2 and 3 as the TSZ is
approached.

The magnetic foliation is horizontal (vertical K;,,) at sites
16, 17 and 18, where the vertical quartz foliation is present.
The biotite foliation, as indicated by the AMS, is perpendicular
to the vertical quartz aggregate foliation that represents the
superimposed subsolidus strain. This is interpreted to indicate
that the subsolidus strain that formed the quartz aggregate
foliation was superimposed on a horizontal biotite foliation
that likely formed during magmatic deformation. The intensity
of the subsolidus strain was apparently insufficient to reorient
the biotite foliation at those sites.

5.3. Discussion

Maps of the AMS fabric orientations along two traverses
through the Canso granite pluton show that an earlier-formed
horizontal biotite fabric in the Canso pluton was reworked and
locally overprinted by rather minor amounts of ductile strain
as it cooled from the solidus. The ductile strain is certainly
related to the well documented dextral shearing along the
transcurrent Meguma-Avalon tectonic terrane boundary, the


https://doi.org/10.1017/S1755691009016028

MAGNETIC SUSCEPTIBILITY FABRICS IN THE CANSO PLUTON 153

Table 2 Site average magnetic fabric data.

Traverse 1 Traverse 2
Orientations Orientations
Site, Type K 10~¢ SI K, K5 Anisotropy P'% Shape T Site, Type K 10~° K, Ky Anisotropy P'% Shape T
I, 1 34-28 199/18 101725 2-1 0-055 16, 2 55-52 262/02 159/81 9-1 0-088
2,1 42:02 210/23  315/31 17 —0-826 17,2 62:08  259/04 008/79 7-9 —0-259
3,1 34-16 019/12  132/63 52 0-481 18,2 50-55  272/12  058/75 11-1 —0-043
4,1 61-13 046/00  296/89 37 —0-037 19,1 25-10  231/09 102/76 2:4 0-331
5,1 40-95 323/56  094/24 27 0-401 20, 1 33-58  057/04 310/76 4-8 —0-598
6,2 41-51 218/10  343/73 53 —0-565 21,2 3009  262/06 170/12 34 — 0734
7,2 37-85 221/11  320/39 57 —0-456 22,1 107-1  230/13  124/48 67 0-285
8,2 3718 225/01 317/45 59 —0-288 23,1 79-72  241/04 351/79 47 —0-240
9,2 31-69 231/05  323/28 56 —0:636 24,1 84-12  264/09 056/80 4-1 —0-082
10, 2 37-63 243/02  333/01 7-1 0-052 25,1 34-53  195/04 293/66 64 0-440
11, 3 36-77 066/05  157/06 9-4 0-261 26, 1 41-66  254/13  035/74 32 0-818
12,3 40-01 071/03 161/01 10-2 0-071 27,1 45-51  208/07 034/83 2-0 0-250
13,2 55-58 088/08  352/37 58 —0-169 28,1 3643 217/05 315/54 5-4 0-119
14, 2 46-42 091/02  000/14 7-4 0-176 29,3 4882 092/13 353/34 7-6 —0-771
15,2 61-79 263/08 166/43 7-4 —0-025 30, 2 5221 074/01 164/02 67 0-190

Site=sampling site; Type=Textural type (see Table 1); K=magnetic susceptibility; K,, K;=principal directions of the anisotropy of magnetic
susceptibility; P'%=degree of anisotropy *100 (see text); T=2(1nK, — InK,/(1nK, — InK;) — 1 describes the shape of the AMS ellipsoid (Jelinek
1981), where T=1 for a perfectly oblate ellipsoid, and 7= — 1 for a perfectly prolate ellipsoid.

CCFZ. The dextral-shear overprint of the fabrics in the Canso
pluton confirms that dextral displacements occurred on the
CCFZ at 370 Ma. The results also support the use of fabrics in
weakly deformed granites to determine the bulk kinematics in
orogenic belts, as previously proposed for leucogranites of the
Pyrenées mountain belt (Leblanc et al 1996; Gleizes et al.
1997).

Previous magnetic fabric studies of the South Mountain
batholith (Benn et al. 1997) and of the Barrington Passage
pluton (Pignotta & Benn 1999), both of which crop out within
the Meguma Terrane but far from the transcurrent Meguma—
Avalon terrane boundary, showed that the magnetic lineations
in the plutons were reworked into orientations parallel to the
regional fold axes. In the Canso pluton, which crops out quite
close to the transcurrent terrane boundary, the lineations are
not parallel to the regional fold hinges; instead, they are
oblique to the terrane-bounding shear zone. It is proposed that
this difference in the fabric record can be attributed to strain
and displacement partitioning in a bulk transpressional orogen
(Tikoff & Teyssier 1994). In the South Mountain batholith and
the Barrington Passage plutons, the fold-parallel fabrics are
indicative of bulk pure shear in the folded rocks far from the
terrane bounding shear zone, whereas the fabrics of the Canso
pluton record the partitioning of orogen-parallel displacements
and bulk non-coaxial strains into the CCFZ.

Another point can be made that is of interest for interpre-
tations of AMS fabrics in granites, in general. The fabrics in
the rocks of textural type 2 have certainly been reworked by a
weak tectonic strain, resulting in the reorientation of the
lineations and a steepening of the foliation. In those rocks the
evidence of solid-state strain is limited to the elongation of
recrystallised quartz aggregates, whereas feldspar and mica
crystals are for the most part undeformed. Therefore, it should
be noted that the fabrics in such weakly deformed rocks
cannot be easily interpreted as recording only magmatic defor-
mation or emplacement-related strain.

For example, on traverse 1, the AMS measurements of
samples from several sites of textural type 1 reveal horizontal
foliations and magnetic lineations that are oriented NNE-
SSW, making angles as great as 75° with respect to the HISZ.
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Those fabrics might be interpreted as indicating a horizontal
NNE-SSW flow during emplacement of the granitic magma,
with the flow trajectory oriented perpendicular to a feeder zone
represented by the nearby CCFZ, in a manner similar to the
interpretation of magnetic anisotropy fabrics in the Archean
Lebel syenite pluton, Canada (Cruden & Launeau 1994).
However, given the tectonic overprint of fabrics elsewhere in
the Canso pluton, it is stressed that interpretations of the AMS
in terms of magma emplacement, in this study, would be highly
equivocal.

6. Fabric overprinting in transpression

This section investigates the possibility of constraining the
kinematics of the non-coaxial strain that was partitioned into
the transurrent terrane boundary during advanced stages of
collision of the Meguma and Avalon terranes. A recent study
of syntectonic granites in the Vosges Mountains of France
proved successful in modelling AMS fabric development
and strain partitioning in an overall transtensional regime
(Kratinova et al. 2007). A slightly different approach to the
numerical simulations is taken to the one used by those
authors, but the aim of the modelling is similar.

Numerical models can been applied to predict the evolu-
tions of petrofabrics of populations of mineral grains during
progressive strain histories, and the modelled petrofabrics can
then be used to easily calculate the expected AMS, which can
be compared to the measured AMS of rocks to infer strains
and strain paths (Richter 1992; Hrouda 1993). The approach
used here is similar to that used by Benn 1994, but the
progressive strain is transpressional, rather than simple shear
and pure shear.

The preferred orientation of the c-axes of biotite crystals
was measured for a sample from site CN3 (traverse 1), using a
universal stage. Site CN3 is classified as textural type 1, and the
AMS indicated a horizontal biotite foliation and a NNE-SSW
lineation (Fig. 5). The measured biotite fabric was subjected to
successive small strain increments, using the incremental strain
matrix,
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Figure 5 Map of traverse 1, south of the Harbour Island shear zone (HISZ). The number of each sampling site
is indicated next to the site. The principal directions of the AMS are shown in lower-hemisphere equal-area
projections. Dashed lines in some projections indicate the trace of the vertical quartz-aggregate foliation

measured in outcrop. The map area is located in Figure 1.
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to simulate progressive, homogeneous strain of the biotite
c-axis petrofabric. This is the kinematic model of transpression
proposed by Sanderson & Marchini (1984). The dextral
simple-shear component of strain takes place along vertical
east-west planes, parallel to the CCFZ. y represents the
incremental shear strain. a ' represents the incremental
stretch of a line oriented north-south horizontal, and a repre-
sents the incremental stretch of a vertical line.

The parameter 7,=y(1 —a,” ')~ ' is used to indicate the
relative contributions of incremental pure shear and incremen-
tal simple shear (Sanderson & Marchini 1984). Positive values
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of T, indicate ‘transpression’, in the sense that the pure shear
component of incremental strain has a vertical X-axis and a
horizontal, N-S oriented Z-axis. Negative values of 7, indicate
‘transtension’, where the pure shear component of incremental
strain has the Z-axis vertical and the X-axis N-S horizontal.
|T,| — 0 indicates an increasing component of incremental pure
shear and 7;=o indicates simple shear. The incremental
strains were calculated with y held constant at 0-01, and
incremental a'=1—(y/T,). At each increment in the strain
history, the AMS is calculated by summing the susceptibility
tensor for each biotite crystal in the petrofabric population,
assuming a perfectly oblate AMS for each crystal and an
anistropy value (P") of 1-:35 (Hrouda 1993).

One limitation of the approach is that the shapes of biotite
crystals are not taken into account; rotations of crystals are
governed by the application of the transpressional strain tensor
to the vectors defining the orientations of the c-axes of the
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Figure 6 Map of traverse 2, south of the Tittle shear zone (TSZ). The number of each sampling site is indicated
next to the site. The principal directions of the AMS are shown in lower-hemisphere equal-area projections.
Dashed lines in some projections indicate the trace of the vertical quartz—aggregate foliation measured in

outcrop. The map area is located in Figure 1.

crystals. In other words, the biotite crystals are assumed to
behave as planes that are reoriented in response to the imposed
strain (March 1931). That simplification is not unreasonable
for biotite platelets with high aspect ratios. Only small strains
are considered here, so that the possibility of periodic petro-
fabric evolutions which may arise at high strains for popula-
tions of crystals with lower aspect ratios (Ildefonse ez al. 1997)
does not need to be taken into account.

The modelling is intended to simulate the variations in the
biotite fabric orientations and intensities documented using the
AMS, from the undeformed granites of textural type 1 far
from the shear zones, through textural types 2 and 3 as the
shear zones are approached. An underlying assumption is that
the changes in the biotite fabrics along a traverse from type 1
through type 3 represents a time- and strain-progressive over-
print of the magmatic fabric at sampling site 3. In support of
that interpretation it is noted that strain increases with decreas-
ing distance from the shear zones, as indicated by the intensity
of the visible fabric. Also, the microstructures suggest that
deformation and dynamic recrystallisation proceeded at
slightly lower temperatures as the pluton cooled.

Lower-hemisphere projections of several steps in the pro-
gressive evolutions of the strain ellipsoids (modelled extension
lineations and foliation poles, Fig. 7A-F) and of the K, and K5
principal directions of the AMS (the magnetic lineation and
the pole to the magnetic foliation, Fig. 7G-L) are presented
for different strain histories (transpression, transtension and
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simple shear). The plots show results for steps labelled 1-4,
corresponding to strain intensity values of 0-25, 0-50, 1-00, and
1-50. Strain intensities are calculated as (Nadai 1963):

2,230, — &2+ (5 — 3+ (g5 — &))"

For large degrees of incremental N-S shortening, perpen-
dicular to the terrane boundary (transpression, 7,=3, Fig. 7D),
there may be a transient stage (steps 2 to 3) where the magnetic
fabric path is similar to the pattern mapped in the granites, but
at higher strains the magnetic lineation migrates to steeper
plunges (steps 3 to 4). The modelled stretching lineation would
also be vertical at relatively low strains, as previously shown by
Sanderson & Marchini (1984). For large incremental stretches
perpendicular to the Minas fault zone (transtension, 7,= — 3,
Fig. 7F), the magnetic foliation would not become vertical and
such a strain path could not be responsible for the fabric
pattern in the Canso granites.

Progressive simple-shear (7;= o, Fig. 7A) and progressive
transpressional or transtensional strain histories with small to
moderate degrees of incremental pure-shear (5<7,<10, Fig.
7B, C; T,= — 6, Fig. 7E) all produce evolutions in the orienta-
tions of the strain axes and of the magnetic fabric axes which
resemble those mapped across the strain gradients from tex-
tural type 1 to textural type 3. In each of these examples the
magnetic lineation is oriented close to the stretching lineation
at £,<0-45. The magnetic foliation becomes vertical at strain
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Figure 7 Results of numerical simulations of strain and fabric development during transpression and
transtension. The progressive strain histories were applied to an initial biotite petrofabric that was measured for
an undeformed granite sample from sample site CN3 (Fig. 5). Equal-area projections. Filled symbols are on the
lower hemisphere and open symbols are on the upper hemisphere. Data are plotted for four stages of each strain
history. In the magnetic fabrics diagrams, stage 0 is the AMS calculated for the initial petrofabric from sample

site CN3.

intensities that are lower during progressive transpressional or
simple-shear strain histories than during progressive transten-
sional strain histories. This is seen by comparing the data for
steps 2, T,= o0, 10 and 5, with that for step 3, 7,= — 6 (Fig. 7A,
B, C and E; Table 2). Increasing progressive transtensional
strain could result in verticalisation of the magnetic foliation
and in coaxial magnetic and finite strain axes, as seen in more
strongly deformed rocks near to the shear-zones (Fig. 7E).
The results of the models presented here suggest that the
fabric pattern in the Canso granites could be explained by a
progressive strain history represented by simple-shear, or by
transpression or transtension with small to moderate compo-
nents of incremental shortening or stretching perpendicular to
the Minas fault zone. The model results indicate that a
transtensional strain history would be most likely to preserve
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the early-formed horizontal magnetic foliation mapped in the
rocks of textural type 2, where the magnetic lineation would
have rotated to lie in the plane of the mesoscopic quartz-
aggregate foliation observed in the field.

7. Conclusions

The anisotropy of magnetic susceptibility (AMS) was used to
map the preferred orientations of biotite crystals in a granite
pluton that was emplaced during the Late Devonian Acadian
Orogeny, in Nova Scotia. The pluton was emplaced near the
transcurrent boundary between the Meguma and Avalon
tectonic terranes. Careful consideration of the magnetic fabrics
in a framework including structural, microstructural and re-
gional tectonic information shows that the AMS fabrics
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(inferred to indicate biotite fabrics) preserve a record of syn- to
post-emplacement dextral shear on the terrane boundary. The
post-emplacement shearing occurred as the pluton cooled from
the solidus. An early-formed horizontal fabric, preserved at
some sampling sites, was reworked and overprinted by small
amounts of tectonic deformation. The results confirm the
usefulness of AMS fabrics in weakly deformed syntectonic
plutons as markers of the bulk kinematics of orogens. Com-
parison of the fabrics in the Canso plutons, documented here,
with previous results from plutons of similar ages but further
from the terrane boundary, within the Meguma Terrane,
shows that the fabrics in granites situated within different parts
of an orogen can be used to map the partitioning of coaxial
and non-coaxial strains that are predicted for transpressional
orogens.

Numerical simulations of the fabric evolutions in the Canso
pluton suggest that the kinematics of transcurrent shearing
along this part of the Meguma-Avalon terrane boundary
involved simple-shear or transpression, or transpression with
small components of pure shear oriented perpendicular to the
bounding shear zone. A markedly transpressional or transten-
sional progressive strain history is apparently ruled out in this
study.
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