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Abstract

The Late Archean Striding±Athabasca mylonite zone, western Canadian Shield, is a 400-km-long, linked system of granulite
facies mylonite belts developed in the continental crust. The granulite facies mylonites (800±10008C at 0.8±1.1 GPa) developed
in subsets of the anhydrous mineral assemblage clinopyroxene±orthopyroxene±garnet±plagioclase±quartz2hornblende.

Comparison of the microstructures of the Striding±Athabasca mylonites with published descriptions of natural and experimental
deformation of geological and analogue materials at elevated homologous temperatures provides some insight into the role
played by di�erent processes in the development of the Striding±Athabasca mylonites.
In addition to dislocation creep and dynamic recrystallisation, extensive mass transfer occurred contemporaneously with

brittle fracture and cataclasis during granulite facies metamorphism. The microstructure and extreme phase dispersal in
anhydrous polymineralic matrix mosaics is indicative of e�cient grain-scale and aggregate-scale di�usion, grain boundary
mobility, and mass transfer, at relatively slow strain rates. Despite their annealed appearance, the granoblastic matrix mosaics

developed synkinematically; deformation-induced dilation may enhance metamorphic reactions where products are more
voluminous than reactants. In the porphyroclast population, highly elongate (>20:1) monocrystalline orthopyroxenes appear to
be fragments of dismembered, kinked parent grains, rather than stretched porphyroclasts.

Granulite facies mylonites should not be treated as direct analogues of greenschist facies mylonites. In particular, it is essential
to evaluate the potential positive feedback between structural and metamorphic processes in highly strained, high-temperature
shear zone rocks. 7 2000 Elsevier Science Ltd All rights reserved.

1. Introduction

Geologists working with deformed rocks are gener-
ally aware of the structures and processes involved in
the formation of mylonites at low to moderate tem-
peratures, typical of the greenschist to lower amphibo-
lite facies (e.g. Bell and Etheridge, 1973; Knipe, 1989).
Even non-specialists are familiar with grain size re-
duction by dynamic recrystallisation, porphyroclasts
vs. matrix grains, ribbon grains, S±C and core-and-
mantle microstructures. However, high temperature
mylonites formed at upper amphibolite to granulite

facies commonly have a very di�erent microstructural
aspect. They may be granoblastic and relatively coarse
grained, and preferred grain shape orientation fabrics
can be weakly developed to absent. It is commonly dif-
®cult to discriminate between synkinematic and static
post-kinematic microstructure, and to recognise the
mylonites for what they are: highly strained shear zone
rocks. Examples include the upper amphibolite facies
Central Metasedimentary Belt boundary thrust zone,
Grenville Orogen, Ontario (Hanmer, 1988; Hanmer
and McEachern, 1992), and the granulite facies Strid-
ing±Athabasca mylonite zone, northern Saskatchewan
(Hanmer et al., 1994, 1995a,b; Hanmer, 1997). In
both, mylonites were previously identi®ed as succes-
sions of thinly bedded, moderately deformed, supra-
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crustal rocks, but are now known to represent
exhumed, deep-seated, crustal-scale shear zones.

This paper describes and illustrates three character-
istic features of the granulite facies microstructure
developed in the Striding±Athabasca mylonite zone: (i)
the development of polymineralic matrix mosaics, and
the dispersion of mineral phases within them, (ii)
brittle fracture and microcataclasis, and (iii) the for-
mation of extremely elongate porphyroclasts. These
features were selected, either because they do not
occur in low temperature mylonites, or because geol-
ogists do not generally associate them with defor-
mation at very high temperatures. Comparisons are
then made with published descriptions of natural and
experimental deformation of geological and analogue
materials at elevated homologous temperatures, in an
attempt to identify the panoply of processes, which
probably operated in the Striding±Athabasca mylo-
nites. One of the principal conclusions of this study is
that the microstructure of the Striding±Athabasca
mylonites was strongly in¯uenced by extensive grain-
scale and aggregate-scale mass transfer, and contem-
poraneous cataclasis, in addition to dislocation creep.
Furthermore, it is suggested that granulite facies mylo-
nites should not be treated as direct analogues of
greenschist facies mylonites.

The microstructural observations presented here are
principally optical, supported by scanning electron
microscope (SEM) images and microprobe analyses
obtained at the Electron Microscopy Laboratory, Geo-
logical Survey of Canada. Detailed petrofabric obser-
vations made on the Striding±Athabasca mylonites
have been presented elsewhere (Ji et al., 1993). Because
the three categories of microstructure examined here
are so di�erent from one another, the description of
each is immediately followed by the relevant Discus-
sion section. A synthesis of the deductions and infer-
ences drawn for the Striding±Athabasca mylonites as a
whole is presented in Section 4 at the end of the paper.

2. Striding±Athabasca mylonite zone

The Late Archean (ca. 2.6 Ga) Striding±Athabasca
mylonite zone occupies a 400-km-long segment of the
Snowbird tectonic zone in the western Canadian Shield
(Fig. 1; Hanmer et al., 1994, 1995a,b; Hanmer, 1997).
It is a geometrically complex, linked system of granu-
lite facies mylonite belts that formed under conditions
in the range 800±10008C, at 0.8±1.1 GPa (Snoeyenbos
et al., 1995; Williams et al., 1999). The Striding±Atha-
basca mylonite zone consists of two parts: the East
Athabasca mylonite triangle, and its northeastern
extension, the Striding mylonite belt. Only a brief geo-
logical overview of the mylonite zone is presented
here; detailed descriptions of the ®eld relations are

given in the above-cited publications, to which the
interested reader is referred.

The East Athabasca mylonite triangle (Fig. 1; Han-
mer, 1994) is structurally divided into an upper and a
lower deck (Hanmer et al., 1994). The lower deck con-
sists of three kinematic sectors, comprising two conju-
gate, penetratively mylonitic, strike-slip shear zones,
each about 15 km thick, separated by a central sep-
tum. Mylonite development in the central septum is
less penetrative than in the ¯anking shear zones, and
the widespread presence of small-scale conjugate shear
zones is indicative of progressive pure shear (Hanmer
et al., 1994; Hanmer, 1997). The upper deck structu-
rally overlies the lower deck and was initially emplaced
along a discrete basal thrust, as indicated by the pre-
sence of relict, very high pressure assemblages in the
hanging wall (Snoeyenbos et al., 1995). It is now
entirely occupied by a penetratively mylonitic, 10-km-
thick, dip-slip shear zone. To the northeast, the Strid-
ing mylonite belt is a sinuous, 5±10-km-thick corridor
of ribbon mylonites (Hanmer et al., 1995a) that crosses
the Saskatchewan territorial border. Extension linea-
tions throughout the Striding±Athabasca mylonite
zone plunge shallowly to the southwest, and the over-
all kinematic framework is one of strongly transpres-
sive, dextral strike-slip shearing (Hanmer et al.,
1995b).

3. Mylonite microstructure

Macroscopically, the Striding±Athabasca mylonites
are uniformly ®ne-grained rocks, with or without
obvious ribbon structure or compositional lamination.
Locally, they can be traced with continuity into
coarse-grained granitic, noritic, gabbroic or migmatitic
protoliths (see Hanmer et al., 1994, 1995a,b, and Han-
mer, 1997, for detailed macroscopic and ®eld obser-
vations). The scarcity of preserved feldspar
porphyroclasts has been attributed to an elevated
recrystallisation rate/strain rate ratio, and the general
participation of all the quartzo-feldspathic component
of the rock in the imposed bulk deformation (Hanmer
et al., 1995b; Williams et al., 1999; see also Hanmer,
1987). Microscopically, most of the mylonites consist
of a ®ne grained (ca. 100 mm) polycrystalline quartzo-
feldspathic or feldspathic mosaic, with variable pro-
portions of pyroxene, garnet, hornblende 2 feldspar
porphyroclasts. The following observations were made
on thin sections cut perpendicular to the mylonitic foli-
ation and parallel to the extension lineation. Bound-
aries separating grains of the same mineral will be
referred to as grain boundaries, whereas those separ-
ating grains of di�erent minerals will be called phase
boundaries (e.g. Means and Park, 1994).
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3.1. Matrix mosaics

In rocks of the Striding±Athabasca mylonite zone,
the polycrystalline mylonite matrix mosaic is com-
monly compositionally layered on a ca. 0.5±1 mm
scale. Individual layers may be monomineralic (quartz,
clinopyroxene, or single feldspar), or polymineralic
combinations of two feldspars, pyroxenes, hornblende,
garnet and quartz. Although they commonly extend
beyond the dimensions of the thin section, most layers
are laterally discontinuous and lenticular. Monomi-
neralic, polycrystalline layers may contain relict por-
phyroclasts in core-and-mantle structures, suggesting
that the layers were directly derived by grain-size
re®nement.

In general, the microstructure of the polycrystalline
mosaics in the Striding±Athabasca mylonites is statisti-
cally homogeneous from the centimetre to the outcrop
scale. A ®rst type of matrix is composed of highly
strained 100±500 mm grains with undulatory extinction
indicative of strong lattice distortion, separated from
one another by narrow zones, or a more or less exten-
sive matrix mosaic of small (10±50 mm), internally
strained, inequigranular new grains. This is well shown
by feldspar, where the gradation between optical sub-
grains and new grains of similar dimensions suggests a
rotational component to the process of dynamic
recrystallisation (White, 1976; Urai et al., 1986), and
relict porphyroclasts deform by kinking, or internal
boudinage (Cobbold et al., 1971).

Fig. 1. Schematic map of the tectonic setting of the Striding±Athabasca mylonite zone, northwest Canadian Shield. EAmt: East Athabasca mylo-

nite triangle. Smb: Striding mylonite belt. GSLsz: Great Slave Lake shear zone. Rae and Hearne are domains of the Western Churchill structural

province.
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A second type of matrix has an optically relaxed1

microstructure composed of moderately strained to
strain-free, equigranular grains (100±500 mm). They
show mildly undulose or patchy extinction, with irre-
gular, commonly lobate grain boundaries and triple
junctions of unspeci®ed geometry (Fig. 2). The grains
commonly have a square or diamond shape, forming a
reticular or cross-hatched pattern. A ®ner (50 mm)
population of grains (subaggregate), up to an order of
magnitude smaller than the ®rst, and locally of di�er-
ent composition, commonly decorates the grain bound-
ary network of the coarser subaggregate (Fig. 3).
Compositional changes include plagioclase decorated
by a ®ner, more sodic feldspar subaggregate (over the
range Ab 40±50 mol.%), or antiperthite decorated by
polycrystalline plagioclase. In places, this bimodal
microstructure is preserved as the intermediate stage
between large monocrystalline porphyroclasts and a
uniform, ®ne grained matrix mosaic, and grains in
both subaggregates may be internally strained. Taken
together, these observations suggest that the micro-
structure is the product of dynamic recrystallisation,
rather than post-kinematic annealing.

3.1.1. Discussion
Similar aggregates with reticular grain shapes and

bimodal grain size have been attributed to grain
boundary sliding, associated with grain boundary dif-
fusion and highly mobile grain boundaries (e.g. Lister
and Dornsiepen, 1982; Gapais and Barbarin, 1986;
Drury and Humphreys, 1988; Tullis, 1990; Herwegh
and Handy, 1996). Aggregates with bimodal grain size
and subaggregates of di�erent compositions have been
experimentally produced in two stages by cataclasis
and sintering (Tullis and Yund, 1992). However, simi-
lar microstructures in deformed ice and other analogue
materials have been attributed to dynamic recrystalli-
sation related to the heterogeneity of strain in grain
margins undergoing active dislocation creep (Wilson,
1986; Herwegh and Handy, 1996).

In naturally deformed rocks and experimentally
deformed analogue materials, reticular or cross-
hatched grain shape patterns have been variously
attributed to (i) close crystallographic control over
highly mobile grain boundaries, indicative of high tem-
peratures (Gapais and Barbarin, 1986), (ii) growth-re-
lated alignment of the grain boundaries with directions
of elevated resolved shear stress (Boland and Tullis,
1986), and (iii) grain boundary sliding, coupled with
extensive grain boundary migration, di�usive mass
transfer and grain boundary pinning by second phase
particles or impurities (Lister and Dornsiepen, 1982;
Lister and Snoke, 1984; Herwegh and Handy, 1996).
Experimental deformation of geological materials has
shown that square-cornered forms, similar to those in
reticular grain shape patterns, are favoured by grain
boundary sliding, associated with relatively slow strain

Fig. 2. Reticular matrix mosaic. Grain boundary network of a coarser subaggregate of antiperthite grains forms a reticular or cross-hatched pat-

tern. Long side of photo is 2.8 mm. Crossed polars.

1 `Relaxed' is used to describe a microstructural state intermediate

between strongly strained and statically annealed. Use of the term

implies that stored strain energy, present as dislocations in the crystal

lattice and a potential driving force for grain boundary migration,

has been relieved by recovery and/or recrystallisation, while recognis-

ing that the surface energy of the grain boundary network is greater

than that of an equivalent annealed microstructure (e.g. Urai et al.,

1986).
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rates, high temperatures, enhanced grain growth, and
grain boundary di�usion creep (Drury and Hum-
phreys, 1988; Tullis, 1990, ®gures 6e and 8; Tullis and
Yund, 1991; see also Herwegh and Handy, 1996). In
the granulite facies Striding±Athabasca mylonites,
such conditions would re¯ect the high temperatures of
deformation recovered from these rocks (Snoeyenbos
et al., 1995; Williams et al., 1999). From the foregoing
discussion, the observed microstructures are suggestive
of relatively slow strain rates, and highly mobile grain
boundaries.

In many mosaics of the Striding±Athabasca mylo-
nites, the ®ner subaggregate is also compositionally
distinct from the coarser matrix grains (Fig. 3; see also
Hanmer, 1982; Tullis and Yund, 1992). This implies
that mass transfer to and/or along the grain boundary
network occurred during their formation (Tullis and
Yund, 1991), despite the dry nature of the mineral
assemblage. The nature of di�usion paths in deforming
high temperature aggregates is a complex issue (e.g.
Elliot, 1973; Yund and Tullis, 1980; Yund et al., 1981,
1989; White and Mawer, 1986; Beeman and Kohlstedt,
1993; Farver and Yund, 1995; Yund, 1997). However,
theoretical and experimental considerations notwith-
standing, work on natural materials suggests (i) that a
hydrous ¯uid is essential for e�ective grain boundary
di�usion (Florence and Spear, 1995), and (ii) that
grain boundary di�usion will dominate in any aggre-
gate-scale di�usive process (Farver and Yund, 1996).
In summary, it would appear that the reticular, bimo-
dal matrix mosaics of the Striding±Athabasca mylo-
nites are indicative of e�cient grain-scale di�usion and
highly mobile grain boundaries, and associated grain
boundary sliding.

3.2. Phase dispersion

A third type of matrix comprises a granoblastic
microstructure composed of optically strain-free, equi-
granular (100±250 mm), polygonal grains, with straight
boundaries of uniform length, and evenly spaced 1208
triple junctions. In polymineralic layers, phase bound-
aries are strongly favoured over grain boundaries
(Fig. 4). In quartzo-feldspathic rocks, this may be
expressed as the dispersion of small (10±50 mm), round
quartz grains located preferentially at triple junctions
in the plagioclase grain boundary network (cf. ®gure 6
in Hanmer, 1982, and ®gure 2 in Hanmer, 1984). The
development of dispersed quartz grains in the micro-
structure is commonly accompanied by a reduction in
the continuity of monomineralic quartz ribbons, and
their increasingly corroded aspect. In ma®c, polymi-
neralic compositions, irregularly shaped vermicular,
hook- or shard-like orthopyroxene grains are dispersed
along the grain boundary network of a granoblastic
plagioclase mosaic (Fig. 5). The shapes of the ortho-
pyroxene grains, only slightly smaller than the polyg-
onal plagioclase grains, re¯ect their growth along the
grain boundary network of the matrix mosaic. Associ-
ated coronitic microstructures indicate that orthopyr-
oxene and plagioclase are the products of reactions
consuming garnet and clinopyroxene (Fig. 6).
Although the matrix mosaics have a granoblastic
appearance (Figs. 4 and 5), vermicular orthopyroxene±
plagioclase symplectite in strain shadows on garnet in-
dicates that these reactions were synkinematic (Fig. 6;
Brodie, 1995).

Within polyphase matrix mosaics, rotation of the
microscope stage commonly reveals the existence of

Fig. 3. Reticular matrix mosaic with bimodal grain-size distribution, where the coarser K-feldspar subaggregate is decorated by a ®ner grained

population of plagioclase grains. Long side of photo is 2.8 mm. Crossed polars.
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orientation families (Urai, 1983; Urai et al., 1986),
where several seemingly separate neighbouring grains
pass in and out of extinction together. This feature is
best developed in orthopyroxene set in a granoblastic
plagioclase matrix (see Fig. 5).

3.2.1. Discussion
The granoblastic aspect of the microstructure does

not necessarily constitute prima facie evidence for
post-kinematic annealing. Dynamic microstructure

may not register, let alone preserve, the complete
strain history of a deforming rock. For example, a bal-
ance between processes that enhance shape fabrics,
and those that weaken them, can result in strain-insen-
sitive, or steady-state foliation, which only records the
later increments of the deformation (Means, 1981;
Hanmer, 1984). Where grain boundaries are su�ciently
mobile, a strain-free microstructure involving delicate
crystal shapes may predominate during progressive de-
formation, and the ¯owing aggregate may not develop

Fig. 4. Vermicular orthopyroxene and clinopyroxene, plus anhedral garnet, are dispersed along the grain boundary network of a granoblastic,

polycrystalline plagioclase matrix mosaic. Note the strain-free, equigranular, equant polygonal grains with straight boundaries of uniform length

and evenly spaced 1208 triple junctions. The quartz layer cutting across the middle ®eld is parallel to the regional foliation. Long side of photo is

2.8 mm. Plane polarised light.

Fig. 5. Vermicular orthopyroxene (high relief) dispersed along the grain boundary network of a polycrystalline plagioclase matrix mosaic. Note

the equigranular, equant polygonal grains (low relief) with straight boundaries of uniform length and evenly spaced 1208 triple junctions. Some

of the orthopyroxene components in this image are part of an extinction family. Long side of photo is 1.1 mm. Plane polarised light.
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any shape fabric at all, as has been demonstrated in
deformation experiments on analogue materials
(Means and Park, 1994; Park and Means, 1996).

Some workers have attributed dispersion of mineral
phases in polymineralic mosaics to an essentially mech-
anical process of grain boundary sliding and nearest
neighbour switching during deformation (`superplastic'
behaviour; e.g. Gueguen and Boullier, 1974; Boullier
and Gueguen, 1975; Kerrich et al., 1980). Other
workers have associated it with neocrystallisation of
new grains by heterogeneous classical nucleation, due
to chemical disequilibrium (e.g. Fitz Gerald and Stu-
nitz, 1993; Stunitz, 1998; Kruse and Stunitz, 1999;
Newman et al., 1999). Yet other researchers have inter-
preted phase dispersion in terms of the enhancement
of phase boundaries at the expense of grain bound-
aries, by a decrease in the surface energy of the aggre-
gate, in materials as diverse as undeformed granites,
metasediments, and granulite facies gneisses (Flinn,
1969; Vernon, 1974, pp. 135±147; Hickey and Bell,
1996). It has been suggested that this process might
also operate in mylonites (Hanmer, 1984; Bell and
Johnson, 1989). Such a model requires optimum con-
ditions for aggregate-scale di�usion, such as elevated
di�usion rates, minimal activation energy barriers, and
short di�usion paths, much as would pertain in hot,
®ne-grained mylonites (Hanmer, 1984).

Surface energy considerations for phase dispersal
apply in both static and dynamic environments.
Indeed, interfacial energy is more likely to be the
determining factor if the constituent grains of the
aggregate are not deforming internally (Hickey and
Bell, 1996), although this does not require static con-
ditions (e.g. Means and Park, 1994). On the other

hand, in the Striding±Athabasca mylonites, orthopyr-
oxene dispersed throughout the plagioclase mosaics is
the product of the reaction garnet±clinopyroxene 4
orthopyroxene±plagioclase (Fig. 5). This reaction,
which also produced well-preserved, orthopyroxene±
plagioclase symplectites in strain shadows on garnet
(Fig. 6), is synkinematic. Most importantly, it implies
a positive volume change of the order of 12±17%
(Brodie, 1995). Given the pressures recovered from
these rocks (ca. 1.0 GPa), the reaction would have
been enhanced in an environment where void space
was being dynamically created (Brodie, 1981). Micro-
scopically, such sites can be generated during grain
boundary sliding (e.g. Zhang et al., 1994b), at pull-
apart interfaces, or at strain incompatibilities between
neighbouring grains of variable sti�ness in a deforming
viscous aggregate (e.g. Wilson, 1986; Zhang et al.,
1994a; see also Rutter and Brodie, 1992). Dilational
voids have been observed in the grain boundary net-
works of deforming polycrystalline mosaics of ana-
logue materials (Urai, 1983; Means, 1989; see also
Zhang et al., 1994a), as well as some natural examples
(Behrmann and Mainprice, 1987). They could provide
sites for the products of the metamorphic reaction (e.g.
Kruse and Stunitz, 1999), and result in the kind of
polymineralic matrix described here (see Figs. 4 and
5). Accordingly, the dispersed, granoblastic, mosaic
microstructure of the Striding±Athabasca mylonites
might plausibly result from a dynamic combination of
phase boundary enhancement associated with neocrys-
tallisation, plus ¯ow-induced grain boundary dilation
during a metamorphic reaction where the products oc-
cupy more volume than the reactants.

Orientation families in the dispersed polyphase

Fig. 6. Garnet grain (dark grey) in plagioclase matrix, with synkinematic vermicular orthopyroxene (light grey) and plagioclase developed in the

strain shadows. Foliation trace (not visible) is horizontal. Long side of photo is 1.1 mm. Plane polarised light.
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mosaics may point to grain mobility during the devel-
opment of the Striding±Athabasca mylonites. On the
one hand, it is possible that they represent the intersec-
tions of the branches of individual skeletal or dendritic
grains with the plane of the thin section. Such spongi-
form grains could grow post-kinematically. On the
other hand, in experiments with actively deforming
analogue materials, orientation families are seen to
form where di�usive mass transfer is very e�cient, and
grain boundaries are highly mobile. Grains in deform-
ing aggregates are seen to migrate as material entering
through the leading edge of the grain boundary is
balanced by material leaving via the trailing edge (e.g.
Urai et al., 1986; Means, 1989; Bons and Urai, 1992).
Synkinematic grain migration (`micromotion' of
Means, 1983) results in mutual dissection of grains as
they pass through one another, producing `families'
comprising isolated volumes with the same crystallo-
graphic orientation (Means and Dong, 1982; Means,
1983; Urai, 1983; Urai et al., 1986). Only rarely have
similar microstructural processes been inferred in natu-
ral examples (Lafrance et al., 1996), but the presence
of orientation families, the elevated metamorphic tem-
peratures, and other microstructural indications of
highly mobile grain boundaries, allow the possibility
that dynamic grain migration could have occurred in
the Striding±Athabasca mylonites.

3.3. Microcataclasis

In the Striding±Athabasca mylonites, clinopyroxene
commonly forms discrete, continuous, parallel-sided
polycrystalline layers, about 1 mm thick (Fig. 7). The

origin of the polycrystalline microstructure is equiv-
ocal. In some cases, ®ne-grained mosaics of clinopyr-
oxene are spatially associated with larger, internally
kinked grains, and evidence of bulge nucleation and
migration of the kink band boundaries is locally pre-
served. Alternatively, there is a progression from poly-
crystalline clinopyroxene, via a clinopyroxene mosaic
with isolated, round to vermicular plagioclase grains
dispersed along the grain boundary network, to a
clinopyroxene±plagioclase aggregate with a high pro-
portion of phase boundaries, compared to grain
boundaries. In some examples, the plagioclase is vis-
ibly located along brittle fractures that divide the in-
itially coarse grained clinopyroxene layer into square
or diamond-shaped grains (Fig. 8). However, other
clinopyroxene layers show a microstructural spectrum
ranging from closely packed, equigranular, equant
fragments of clinopyroxene (Fig. 9), to angular, irregu-
larly shaped fragments of a range of sizes, all set in an
ultra-®ne-grained granular matrix of clinopyroxene
with minor amphibole. Locally, fractures cut the clino-
pyroxene matrix and bound thin monocrystalline slices
of clinopyroxene excised from initially coarse parent
grains (Fig. 10). SEM images of clinopyroxene2plagi-
oclase aggregates show that relatively large (50 mm)
clinopyroxene grains are bounded by complex domains
composed of angular fragments of clinopyroxene, sep-
arated by thin ®lms or irregularly shaped ®elds of
hornblende and opaque oxides (Fig. 11a). The horn-
blende shapes include right-angle bends and triangular
volumes (r and t, respectively, in Fig. 11a). Some of
the hornblende ®elds contain isolated angular frag-
ments of clinopyroxene, and the angular shapes of the

Fig. 7. Elongate orthopyroxene grain with oblique (100) cleavage set in a matrix of polycrystalline plagioclase (top). The polycrystalline layer

below it is clinopyroxene with a rim of polycrystalline orthopyroxene and garnet along its lower side. Long side of photo is 2.8 mm. Plane

polarised light.

S. Hanmer / Journal of Structural Geology 22 (2000) 947±967954



amphibole ®elds resemble dilated fractures. For the
most part, there is no signi®cant change in the heden-
bergitic clinopyroxene composition with grain size.
However, in some samples, the smaller grains are more
calcareous, and have lower Fe/Mg ratio, and lower
Al2O3 and TiO2 contents than the coarser ones.
Boundaries between clinopyroxene grains may show a
progression from trains of very small (1 mm), appar-
ently unconnected, plagioclase grains2hornblende, via
narrow, irregular shaped channels of plagioclase, to
large (<50 mm) plagioclase ®elds with ragged margins
(Fig. 11b and c). Promontories and inclusions of clino-

pyroxene within the plagioclase are extremely angular
(Fig. 11c) and have the appearance of fracture-delim-
ited fragments. Taken together, these observations
appear to track the progressive dilation of complex
microfractures in the clinopyroxene, accompanied by
limited replacement by hornblende and the introduc-
tion of plagioclase, at fracture controlled sites. The
presence of continuous, non-fractured, garnet coronas
around pervasively fractured clinopyroxene, even
where interstitial hornblende is present, shows that the
fracturing is not a post-granulite, retrograde micro-
structure.

Fig. 8. Clinopyroxene±garnet±plagioclase aggregate where the plagioclase is located along brittle fractures that divide the initially very coarse-

grained clinopyroxene layer into square or diamond-shaped grains. The garnet grains can be distinguished by their vertical internal fracture

arrays. Long side of photo is 2.8 mm. Plane polarised light.

Fig. 9. Closely packed, equigranular, equant fragments of clinopyroxene. Note the irregular shapes of the fragments and the ®ne-grained matrix

between them. Long side of photo is 1.1 mm. Plane polarised light.
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3.3.1. Discussion
The commonly used microstructural criteria for cat-

aclasis include variable grain size and angular grain
shape (Stel, 1981; Nyman and Tracy, 1993; Lafrance
and Vernon, 1993), plus the presence of obvious frac-
tures and sites of dilation, all of which are observed in
the Striding±Athabasca mylonites on a variety of
microscopic scales. The microstructure and mineralogy
illustrated in Figs. 9 and 11 resemble a ®ne grained
aggregate described by Brodie (1981), who attributed
the presence and location of a new, less dense phase
between denser, older grains to metamorphic reaction
during cataclastically induced dilation. In addition, the
presence of plagioclase at dilatant sites within cataclas-
tically deformed clinopyroxene layers (Fig. 7) lends
support to the suggestion that the reaction garnet±clin-
opyroxene 4 orthopyroxene±plagioclase, which
requires a volume increase, is enhanced by defor-
mation-induced dilation (see Section 3.2.1).

3.4. Brittle fracture and mass transfer

The Striding±Athabasca mylonites commonly con-
tain monomineralic quartz layers. The most highly
attenuated and laterally continuous examples are typi-
cal quartz ribbons (Boullier and Bouchez, 1978),
whereas others are morphologically more complex,
comprising branching and anastomosing strands of
variable thickness. Many quartz layers are intermediate
in character and could be termed `branching ribbons'.
However, the geometry of such layers suggests that
they are not derived by the intracrystalline defor-
mation of individual parent grains (cf. Mackinnon et

al., 1997). In addition, they commonly contain discon-
tinuous, wall-parallel septa or trails of feldspar, pyrox-
ene, garnet or amphibole. Most trails are
asymmetrically disposed about the centre line of the
quartz layer. In many cases, individual trails can be
traced back to an angular step in the layer boundary
(Fig. 12). Successive steps commonly show the same
sense of o�set, and pyroxene and garnet grains in the
walls are locally truncated against the quartz layers.
This morphology suggests that the layers grew both
longitudinally and laterally by the precipitation of
quartz in propagating and dilating stepped fracture
arrays (Mackinnon et al., 1997 and references therein).
In other words, these quartz `ribbons' are veinlets.

Elongate, rectangular grains of garnet, with aspect
ratios up to 10:1, and shard-like clinopyroxene grains,
lie along and parallel to the boundaries of the quartz
veinlets (Fig. 13). The lengths of the elongate garnet
grains are comparable with the widths of equant or
euhedral garnet elsewhere in the same sections,
suggesting that the rectangular grains are fracture
delimited slabs. The brittle deformational behaviour of
garnet in the continental crust is well documented (e.g.
Gregg, 1978; Williams and Compagnoni, 1983; Carney
et al., 1991), although some authors interpret elongate
garnet as the product of crystal plasticity (Ji and Mar-
tignole, 1994; challenged by den Brok and Kruhl,
1996).

Clinopyroxene tails, or strain-shadows, commonly
occur on the ends of the garnet slabs (Fig. 13). Similar
concordant, rectangular, garnet grains, with clinopyr-
oxene, also occur discontinuously inside the quartz
layers. If the garnet and clinopyroxene have the same

Fig. 10. Clinopyroxene layer (medium grey) bound by plagioclase layers. Large rectangular grains of clinopyroxene are delimited by discrete

brittle fractures. The spatially associated very ®ne-grained material is mostly clinopyroxene, with traces of hornblende (not visible). Long side of

photo 1.1 mm. Plane polarised light.
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origin as their equivalents along the quartz layer
boundaries then, in the absence of similar fractions of
feldspar inclusions, they appear to imply that the lat-
eral growth of the quartz veinlets involved a com-
ponent of volume replacement of the wall material.

3.4.1. Discussion
Ribbon-like quartz layers decorated with garnet

slabs and angular clinopyroxene fragments are further
evidence that fracture and dilation occurred at granu-
lite facies. The introduction of quartz ®ll along the
fracture arrays, and the spatially associated presence
of clinopyroxene strain shadows on garnet, also
require that mass transfer was able to operate e�ec-
tively at this metamorphic grade. In light of the con-
clusion by Florence and Spear (1995) that a hydrous
phase is essential for e�ective grain boundary di�u-
sion, plus the local development of minor hornblende
in clinopyroxene microcataclasite (Fig. 11), `water'
must have been present during deformation in the
Striding±Athabasca mylonites, if only transiently. Not
only would a hydrous phase enhance di�usion, but it
could also mechanically promote fracturing and cata-
clasis if it were present as a ¯uid (e.g. Etheridge, 1983;
Etheridge et al., 1983, 1984; Rutter and Brodie, 1988,
1992). Although not described in this contribution, the
extensive development of synkinematic anatexis (see
Hanmer, 1994, 1997; Hanmer et al., 1994, 1995a) is
compatible with the presence of `water' at elevated
temperatures in these rocks.

3.5. Elongate porphyroclasts

Elongate single grains of plagioclase and orthopyr-
oxene occur with aspect ratios commonly up to 20:1,
and more. They are up to two orders of magnitude lar-
ger than the grains of the matrix mosaics and are con-
sistently aligned in the mylonite foliation. Similar
structures have been referred to as `tabular' porphyro-
clasts, or `ribbon grains' by other authors (e.g. Mercier
and Nicolas, 1975; Bouchez, 1977).

3.5.1. Plagioclase
The elongate plagioclase grains (An 60) are usually

set within a ®ne grained (50±100 mm) feldspar mosaic
of similar composition, with which they show a pro-

Fig. 11. Backscattered electron SEM images of microstructure in

clinopyroxene. (A) Large clinopyroxene grains (cpx) adjacent to

aggregate of angular fragments of clinopyroxene, with thin (dark

grey) ®lms (a) or irregular shaped ®elds of hornblende (r and t), and

opaque oxides (white). (B) Progressive development of large plagio-

clase ®elds with ragged margins (plg) from trains of plagioclase

grains (1), via narrow, irregular shaped channels (2). The preser-

vation of microstructure identical to `1' is visible to the right of `a'

(lower right). Note the irregular shapes of the hornblende in the

aggregate (a±a), very similar to A. (C) A large plagioclase ®eld (plg)

with ragged margins, a very angular clinopyroxene promontory

(right of central opaque grain), and inclusions of clinopyroxene. The

plagioclase ®eld is bounded by clinopyroxene aggregate with horn-

blende (a), similar to A and B. Plagioclase develops at clinopyroxene

grain boundaries by a similar progression (1 and 2) to that seen in

(B).Fig. 11.±(continued opposite).
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gressive boundary, associated with optical subgrains of
similar size to the matrix grains (Fig. 14). Locally,
they are bent around stubby plagioclase porphyro-
clasts. Where present, (010) twins make a low angle
(ca. 108) with the long dimension of the elongate grain
(Fig. 14). Untwinned elongate grains are commonly
crossed at a high angle by regularly spaced, oblique
subgrain walls. In some cases, a well-de®ned outer
limit to the surrounding monomineralic plagioclase
mosaic indicates the form and volume of the original
parent grain, and demonstrates that the elongate plagi-
oclase is part of a core-and-mantle structure (Fig. 14).

In other cases, the volume of the mantle mosaic rep-
resents a small proportion of the core-and-mantle
structure. Either the rate at which new grains were fed
into the mantle was low compared with the strain rate,
and the mantle mosaic has ¯owed away from the core
(cf. Passchier and Simpson, 1986), or the plagioclase
core was already elongate prior to the formation of
the mantle. In the latter case, the elongate form could
be the result of intracrystalline deformation. However,
where the elongate grain represents a relatively small
volume compared with the enclosing plagioclase
mosaic, its shape may be a consequence of the distri-

Fig. 12. Ribbon-like aspect of quartz layers. Note the angular steps (arrows) in the boundaries of the quartz layer (light grey) and the septa of

feldspar, which extend into the quartz from the step. Long side of photo is 1.1 mm. Crossed polars.

Fig. 13. Elongate, rectangular grains of garnet (long arrows) and shard-like clinopyroxene grains (short arrows) lie along and parallel to the

boundaries of a quartz layer (q). Clinopyroxene tails on the ends of the garnet grains are taken as evidence for mass transfer processes in a nom-

inally anhydrous assemblage. Long side of photo is 1.1 mm. Plane polarised light.
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bution of recrystallisation in a parent grain of
unknown size and form. In this case the shape of the
elongate grain, or porphyroclast, would bear no ®rst-
order relationship to the magnitude of the bulk strain
experienced by the rock (e.g. Olesen, 1987).

3.5.2. Orthopyroxene
Although in some respects the elongate orthopyrox-

ene grains are morphologically similar to the plagio-
clase examples, it is the di�erences that are highlighted
here. The orthopyroxene is uniformly aluminous and

enstatitic (En75). Aspect ratios tend to be higher for
orthopyroxene than for plagioclase (Fig. 15). Elongate
orthopyroxene grains commonly occur in close proxi-
mity to coarse, stubby crystals of the same compo-
sition, and are commonly deformed around them. The
(100) cleavage is almost always visible in thin section
and invariably lies at a low angle (ca. 108) to the long
dimension of the elongate grain (Figs. 7 and 15). In
samples containing a statistically signi®cant population
of elongate orthopyroxene grains, the sense of internal
obliquity of (100) may be symmetrically bimodal

Fig. 14. (010) Twins make a low angle (ca. 108) with the long dimension of an elongate plagioclase grain set in a polycrystalline plagioclase

mosaic. A well-de®ned outer limit to the surrounding monomineralic plagioclase mosaic (boundary between monomineralic and polyphase

mosaics) indicates the form and volume of the parent grain and demonstrates that the elongate plagioclase is part of a core-and-mantle structure.

Long side of photo is 2.8 mm. Crossed polars.

Fig. 15. Highly elongate and stubby orthopyroxene grains set in a matrix of ®ne grained polycrystalline orthopyroxene and plagioclase. Note the

anticlockwise oblique (100) cleavage within the elongate orthopyroxene. Long side of photo is 7.5 mm. Plane polarised light.
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(Fig. 16). This microstructure resembles that observed
in peridotites, where orthopyroxene is inferred to have
undergone intracrystalline deformation by slip on
(100)[001] (e.g. MacKenzie, 1960; Carter and Raleigh,
1969; Darot and Boudier, 1975; Tubia, 1994; Ross and
Wilks, 1995; Brodie, 1995).

The setting of orthopyroxene within a core-and-
mantle structure, or in a matrix mosaic, resembles the
foregoing descriptions for plagioclase, with similar
considerations regarding the origin of the aspect ratio
of the elongate grains. However, in contrast to plagio-
clase, individual elongate orthopyroxene grains com-

monly occur completely surrounded by a second
phase, e.g. plagioclase (Fig. 7). As before, their shape
could be the result of intracrystalline deformation.
However, some elongate grains set in a plagioclase
matrix exhibit an irregular, delicately scalloped form
along their long sides. This suggests that their shape
has been modi®ed to some degree by transverse phase
boundary migration, involving either growth or cor-
rosion of the orthopyroxene. In some examples, the
shape variation of the elongate grains is coarse, even
mimicking the morphology of a pinch-and-swell struc-
ture (Fig. 17). In such cases, the constant orientation
of (100) throughout the grain, especially where coupled
with abrupt changes in grain thickness, raises the
possibility that the elongate shape of some orthopyrox-
ene may not directly re¯ect intracrystalline strain. This
suggestion derives further support from rather stubby,
weakly deformed examples, which otherwise present all
of the above features of their more highly elongate
equivalents, including the obliquity of (100) with
respect to the external foliation. However, the aspect
ratios of the isolated elongate grains, and the orien-
tation of their (100) cleavage, closely resemble individ-
ual high aspect ratio kink bands preserved in some
large porphyroclasts (Fig. 18). In rare, well-preserved
grains, alternating, high aspect ratio kinks are linked
by box-fold closures (Fig. 19).

3.5.3. Discussion
Some authors have clearly demonstrated that

elongate grains can be the product of intracrystalline
deformation (Nicolas et al., 1973; Bouchez, 1977;
Boullier and Bouchez, 1978; Weathers et al., 1979; Ji

Fig. 16. Bimodal distribution of angles made with the matrix foli-

ation and the long axis of the host grain by traces of the (100) clea-

vage in elongate orthopyroxene grains from a single thin section.

Fig. 17. Elongate orthopyroxene grain with oblique (100) cleavage set in a matrix of polycrystalline plagioclase. Thickness variation of the

elongate grain mimics the morphology of a pinch-and-swell structure, but the (100) cleavage orientation remains constant throughout the grain.

Long side of photo is 2.8 mm. Plane polarised light.

S. Hanmer / Journal of Structural Geology 22 (2000) 947±967960



et al., 1988). Extreme elongation of orthopyroxene,
locally with highly strained inclusions (Goode, 1978),
is commonly attributed to intracrystalline glide on
single slip systems, possibly accommodated by Ca and
Mg di�usion (Mercier, 1985). In the classical model,
deformation occurs by slip on spinning (100) glide
planes within the crystal lattice (Nicolas and Poirier,
1976; Etchecopar and Vasseur, 1987). Most workers
note a systematic, asymmetrical low angle (ca. 5±108)
obliquity between the mineral cleavage and the crystal
elongation, similar to that in the Striding±Athabasca
mylonites (Figs. 7 and 20a). Alternatively, slip on in-

itially non-spinning planes parallel to the bulk ¯ow
plane in the matrix has been invoked to account for
oblique elongation of orthopyroxene (Fig. 20b; Goode,
1978). A symmetrically bimodal distribution of internal
slip planes in elongate grains, similar to that in the
Striding±Athabasca mylonites (Fig. 16), has been
taken as indicative of bulk pure shear at the scale of
the aggregate (Fig. 20c; Basu, 1977). However, from
simple calculation, (e.g. Ramsay, 1967, p. 441), such
highly elongate grains as occur in the Striding±Atha-
basca mylonites could not form from a stubby precur-
sor purely by slip on (100), unless the slip planes were

Fig. 18. Elongate orthopyroxene segment (light grey) with oblique (100) cleavage bounded on either side by two kinks of the same sign (black)

and separated from them by kink band boundaries. Compare the light grey grain with Figs. 7 and 15. Crossed polars. Long side of photo is

2.8 mm.

Fig. 19. Well-preserved orthopyroxene grain deformed by alternating kinks of high aspect ratio. Note the box-fold closure in extinction to the

right (white arrow). Compare with Figs. 7, 15 and 18. Crossed polars. Long side of photo is 2.8 mm.

S. Hanmer / Journal of Structural Geology 22 (2000) 947±967 961



initially perpendicular to the present orientation of the
long axis of the porphyroclast.

In short, it is possible to obtain the extreme
elongation of orthopyroxene observed in the Striding±
Athabasca mylonites by internal slip on (100), but
only for grains with a special initial crystallographic
orientation with respect to the principal axes of ®nite
strain. Moreover, if they are the product of strain, the
absence of dynamic recrystallisation in highly elongate
porphyroclasts requires a very high degree of dislo-
cation mobility, by either glide (e.g. Urai et al., 1986;
Knipe and Law, 1987) or climb (e.g. White and
Mawer, 1986, 1988). Although these rather speci®c
conditions could be satis®ed by the feldspars, it is unli-
kely that they could be met by orthopyroxene due to
the extreme sluggishness of dislocation climb (Kohl-
stedt and Vander Sande, 1973; Etheridge, 1975, NazeÂ
et al., 1987). The microstructural observations pre-
sented in this study suggest that there are alternatives.

Extreme intracrystalline ¯ow is not the only defor-
mation behaviour that can produce elongate grains.
For example, they may result directly from the kinking

of parent grains poorly oriented for slip (Fig. 21a).
Kinks form readily in plagioclase and in pyroxene, in
part because the rate of dislocation climb may be slow,
and in part because of the well-developed rheological
anisotropy conferred by lamellar twinning (Tullis,
1990). Recrystallisation along kink-band boundaries
can isolate the relict monocrystalline limbs of the orig-
inal kinks as part of a mortar structure (Fig. 21b;
Etheridge, 1975; Basu, 1977; Goode, 1978; Olesen,
1987; Ji and Mainprice, 1988; Bell and Johnson, 1989;
Mawer and Fitz Gerald, 1993; Ross and Wilks, 1995).
Alternatively, if kinks lock up, localisation of slip
along the kink-band boundaries can slice the original
grain into slabs, which are then isolated from one
another by continued ¯ow in the surrounding plagio-
clase matrix (see Figs. 7 and 21c; Ross et al., 1980).

The kink model would appear to explain satisfac-
torily most of the principal features of the highly
elongate orthopyroxene grains, and some plagioclase
porphyroclasts, in the Striding±Athabasca mylonites.
In a symmetrical chevron fold variant, this model can

Fig. 21. Schematic illustrations of possible derivations of elongate

grains with oblique internal cleavage from larger kinked parent

grains (A). In (B), recrystallisation localised along the kink band

boundaries produces relict elongate grains set in a polycrystalline

mosaic of the same phase (diamonds). In C, the elongate grains are

set in a second phase matrix (squares). When kinks in the old grain

lock up, localisation of slip along the kink band boundaries leads to

dismemberment of the parent grain, separation of the kinks and

their isolation in a polycrystalline mosaic of unspeci®ed composition

(Ross et al., 1980).

Fig. 20. Schematic illustrations of model interpretations for the obli-

quity of the (100) cleavage in elongate orthopyroxene grains. (A)

Bookshelf-model. (B) Slip on initially non-spinning planes parallel to

the bulk ¯ow plane in the matrix results in oblique elongation of

orthopyroxene. Rotation of the elongate grain in the matrix ¯ow

(arrowed circle) results in rigid body rotation of the internal slip

planes with respect to the bulk ¯ow plane. (C) Bimodal distribution

of internal slip planes in elongate grains may be indicative of bulk

pure shear (shortening indicated) at the scale of the aggregate.
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also account for the locally conjugate orientations of
the slip planes (Fig. 16). Recrystallisation of kinks can
result in relict grains set in a mosaic of new grains of
similar composition. However, a locked kink model
(Ross et al., 1980), with dismemberment of folded por-
phyroclasts by slip along the kink band boundaries,
appears to o�er an elegant explanation for elongate
grains isolated in a second phase matrix (Fig. 7). Sub-
sequent intracrystalline slip along (100) is then
required to reduce the angle made by the internal slip
planes and the long axis of the porphyroclast from the
locking angle inherent to the folding mechanism (ca.
308; Ramsay, 1967), to the observed angle (ca. 108).
Nevertheless, the model should not be applied indiscri-
minately, because it is clear that not all elongate,
monocrystalline cores represent low strain relict grains
(e.g. Boullier and Bouchez, 1978; Goode, 1978; Brunel,
1980; Kohlstedt and Weathers, 1980).

4. Summary

Microstructures similar to those presented in this
paper have been discussed and interpreted by other
workers, who have deduced or inferred the processes
that control their development. However, those studies
have mainly focused on the deformational behaviour
of individual minerals (e.g. Boland and Tullis, 1986;
NazeÂ et al., 1987; Tullis and Yund, 1991, 1992; Bee-
man and Kohlstedt, 1993), or on the experimental de-
formation of natural or analogue materials (e.g. Urai,
1983; Wilson, 1986; Means, 1989; Tullis, 1990; Her-
wegh and Handy, 1996). Studies which address natural
high temperature deformation of rocks have mostly
been concerned with mantle materials (e.g. Gueguen
and Boullier, 1974; Darot and Boudier, 1975; Mercier
and Nicolas, 1975; Basu, 1977), or subsolidus magmas
(e.g. Gapais and Barbarin, 1986). The present contri-
bution has examined selected aspects of microstruc-
tural development in polyphase, polycrystalline
aggregates in a natural, high temperature, regional-
scale shear zone developed in continental crust.

For more than 20 years, the concept evolved that
mylonites form by dislocation creep and dynamic
recrystallisation of rock-forming minerals, leading to
grain-size re®nement (e.g. Bell and Etheridge, 1973;
White, 1976; White et al., 1980; Urai et al., 1986;
Hirth and Tullis, 1992) and the development of rib-
bons (Boullier and Bouchez, 1978). However, the
granulite facies microstructure of the Striding±Atha-
basca mylonites appears to be the product of a
more complex panoply of processes (see also Stu-
nitz, 1998; Kruse and Stunitz, 1999; Newman et al.,
1999). The presence of crystallographic preferred
orientations in plagioclase and quartz in the Strid-
ing±Athabasca mylonites has been taken to indicate

the operation of dislocation creep in those phases
(Ji et al., 1993), and the presence of rare feldspar
porphyroclasts testi®es to the existence of initially
coarse grain sizes, and to signi®cant grain-size re-
duction. However, comparison of other facets of the
Striding±Athabasca mylonites with published studies
on naturally deformed mantle rocks and subsolidus
magmas, and experimental deformation of natural
and analogue materials, indicates that dislocation
creep and dynamic recrystallisation only account for
part of the microstructural development. The major
role that other processes appear to have played in
these hot, nominally dry rocks was unanticipated at
the beginning of this study. Extensive grain bound-
ary mobility, grain boundary di�usion and aggre-
gate-scale mass transfer are indicated by the
microstructure of the matrix mosaics, as well as the
quartz veinlets and spatially associated clinopyroxene
pressure shadows on elongate garnet fragments. The
common occurrence of reticular grain boundary net-
works in the matrix mosaics, while commonly taken
to indicate a component of grain boundary sliding,
is also suggestive of elevated grain boundary mobi-
lity, accompanied by relatively slow strain rates.
The important role of cataclasis and brittle fracture
is highlighted by observations on both the matrix
mosaics, and the quartz veinlets and associated gar-
net fragments. This was particularly unexpected,
given the elevated temperatures recorded from these
rocks, and the observational evidence favouring rela-
tively slow strain rates. The elevated pressures
recovered by thermobarometry might lead one to
play down the potential for deformation induced di-
lation in the microstructural development of the
mylonites, yet observations on both the matrix
mosaics and the veinlets suggest that the opposite is
true. High temperatures and slow strain rates would
be expected to favour intracrystalline deformation
by dislocation creep, yet extremely elongate por-
phyroclasts appear to represent excised, relatively
mildly deformed kink bands or chevron fold limbs.

Mass transfer, whether by di�usion or advection,
and brittle deformation, are favoured by the presence
of `water', yet the predominant granulite facies assem-
blage in these rocks is anhydrous. If a transient hy-
drous phase existed in these rocks during deformation,
what form did it take? One can only speculate on the
relative merits of hydrated grain boundaries vs. a free
¯uid phase. Although the former may su�ce to
enhance grain boundary di�usion, it would have little
e�ect in brittle fracture, unless the process involved
subcritical microcracking (e.g. Atkinson, 1982; den
Brok, 1998). If `water' were present as a ¯uid, defor-
mation induced grain boundary dilation could provide
a mechanism for pumping it through the lower crust.

Brittle failure can be promoted by fast strain rates.
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From substructural observations on ultra-®ne grains
(<1 m), White and Jiang (1995) have suggested that
the Striding±Athabasca mylonites may have supported
di�erential stresses in excess of 150 MPa and experi-
enced strain rates greater than 10ÿ11 sÿ1. However, the
present study suggests that the microstructure of the
matrix mosaics is indicative of relatively slow strain
rates. The apparent contradiction is readily resolved if
fast strain rates represent transient events, perhaps
leading to the enhancement of brittle failure, and the
cataclastic microstructures and fracturing described
herein.

The principal conclusion of this study is that it is
unwise to seek to identify high-temperature shear
zones and to analyse their constituent mylonites by
direct analogy with their greenschist facies equivalents.
What is a static and post-kinematic microstructure for
the one, may be a dynamic microstructure for the
other. In particular, it is essential to relate microstruc-
tural development in granulite facies mylonites to the
metamorphic reactions accompanying the deformation,
and to evaluate the potential for positive feedback
between the structural and metamorphic processes.

5. Conclusions

Comparison with the microstructure of naturally
deformed high-temperature rocks, and experimentally
deformed monomineralic and analogue materials, pro-
vides insight into the panoply of deformation processes
that operated at granulite facies in the Striding±Atha-
basca mylonite zone, in addition to intracrystalline de-
formation by dislocation creep. (i) Extensive mass
transfer was apparently contemporaneous with brittle
fracture and cataclasis. (ii) Reticular microstructure,
bimodal grain-size distribution, and extreme phase dis-
persal in polymineralic matrix mosaics are collectively
indicative of e�cient grain-scale and aggregate-scale
mass transfer, and grain boundary mobility. Orien-
tation families may also indicate grain mobility. (iii)
The foregoing processes may have been enhanced by,
or may have required, the transient presence of a hy-
drous phase. (iv) Extreme phase dispersal in granoblas-
tic mosaics, associated with metamorphic reactions
requiring positive volume change, would be facilitated
by dynamic void creation in the deforming matrix
mosaic. Accordingly, the apparently annealed micro-
structure would be synkinematic. (v) Elongate mono-
crystalline orthopyroxenes appear to be fragments of
dismembered, kinked parent grains, rather than
stretched porphyroclasts. (vii) The microstructural evi-
dence for brittle deformation and extensive mass trans-
fer in the granulite facies Striding±Athabasca
mylonites highlights the essential role of transient
`water', even in nominally dry rocks. (viii) Because the

relative roles of deformation mechanisms and pro-
cesses are not the same, granulite facies mylonites
should not be treated as direct analogues of greenschist
facies mylonites.
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