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AbstractÐUltra high-temperature shear zones formed with interstitial melts present during the emplacement
of the Poe Mountain anorthosite, Wyoming. The shear zones are characterized by coarse-grained plagioclase
with ¯at extinction and rare deformation microstructures. Dissected grain microstructures suggest that plagio-
clase underwent recrystallization by `fast' grain boundary migration. Orthopyroxene crystallized from intersti-
tial melts as strain-free, foliation-parallel tablet grains.

Plagioclase has a magmatic petrofabric, characterized by poles to (010) normal to the shear foliation, and
[100] parallel to the foliation and movement direction. Poles to (001) have a broad distribution with a point
maximum roughly parallel to the foliation and normal to the movement direction. Orthopyroxene petrofabrics
result from oriented growth parallel to the shear foliation. [100] de®nes a point maximum perpendicular to the
shear foliation, and [010] and [001] have great circle distributions approximately parallel to the shear foliation.

Microstructures of the ultra high-temperature shear zones contrast with those of granulite-grade shear zones
cutting across the intrusion. The granulite-grade shear zones initiated as fractures, which evolved into shear
zones by dynamic recrystallization. Deformed primary plagioclase and orthopyroxene recrystallized by grain
boundary rotation into smaller polygonal grains. # 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

Shear zones are commonly associated with the
emplacement and cooling of plutons. Syn-emplacement
shear zones are observed along the margins of plutons
intruded in active regional fault systems (Vernon et al.,
1989; Tobisch et al., 1993), in the interior of plutons
as products of the injection of new batches of magma
in expanding or ballooning plutons (John and Blundy,
1993), or due to thermal contraction during cooling of
the plutons (John and Blundy, 1993). Thus, shear
zones form at all stages of the emplacement, growth,
and cooling of plutons under a wide spectrum of mag-
matic to subsolidus conditions.
Ultra high-temperature shear zones formed during

the emplacement and cooling of the Poe Mountain
anorthosite, Wyoming (Fig. 1). The shear zones
formed with interstitial melt present, with minor defor-
mation and recrystallization continuing during cooling
of the body to temperatures of 865±9408C, that is
110±1858C below the solidus temperature (10508C) of
the Poe Mountain anorthosite (Scoates, 1994).
Subsolidus shear zones formed at granulite-grade con-
ditions without melt present. We discuss and compare
microstructures, recrystallization processes, and petro-
fabrics in the ultra-high temperature and subsolidus
shear zones. The subsolidus shear zone initiated as
fractures and, thus, demonstrates the importance of

brittle processes, even under granulite-grade con-
ditions.

FIELD SETTING

The Poe Mountain anorthosite (Fig. 1) is one of
three large anorthosite bodies in the 1.43 Ga unmeta-
morphosed Laramie anorthosite complex (Scoates,
1994). The complex is surrounded by a contact meta-
morphic aureole, which record emplacement depths of
300 MPa (Fuhrman et al., 1988; Grant and Frost,
1990). The Poe Mountain anorthosite comprises an
outer zone, from 1 to 4 km wide, of well-layered
anorthositic cumulates, and an inner, 8 km-wide, core
of massive anorthosites, which have been pervasively
recrystallized during the emplacement of the intrusion
(Frost et al., 1993; Scoates, 1994). Major and trace el-
ement geochemistry indicate that the Poe Mountain
anorthosite is a composite body, the product of
repeated injections of distinct magma batches (Scoates,
1994). The intrusion is truncated by late clay- and car-
bonate-rich brittle faults, which removed its eastern
half. These late faults formed during the Laramide
orogeny, between 1.3 and 1.4 Ga after the emplace-
ment of the anorthosite.

Narrow shear zones occur throughout the intrusion,
where they cut magmatic layering at high-angle. The
subsolidus granulite-grade shear zones appear as rusty
discrete faults on outcrop. The ultra high-temperature
shear zones are expressed as cm-scale ductile shear
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zones in which primary layering was dragged and
rotated into parallelism with the margins of the shear
zones. The rotation occurs together with thinning of
the layering and grain-size attenuation of both pyrox-
ene and plagioclase. The microstructures discussed in
the paper are from two drill core samples collected in
the center of the shear zone shown in Fig. 2. The
shear zone is up to 10 cm wide and narrows along
strike to a discrete fault. No lineation is observed in
the shear zone, but drag of the primary layering into
the shear zone suggests a component of horizontal
sinistral movement. Sinistral o�set of layering is also
observed along other parallel shear zones.
Several lines of evidence suggest that the shear zone

formed at ultra high-temperature. An undeformed
intrusion of megacrystic leucogabbro containing frag-
ments of anorthosite occupies the center of the shear
zone (Fig. 2a). Where the shear zone becomes a dis-
crete fault in the upper portion of Fig. 2, the leucogab-
bro narrows to a 1±2 cm wide dike which follows the
fault for a distance of 40 cm. The shear zone therefore

formed before the last pulse of anorthositic magma
was emplaced during the build-up of the anorthosite
body. The leucogabbro does not contain any hydrous
primary minerals; its coarse grain size (3±5 mm in di-
ameter) implies that the anorthosite and shear zone
were still very hot during the intrusion of the mega-
crystic leucogabbro.

MICROSTRUCTURES

Primary anorthosite and leucogabbro

Primary anorthosite and leucogabbro layers contain
mainly plagioclase (An40±50) with less than 35%
orthopyroxene±inverted pigeonite±clinopyroxene±oli-
vine±Fe±Ti oxides with accessory apatite, alkali feld-
spar and biotite. Inverted pigeonite has planar internal
exsolutions of clinopyroxene and rounded exsolutions
of clinopyroxene rimming the margins of orthopyrox-
ene. The ferromagnesian minerals have equigranular,

Fig. 1. Simpli®ed geological map of the Poe Mountain anorthosite, Wyoming (after Scoates, 1994). 'X' (Lat 41843'560N
Long 105824'440W) marks the location of the shear zone in Fig. 2.
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anhedral grain shapes and generally ¯at extinction.
The Fe±Ti oxides crystallized as oikocrysts; that is,
single large poikilitic grains enclosing plagioclase.
The primary anorthosite and leucogabbro layers are

porphyroclastic (Fig. 3a) to granoblastic with large

porphyroclasts of plagioclase (1±2 cm grain size) sur-
rounded by ®ner-grained recrystallized plagioclase
(0.7 mm). Some of the large porphyroclasts have irreg-
ular amoeboidal shapes. Rare spatially separated plagi-
oclase grains show identical optical extinction,

Fig. 2. Line diagram of ultra high-temperature shear zone with photographs of two areas within it. Foliations are in the
shear zone and in the primary layered anorthosite and leucogabbro. Foliations in photographs have been highlighted
with black marker. The shear zone becomes a fault in the upper section of the line diagram. Arrow points to a narrow

leucogabbro dike intruding the fault.
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suggesting that they are products of the dissection of
larger plagioclase grains by `fast' grain boundary mi-
gration at very high temperatures (Lafrance et al.,
1996). Evidence of plastic deformation is rare and lim-
ited to a few grains having undulose extinction, low-
angle boundaries, deformation twins and kink bands.
Under the petrological microscope, insertion of an

auxiliary gypsum plate shows a weak crystallographic
preferred orientation (CPO) for plagioclase.

Ultra high-temperature shear zone

A reduction in grain size of plagioclase, Fe±Ti ox-
ides, and ferromagnesian minerals occurs within the

Fig. 3. (a) Photomicrograph of the porphyroclastic primary anorthosite. A large plagioclase porphyroclast in the upper
section of the photomicrograph is completely surrounded by smaller recrystallized grains. (b) Photomicrograph of the
ultra high-temperature shear zone. Arrows point to shear foliation de®ned by small grains of orthopyroxene, Fe±Ti ox-
ides, olivine, and clinopyroxene. The section is cut perpendicular to the foliation at a high angle to the movement direc-

tion.
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shear zone. The foliation in the shear zone comprises
1±2 mm wide layers of plagioclase, alternating with
discontinuous, 0.25±0.5 mm wide layers of ferromagne-
sian minerals, Fe±Ti oxides, and apatite (Fig. 3b). The
latter layers are commonly de®ned by isolated grains
aligned along planar plagioclase grain boundaries.
Primary orthopyroxene and inverted pigeonite (Fig. 4a)
are replaced by smaller isolated grains and clusters of
anhedral and tablet orthopyroxene grains (0.1 mm
grain size) with interstitial clinopyroxene (Fig. 4b).
Tabular, tablet orthopyroxene grains are elongate par-
allel to the shear zone foliation. Optical extinction is
commonly parallel, but is also oblique to the length of
the tablets. The tablet grains are strain-free, with well
developed 1208 triple junctions. They have long
straight faces, suggesting that these grain boundaries
correspond to crystallographic orientations. A few, lar-
ger, strain-free orthopyroxene grains, which vary in
length from 2 to 3 mm and in width from 0.3 to
0.5 mm, are elongate parallel to the foliation. They
have irregular grain boundaries, and are associated

with non-contiguous, anhedral, smaller grains, having
similar orientation as the larger grains. Grain bound-
ary migration, either driven by strain energy or surface
energy, probably isolated the smaller grains from their
larger parent grains. Fe±Ti oxides, which originally
crystallized as large oikocrysts, occur as small rounded
grains fringing plagioclase grain boundaries.

Rare, deformed plagioclase grains have plastic de-
formation microstructures restricted to narrow defor-
mation twins, to low-angle boundaries spanning the
width of the grains, and to slight undulose extinction.
The grains generally have ¯at extinction, grain bound-
ary dihedral angles of 1208, and an average grain size
of 0.4±0.5 mm. Although plagioclase tends to develop
a granoblastic microstructure, dissected plagioclase
microstructures suggest that grain boundaries were
very mobile during deformation (Fig. 4c). Grain
boundary migration produced `left-over' recrystallized
grains (Urai et al., 1986) as larger grains were dissected
into several smaller new grains due to the growth of
adjacent grains. Although the microstructure may

Fig. 4. Photomicrographs of microstructures in (a) primary anorthosite and (b±d) ultra high-temperature shear zone. (a)
Inverted pigeonite (Pig.) with exsolutions of clinopyroxene. (b) Tabular orthopyroxene (Opx) with interstitial clinopyrox-
ene (Cpx) de®ne the shear foliation. Orthopyroxene is elongate parallel to the shear foliation. (c) Dissected grain micro-
structures in plagioclase. Grains G and E have been dissected into two and three smaller grains, respectively, by the
growth of adjacent grains. Grain G is cut by shear foliation shown by arrows. (d) Tabular orthopyroxene grains shown
by arrows are enclosed within a single plagioclase grain. The orthopyroxene grains are aligned parallel to the shear foli-

ation, represented by the black line.
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result from syn-emplacement recrystallization of the
primary layers prior to shearing (Lafrance et al.,
1996), foliation-parallel trails of Fe±Ti oxides, ferro-
magnesian minerals, and apatite are completely
enclosed within single plagioclase grains, suggesting
that grain boundaries were also very mobile during
shearing (Fig. 4d). Rare subgrains in larger primary
plagioclase are bounded by both low-angle boundaries
and the grain boundaries of their host, suggesting that
new plagioclase grains may have formed by increased
misorientation or rotation of low-angle boundaries
into high-angle boundaries (grain boundary rotation
recrystallization).

Subsolidus shear zone

Millimeter-wide shear zones appear as thin recrystal-
lized ®ne-grained zones in thin section. A fracture-like
shear zone cuts across coarse-grained primary plagio-
clase, olivine, orthopyroxene coronas around olivine,
biotite, and Fe±Ti oxides in Fig. 5(a). The shear zone

is only 2 mm wide, and is de®ned by small polygonal
recrystallized grains of plagioclase, orthopyroxene, and
olivine. The shear zone ends as a discrete intragranular
fracture in a large plagioclase megacryst. The host pla-
gioclase has uneven extinction and is deformed against
the fracture. Subgrains and new grains of similar sizes
(0.05±0.10 mm) and orientations are observed in plagi-
oclase along the fracture (Fig. 5b), implying that the
shear zone initiated as a fracture which evolved into a
shear zone with recrystallization. The subgrains are
bounded by both high-angle and low-angle boundaries.
The new grains formed by the progressive misorienta-
tion or rotation of low-angle boundaries into high-
angle boundaries. In other plagioclase megacrysts,
there is a transition from healed microfractures deco-
rated with impurities and oriented parallel to the mar-
gins of the shear zone, to recrystallized microfractures,
and to thin recrystallized zones of polygonal plagio-
clase (Fig. 5c), supporting the above interpretation.

The recrystallization of orthopyroxene into stable
polygonal grains (Fig. 5d) indicates at least granulite-

Fig. 5. Photomicrographs of microstructures in granulite-grade, subsolidus shear zone. (a) The margins of the shear zone are
outlined by arrows. The shear zone cuts across primary olivine (Ol), an orthopyroxene corona around olivine, and plagioclase
(Pl). The orthopyroxene corona recrystallized into smaller grains (Opx) within the shear zone. (b) Subgrains (Sg) and new
grains (N) along intragranular fracture in plagioclase. The subgrains and new grains have similar sizes and orientations, imply-
ing that the new grains formed by the progressive misorientation or rotation of low-angle boundaries into high-angle bound-
aries. (c) A twin boundary (Twin) is displaced by several recrystallized fractures or microfaults, shown by arrows. (d) Polygonal

recrystallized orthopyroxene in shear zone.
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facies temperatures during deformation. The presence
of low-angle boundaries dividing orthopyroxenes into
subgrains bounded by both low-angle and high-angle
boundaries, suggest that the new grains formed by a
mechanism similar to that of plagioclase. As far as we
are aware, extensive recrystallization of orthopyroxene
has only been observed in granulite-grade shear zones
(e.g. Giles Complex; Etheridge, 1975; Balhaus and
Berry, 1991) and mantle peridotites (Bouillier and
Nicolas, 1975; Drury and van Roermund, 1989; Suhr,
1993). Even at temperatures as high as 10008C in a
peridotite massif, orthopyroxene was not recrystallized
and behaved as a rotating competent object in a more
ductile olivine matrix (Skrotzki et al., 1990); therefore,
these shear zones must have formed during the
emplacement and cooling of the intrusion, as the
anorthosite is otherwise unmetamorphosed (Scoates,
1994).

THERMOMETRY

The ®ne-grained augite, hypersthene, and olivine
from the ultra-high temperature shear zone have
ranges of composition that are produced by ion
exchange during cooling (Fig. 6). Individual spot anal-
yses of augite form an array that trends toward lower
iron with increasing Ca (Wo37En39Fs23 to
Wo40En40Fs20), hypersthene forms a smaller ®eld that
has a subtle trend toward lower iron with decreasing
Ca (Wo2.3En50.6Fs47.1 to Wo1.6En51.6Fs46.8). Olivine
also shows a moderate range in composition (Fa65±
Fa67). The ranges in composition are what one would
expect to have formed during retrograde ion exchange,
with olivine becoming more iron-rich on cooling and
augite gaining Ca from hypersthene.
From the pyroxene thermometer in the QUILF pro-

gram (Anderson et al., 1993), we can specify three tem-
peratures in this re-equilibration process. The lowest
temperature (7702408C) is obtained from the most

calcic augite and the least calcic hypersthene. The large
uncertainty in this temperature re¯ects the fact that
these pyroxenes are not in Fe±Mg exchange equili-
brium. The highest temperature (8652158C) is
obtained from the least calcic augite and the most
calcic hypersthene. The small uncertainty in this calcu-
lated temperature indicates that these pyroxenes are
nearly in Fe±Mg exchange equilibrium. However, the
olivine that is in equilibrium with this pair (ca Fa60) is
far more magnesian than the olivine found in the rock.
The highest temperature (ca 9408C) for the assemblage
olivine±hypersthene±augite is determined by the lowest
temperature that pigeonite would be in equilibrium
with the pyroxenes of these Fe/Mg ratios. From these
results we conclude that the ultra-high temperature
shear zone formed at temperatures of at least 18658C
and 9408C. The pyroxene continued to re-equilibrate
by Ca and Fe±Mg exchange down to temperatures as
low as 7708C, and Fe±Mg exchange between pyroxene
and olivine continued down to temperatures of 5008C
or lower.

The granulite-grade shear zone, unfortunately, does
not contain clinopyroxene. Although we cannot get a
well constrained temperature from this rock, we can
use the hypersthene composition to determine the
minimum temperature of formation for this shear
zone. The hypersthene has the average composition of
En55.0Wo1.5Fs43.5. If these hypersthene grains were in
equilibrium with augite they would have formed at
7662308C, where the range in temperature re¯ects the
range in Ca content of the hypersthene. Technically,
this is a minimum temperature, as augite is not found
in the shear zone. However, we consider it to be a
reasonable estimate for the temperature of the shear
zone, since it is quite likely that the hypersthene in the
shear zone (which is only millimeters wide) was in
exchange equilibrium with augite elsewhere in the sys-
tem, for otherwise there would be no sink for the Ca
that is released from the high-T hypersthene during
cooling.

PETROFABRICS

Description of petrofabrics

Petrofabrics of plagioclase and orthopyroxene were
measured on one 3-cm diameter drill core sample
(SR226) from the ultra high-temperature shear zone
(Fig. 2b) in an e�ort to document the processes oper-
ative in the shear zone (Fig. 7). Three mutually per-
pendicular thin sections were cut from this core
sample. Measurements made on these thin sections
were subsequently rotated, and are reported on a
plane perpendicular to the foliation and with the
movement direction horizontal.

[100], poles to (001), and poles to (010) in plagio-
clase grains were determined from universal stage

Fig. 6. Pyroxene quadrilateral showing the compositional range for
pyroxenes from the ultra high-temperature shear zone. Temperatures
calculated from the QUILF program (Anderson et al., 1993) are
given for the lowest temperature pyroxene pair and for the highest
temperature pair. Note that the olivine in equilibrium with the high-
temperature pyroxene pair is much more magnesian than the olivine
found in the rock, indicating that Fe±Mg exchange continued to

temperatures well below 7708C.
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measurements of the optical indicatrix, albite twin
planes, and pericline twin planes, using the computer
program of Benn and Mainprice (1989). Universal
stage measurements were made on a total of 171 grains
along ®ve traverses across one thin section. The orien-
tation of both pericline and albite twins were measured
where possible (33% of the grains), although only one
twin measurement is necessary to calculate the orien-
tation of crystallographic directions in plagioclases
with An40±50 composition. Ninety-six percent of the
grains were measurable, thus the petrofabric is con-
sidered to be representative of the sample and shear
zone, although all measurements are from only one
thin section (Ji and Mainprice, 1988; Ji et al., 1994).
Plagioclase in the ultra high-temperature shear zone

has simple petrofabrics (Fig. 7). Poles to (010) de®ne a
point maximum perpendicular to foliation. [100] lies
within the foliation and de®nes an elongate point
maximum parallel to the movement direction. Poles to
(001) have a broad distribution with a point maximum
lying within the plane of the foliation at a high angle
to the movement direction.
In addition, orthopyroxene has a simple petrofabric

in the ultra high-temperature shear zone (Fig. 7). [100],
[010], and [001] were measured on 213 orthopyroxene
grains from the three mutually perpendicular thin sec-
tions. [100] de®nes a strong point maximum approxi-
mately perpendicular to the foliation. [010] and [001]

lie approximately parallel to the foliation, and both
have great circle distributions with two point maxima
oriented parallel to the movement direction, and at an
angle of 60±708 to the movement direction.

Interpretation of petrofabrics

The ultra high-temperature shear zone has distinc-
tive petrofabrics. CPO of orthopyroxene has been
attributed to viscous magmatic ¯ow (Schmidt, 1952;
Moore, 1973), to rigid body rotation of the orthopyr-
oxene grains in a more ductile olivine matrix (Skrotzki
et al., 1990), to melt impregnation in a high-tempera-
ture deformed dunite (Suhr, 1993), and to plastic de-
formation (Nicolas et al., 1973; Etheridge, 1975;
Christensen and Lundquist, 1982; Mainprice and
Silver, 1993). However, only plastic deformation pro-
duces a [100] point maximum perpendicular to the foli-
ation, as measured in the ultra high-temperature shear
zone. (001)[001] is the dominant slip system in ortho-
pyroxene (Raleigh et al., 1971). As a result of plastic
deformation and recrystallization, (100) and [001] are
preferentially oriented parallel to the foliation and
lineation, respectively (Etheridge, 1975; Christensen
and Lundquist, 1982; Mainprice and Silver, 1993).
Alternatively, the petrofabrics may result from the
crystallization and growth of foliation-parallel tablet
orthopyroxene, producing a [100] point maximum per-

Fig. 7. Petrofabrics of orthopyroxene and plagioclase in the ultra high-temperature shear zone. Foliation is represented
by E±W line; movement direction is horizontal. Equal-area lower-hemisphere projections. Contours are in double mul-
tiples of uniform distribution (m.u.d.) for the orthopyroxene [100] petrofabric and in single multiple of uniform distri-

bution for the other petrofabrics.
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pendicular to the foliation. This interpretation is pre-
ferred, because it is consistent with the microstructure
of the shear zone, discussed in the next section.
Plagioclase petrofabrics can also result either from

plastic or magmatic deformation. Because (010) [001]
is the dominant slip system in plagioclase (Carter and
Raleigh, 1969), plastic deformation of plagioclase gen-
erally results in petrofabrics with (010) parallel to the
foliation, [001] parallel to the lineation, and [100] per-
pendicular to both the lineation and foliation (Olsen
and Kohlstedt, 1985; Olesen, 1987; Kruhl, 1987; Ji and
Mainprice, 1988; Zhao et al., 1995). At higher tem-
peratures and/or in plagioclase with greater An con-
tent, (001) slip parallel to the a-axis results in
petrofabrics with (001) and [100] parallel to the foli-
ation and lineation, respectively (Kruhl, 1987; X. O.
Zhao, personal communication). The petrofabric of
the ultra high-temperature shear zone has poles to
(010) that de®ne a point maximum perpendicular to
the foliation and [100] clusters close to the movement
direction. This fabric is di�erent than the two types of
plastic deformation petrofabrics discussed, but is simi-
lar to magmatic petrofabrics described by Benn and
Allard (1989). We infer that the petrofabric of plagio-
clase in the ultra high-temperature shear zone is mag-
matic in origin. Although plagioclase contains few
deformation microstructures, intracrystalline slip may
still have contributed to the development of the petro-
fabric, because microstructures are rapidly annealed at
very high temperatures, eliminating evidence of intra-
crystalline slip. Recrystallization may also have
a�ected the petrofabrics. Plagioclase underwent exten-
sive recrystallization by grain boundary migration, a
process known to modify petrofabrics (Urai et al.,
1986).

DISCUSSION

Ultra high-temperature shear zones are characterized
by coarse plagioclase with ¯at extinction, few defor-
mation microstructures, and dissected grain micro-
structures. Dissected grain microstructures are
indicative of recrystallization by `fast' grain boundary
migration at very high temperatures (Regime 3 creep
of Hirth and Tullis, 1992). In the layered anorthosite,
recrystallization by `fast' grain boundary migration
began with interstitial melt present before complete
solidi®cation of the Poe Mountain anorthosite
(Lafrance et al., 1996). Similar microstructures are
reported in dunite and olivine deformed within melt-
lubricated shear zone in the Josephine peridotite, SW
Oregon (Kelemen and Dick, 1995). Dissected grain
microstructures were also observed in deformation ex-
periments on salt and analog material at Tr0.7 melt-
ing temperatures (Means, 1983; Urai, 1983; Tungatt
and Humphreys, 1984), and on analog material
deformed with melt present (Park and Means, 1996).

Thus, dissected grain microstructures suggest that pla-
gioclase in the ultra high-temperature shear zone
recrystallized at very high temperatures, possibly in the
presence of interstitial melt.

Neoblasts in deformed orthopyroxene generally
adopt anhedral or polygonal shapes in the absence of
¯uids or melts in order to minimize grain surface
energy (Etheridge, 1975; Altenberger, 1992; Suhr,
1993; Ross and Wilks, 1996). In the ultra high-tem-
perature shear zone, orthopyroxene occurs as strain
free, subhedral tablet grains with grain boundaries cor-
responding to crystallographic directions. The subhe-
dral tablet orthopyroxene either crystallized directly
from interstitial melts, or are the products of the
recrystallization of primary orthopyroxene by melt- or
¯uid-assisted grain boundary migration (Drury and
van Roermund, 1989). In Fig. 3(d), isolated subhedral
orthopyroxene grains, which are aligned parallel to the
shear foliation, are also completely enclosed within a
single plagioclase grain. They do not replace primary
orthopyroxene porphyroclasts, consequently they must
have crystallized and grown from interstitial melts.
Large orthopyroxene grains, which are elongate paral-
lel to the foliation, are also strain free, suggesting that
they are the products of crystallization from interstitial
melts rather than primary orthopyroxenes which have
been deformed and ¯attened parallel to the foliation.
Based on the microstructures, the orthopyroxene pet-
rofabrics are therefore interpreted as products of crys-
tallization and oriented growth parallel to the shear
foliation.

In the absence of pigeonite, the maximum tempera-
ture recorded by the assemblage orthopyroxene±oli-
vine±clinopyroxene is 9408C, that is, 1108C below the
solidus temperature of the anorthosite body. Upon
cooling, pigeonite, a Ca-poor clinopyroxene, inverts to
orthopyroxene with exsolutions of clinopyroxene.
Inverted pigeonite in the shear zone may have recrys-
tallized to orthopyroxene and clinopyroxene as defor-
mation progressed to temperatures below the solidus
temperature of the intrusion. Alternatively, the growth
of clinopyroxene grains from exsolutions may simply
be due to solid-state readjustment of high-angle
boundaries to minimize surface energy. The tempera-
tures recorded by the assemblage orthopyroxene±oli-
vine±clinopyroxene are therefore only minimum
temperatures for the deformation.

In summary, the dissected grain microstructures in
plagioclase, the plagioclase petrofabrics, the near
absence of deformation microstructures in both plagio-
clase and orthopyroxene, and the tablet crystal habit
of orthopyroxene are collectively indicative of defor-
mation and recrystallization at very high temperatures
with melt present. Orthopyroxene petrofabrics can be
interpreted either in terms of oriented growth or plas-
tic deformation, but the microstructures suggest that
they result from the crystallization and growth of
orthopyroxene parallel to the shear foliation.
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Microstructures in the subsolidus shear zone are
very di�erent from those in the ultra high-temperature
shear zone. The shear zones initiated as fractures and
faults, which evolved into narrow shear zones by
recrystallization of plagioclase, orthopyroxene and oli-
vine into small polygonal grains. Recrystallization of
plagioclase and othopyroxene occurred by grain
boundary rotation recrystallization, corresponding to
Regime 2 creep of Hirth and Tullis (1992). The grains
subsequently adjusted their grain boundary to mini-
mize surface area and energy. No melt or ¯uid was
present during deformation.
Fracturing was the ®rst step in the formation of the

subsolidus shear zone in the Poe Mountain anortho-
site. Microfracturing and rotation recrystallization of
plagioclase along fractures is common in granulite-
facies shear zones, where large elongate plagioclase
porphyroclasts are surrounded by small polygonal
recrystallized grains (Ji and Mainprice, 1990). The
transition from early cataclastic ¯ow to plastic ¯ow in
feldspar aggregates has also been experimentally inves-
tigated by Tullis and Yund (1985, 1987); therefore,
fracturing may be an important early process in the
formation of subsolidus shear zones in all ma®c rocks.
Plagioclase microstructures in the ultra high-tem-

perature and subsolidus shear zones resemble astheno-
spheric and lithospheric olivine microstructures in
ophiolites (Nicolas, 1986; Ceuleneer et al., 1988; Suhr,
1993). Asthenospheric microstructures are character-
ized by coarse olivine with strong CPO and ¯at extinc-
tion, similar to plagioclase microstructures in the ultra
high-temperature shear zone, whereas lithospheric
lower temperature microstructures are characterized by
deformed ®ne-grained olivine neoblasts surrounding
strongly deformed porphyroclasts (subsolidus shear
zone).

CONCLUSIONS

To conclude, the following microstructural criteria
can be used for di�erentiating ultra high-temperature
shear zones from subsolidus granulite-facies shear
zones in ma®c rocks.

Ultra high-temperature shear zones

1. Shear zones are characterized by coarse plagio-
clase with ¯at extinction and few deformation micro-
structures.
2. Plagioclase has dissected grain microstructures, in-

dicating recrystallization by `fast' grain boundary mi-
gration (Regime 3 creep of Hirth and Tullis, 1992).
3. Orthopyroxene crystallized and grew into strain-

free, tablet grains, which are elongate parallel to the
shear foliation.
4. Plagioclase petrofabrics have poles to (010) nor-

mal to the shear foliation, and [100] parallel to the fo-

liation and movement direction. Poles to (001) have a
di�use point distribution with a maximum concen-
tration lying within the shear foliation and roughly
normal to the movement direction.

Subsolidus granulite-facies shear zones

1. Shear zones consist of strongly strained primary
minerals surrounded by smaller recrystallized grains.

2. Intragranular recrystallized fractures cut across
primary plagioclase. Subsolidus shear zones may have
initiated as fractures, which evolved into wider ductile
shear zones with dynamic recrystallization.

3. Plagioclase and orthopyroxene recrystallized by
grain boundary rotation recrystallization into small
polygonal grains (Regime 2 creep of Hirth and Tullis,
1992).

4. Plastic deformation of plagioclase produces two
types of petrofabrics, as reported in the literature. At
amphibolite- to granulite-grade temperatures, (010) is
parallel to the shear foliation, [001] is parallel to the
movement direction, and [100] is perpendicular to both
shear foliation and movement direction. At higher
temperatures and/or An content in plagioclase, (001) is
parallel to the shear foliation, [100] is parallel to the
movement direction, and [010] is perpendicular to both
shear foliation and movement direction.
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