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Abstract

At Bolangir (Eastern India), massive anorthosites in the pluton interior grade into anorthosites with outward-dipping, margin-parallel
foliation neighboring the pluton margin. Sheets and veins of ferrodiorites e residual melts of anorthosite crystallization e concordant and dis-
cordant to the margin-parallel foliation suggest pluton deformation at near magmatic conditions, T w 950 �C and P 6e12 kbar. In the pluton
interior, the larger-than-centimeter sized magmatic plagioclase grains are replaced by aggregates of smaller (100e600 mm) dynamically recrys-
tallized internally-strained grains with un-equilibrated boundaries. Neighboring the pluton margin, poly-sized (200e2500 mm) plagioclase grains
in anorthosites are of two types: strain-free rectangular-shaped plagioclase grains with high-energy An-richer margins indenting neighboring
plagioclase grains formed by diffusion creep, whereas unstrained end-to-end touching euhedral plagioclase grains showing tilling represent mag-
matic flow textures. The pluton interior-to-margin switch in plagioclase deformation from grain boundary migration accommodated dislocation
creep to grain boundary diffusion creep is attributed to the increasing melt fraction (melt/crystal ratio) during syn-deformation pluton emplace-
ment. Plagioclase grains in the Bolangir pluton are significantly coarser compared to plagioclase aggregates (<200 mm) in experiments designed
to understand deformation mechanisms. The present study demonstrates that presence of melts promoted diffusion creep over dislocation creep,
albeit in larger-than-experiment plagioclase grains.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Experiments with natural and synthetic plagioclase (An0e

100) at varying shear stress (1e2000 MPa), strain rate
(2.5 � 10�4 s�1e20 � 10�6 s�1) and temperature (900e
1365 �C) in dry and wet (<0.9 wt% H2O) conditions (Dell’
Angelo et al., 1987; Dimanov et al., 1998, 1999, 2000; Huang
et al., 2001; Rybacki and Dresen, 2000; Tullis and Yund,
1985, 1991, 1992; Wang et al., 1996) indicate dislocation and
diffusion-controlled creeps to be the preferred mechanisms by
which plagioclase deform at lower crustal temperature. Smaller
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grain size, at high temperature, low shear stress and strain rate
(Rybacki and Dresen, 2004), and grain boundary wetting by
fluids (Rybacki and Dresen, 2000, 2004; Tullis et al., 1996)
and melts (Tullis and Yund, 1992; Ji, 1987; Dell’ Angelo
et al., 1987; Mancktelow and Pennacchioni, 2004) favor grain
boundary controlled diffusion creep over dislocation creep.
Barring St}unitz et al. (2003) who used millimeter-sized cores
of single crystal plagioclase grains, most experiments on pla-
gioclase deformation are conducted with aggregates of grains
typically smaller than 200 mm. These experiments, therefore,
do not replicate diffusion to dislocation creep switchover for
coarser-then-experiment plagioclase grains in natural settings.

Understanding high-temperature deformation mechanisms
in plagioclase in natural settings require rocks to be deformed
at near-solidus condition (Tullis, 1983; Paterson et al., 1989;
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Paterson and Fowler, 1993; Park and Means, 1996; Vernon
et al., 1983, 1988, 2004). In the past, such studies were
largely restricted to felsic intrusives (Fitzgerald and Stunitz,
1993; Rosenberg and Riller, 2000; Rosenberg and St}unitz,
2003; Vernon et al., 2004), and only a few examples relate
to anorthosites (Kruse et al., 2001; Lafrance et al., 1996).
Between the two varieties, anorthosites are better suited to
understand high-temperature deformation behavior of plagio-
clase because of two reasons. First, the solidus of gabbro-
anorthosites at T � 950 �C (Green, 1966; Fram and Longhi,
1992) is substantially higher compared to that of felsic melts.
Second, felsic intrusives contain modest proportion of quartz
and micas. Therefore, deformation in felsic rocks is to a large
extent accommodated by micaceous minerals generally weak
to shear, and by ductile flow of quartz. In anorthosite, how-
ever, these mineral are rare or occur in accessory amounts,
and therefore, the partitioning of bulk strain is likely to be
small.

A wide variety of hitherto unreported plagioclase micro-
structures is documented from the Bolangir anorthosite pluton
(Orissa, India) emplaced synchronous with regional deforma-
tion. The microstructures in larger-than-experiment plagioclase
grains (200e2500 mm) indicate a switch form dislocation creep
in the pluton interior to melt-assisted grain boundary controlled
diffusion creep in the pluton margin.

2. Background geology

The Bolangir anorthosite pluton (w430 sq. km; Fig. 1) in
the Eastern Ghats Mobile Belt of India is dominated by anortho-
site; leuconorite and ultramafic pods occur in subordinate
proportions (Mukherjee, 1989; Mukherjee et al., 1986, 1999;
Bhattacharya et al., 1998). The anorthosites are characterized
by bi-modal size population of plagioclase grains (Fig. 2a),
with coarse plagioclase grains (up to w14 cm long) of mag-
matic origin embedded in a fine-grained (<1 mm) mosaic of
recrystallized plagioclase that replace former magmatic grains.
The size and frequency of occurrence of the magmatic grains
decrease towards the pluton margin (Fig. 2b). Anorthosites in
the pluton interior are devoid of planar or linear fabrics, and
often preserve relict cumulus texture (Fig. 2a). Towards the
margin, an outward dipping margin parallel foliation is
increasingly perceptible in anorthosites (Fig. 2b). The fabric
is defined by bi-mineralic aggregates of recrystallized plagio-
clase and orthopyroxene grains (rarely ilmenite) or the
preferred alignment of biotite flakes.

The pluton is separated from the enveloping granulites by
blastoporphyritic K-feldspar bearing granitoids (Fig. 1). The
earliest tectonic fabric in the granitoids at the contact with
the pluton is invariably parallel to the foliation in anorthosites.
The fabric is asymmetrically folded, with the gently plunging
fold axes parallel to the massif-granitoid contact. Distal from
the contact, the fabric in the granitoid weakens, and folds
are notably absent. In the enveloping granulite facies gneisses,
the WSW-ENE gneissic fabric in zones distal from the pluton
is near orthogonal to the western margin of the pluton (Fig. 1).
In zones (<4 km wide) neighboring the pluton margin (Fig. 1),
the fabric in enveloping granulites is deflected parallel to the
intrusives (cf. Reesor, 1958; Buddington, 1959; Paterson and
Fowler, 1993). High strain necessary for ductile wall rock
flow around non-piercing plutons prevail for distances >1
body radius of the pluton (Paterson and Fowler, 1993). In
the Bolangir pluton, the width of aureole is significantly
smaller compared to the body radius (w10 km). This coupled
with the reoriented structures in the aureole suggest the anor-
thosite body at Bolangir was a ‘‘piercing’’ pluton emplaced
discordant to the existing structures (Fig. 1).

Ferrodiorites along the margin of the pluton are Fe-rich
(FeO w35 wt%) melts unusually enriched in plagioclase-
incompatible elements (P2O5 w2.93 wt%; Zr w5600 ppm;
LREEs w1200 times chondrite abundance), and characterized
by negative Eu anomalies (Raith et al., 1997; Bhattacharya
et al., 1998). The ferrodiorites inferred to be residual melts
of anorthosite crystallization (Bhattacharya et al., 1998) occur
as pods and sheets conformable with the pluton margin para-
llel foliation in anorthosites. Ferrodiorites are also emplaced
along N-S trending ductile shear zones oblique to the mar-
gin-parallel foliation in anorthosite (Fig. 2c,d). The occurrence
of ferrodiorites concordant with and discordant to the margin-
parallel foliation suggests a close temporal relationship
between regional stress and the presence of melts during pluton
deformation.

2.1. P-T conditions

Compositions of texturally identified magmatic plagioclase
in anorthosites are tightly constrained between An52 and An59

(Fig. 3a). The plagioclase grains are weakly zoned to An-
richer compositions, but the chemical variations generally do
not exceed 2 mol% An. Plagioclases richer in anorthite com-
ponent (An70 and An85) correspond to two textural types. Pla-
gioclase (An60e85) intergrown with vermicular orthopyroxene
formed by sub-solidus decomposition of garnet (Prasad et al.,
2005). The other set of plagioclase compositions (An69e72) are
restricted to anorthosites neighboring the pluton margin, but
are absent in the more centrally located parts of the pluton.
The An-richer compositions constitute <100 mm wide rims
along margins of An-poorer recrystallized plagioclase grains
separated by K-feldspar films (Fig. 3b). Similar reverse zoning
in magmatic plagioclase in anorthosites (Emslie, 1980; Dymek,
1981; Morse and Nolan, 1984) were interpreted to suggest crys-
tallization from melts along grain boundaries (Emslie, 1980) or
inter-granular melts super-saturated in the An component
(Morse and Nolan, 1984).

Fram and Longhi (1992) experimentally determined the
effect of pressure on the liquidus phase relations in high-Al
gabbroic melts. The magmatic plagioclases (An52eAn56) in
the Bolangir anorthosites chemically overlap with the
liquidus plagioclase An54e60 in Fram and Longhi’s (1992)
experiments at P > 7e12 Kbar for T > 1000 �C (Fig. 3a).
The metamorphic P-T estimates are, however lower, e.g.
600e700 �C and 5e6 kbar (Mukherjee et al., 1986, 1999).
Prasad et al. (2005; sample L-19; location in Fig. 1), com-
puted the metamorphic P-T conditions for garnet breakdown
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Fig. 1. Key lithological units and dominant structural trends within the anorthosite pluton at Bolangir and the bordering granulite gneisses (modified after

Bhattacharya et al., 1998). The foliation in granulite gneisses S2 is axial planar to isoclinal folds on the earliest planar fabric S1. The gneissic fabric in granitoids

bordering the pluton is parallel to the pluton margin. Filled boxes are location numbers of samples cited in text. Inset shows the locations of anorthosite plutons in

the Eastern Ghats Belt (modified after Ramakrishnan et al., 1998; Leelanandam and Reddy, 1988), e.g. 1 e Koraput, 2 e Turkel, 3 e Bolangir, 4 e Banpur/

Balugaon, 5 e Rambha, 6 e Kalikota.
to orthopyroxene þ An-rich plagioclase to be 750 � 50 �C
and 6 � 1 kbar. The P and T of pluton emplacement are
bracketed by the two sets of P-T estimates. However, the
emplacement P-T condition is likely to be closer to the mag-
matic P-T estimate, in view of the presence of ferrodiorite
melts during pluton emplacement.
3. Microstructure

3.1. Analytical techniques

Transmitted light microscopy was done on 2 cm � 5 cm
and 5 cm � 7.5 cm sized thin sections of more than 80
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Fig. 2. Field features. (a) Anorthosite (PN-56) in the pluton interior showing the lack of planar fabric, and the bimodal size population among plagioclase grains,

e.g. grey colored magmatic grains in finer-grained recrystallized mosaic. Coin diameter ¼ 2.5 cm. (b) Margin parallel foliation (parallel to the thick black line) in

anorthosites defined by bi-phase lenticular aggregates of biotite and plagioclase. Note the absence of gray colored plagioclase grains. Lens cap diameter ¼ 5 cm.

(c) Ferrodiorite dykes (PN 9) discordant to the pluton-margin parallel foliation (white line) in anorthosite. (d) Ferrodiorite (PN 9) residual melts emplaced along

both S and C fabrics oblique to margin-parallel foliation in anorthosite.
anorthosites. Morphometric analyses of plagioclase grains
(Fig. 4) are presented for 4 representative samples along an
E-W traverse, two each from the margin and the interior of
the pluton. The samples from the pluton margin were cut in
two directions, one set orthogonal to the margin-parallel foli-
ation, and the other parallel to the foliation. Since planar or
linear fabrics in anorthosites in the pluton interior were lack-
ing, thin sections were prepared along two arbitrarily-chosen
mutually-orthogonal directions. For each sample, grain inter-
cept (Vander-Voort and Gokhale, 1992; Fig. 4a) of plagioclase
were measured on traced grain boundaries of crossed polar
images in a tracing sheet using the ImageJ software (http://
rsb.info.nih.gov/ij). The digitized boundaries of plagioclase
grains were fitted by equivalent area ellipses using the ‘‘fitel-
lipse’’ macro in the ImageJ software. The angles subtended by
major axes of ellipses to a fixed horizontal axis were mea-
sured. The angles were plotted in circular frequency diagrams
(Fig. 4b) to determine the preferred alignment among plagio-
clase grains.

3.2. The pluton interior

The coarser plagioclase grains (typically >3 mm; largest
w14 cm long) are inequant, internally-strained (kinked cleav-
age, strain wavy extinction, bent twins, spindle-shaped
deformation twins, and bulge nucleation; Fig. 5a,b), and charac-
terized by high-energy grain boundaries (Fig. 5c). The finer-
sized plagioclase grains (intercept length 200e600 mm;
Fig. 4a) are equant to sub-equant, internally-strained, and char-
acterized by high energy grain boundaries (Fig. 5b,d), although
well-equilibrated boundaries are locally present. Magmatic
flow texture (Den Tex, 1969) is not obvious in anorthosites. In
a rare instance, tiled grains of euhedral plagioclase enclosed
within a large orthopyroxene grain were observed (Fig. 5e).
The orthopyroxene oikocrysts are not internally strained
(Fig. 5a). The finer-grained plagioclase grains are continuous
with and anchored to the recrystallized plagioclase aggregates
in healed micro-cracks within former magmatic plagioclase
grains. The compositions of the finer-grained plagioclase aggre-
gates and the former magmatic grains chemically overlap
(Fig. 5d). This implies that the finer-sized plagioclase grains
were not products of magmatic crystallization, and instead
replaced magmatic plagioclase by grain boundary migration
recrystallization accommodated dislocation creep (cf. Vernon
et al., 2004). Although deformation-recrystallization seemingly
outlasted solidification of melts, the healed microcracks in the
magmatic grains appear to be facilitated by small gradients in
plastic strain energy in plagioclases weakened by the presence
of small amounts of melts (cf. Cooper and Kohlstedt, 1984;
Dell’ Angelo et al., 1987; Vernon et al., 2004) or fluids
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(cf. Urai et al., 1986). Ductile deformation in plagioclase is ini-
tiated at w450 �C (Tullis and Yund, 1991; McLaren and Pryer,
2001; St}unitz et al., 2003), and that of orthopyroxene �800 �C
(Gil Ibarguchi et al., 1999). Apparently, deformation of the plu-
ton interior occurred at temperature limited by the two sets of
values, but closer to the higher estimate because of the likely
presence of small volume of melt.

3.3. The pluton margin

The margin parallel foliation in anorthosites is defined by
bi-mineralic aggregates of polygonal plagioclase grains (max
intercept length <200 mm) and strain-free grains of orthopyr-
oxene or shape preferred biotite flakes. Beyond the aggregates,
kink bands, bent cleavages and strain wavy extinction provide

PN 86

(a)

(b)

Fig. 3. (a) Variations in An mol % in plagioclase from anorthosite in the Bolan-

gir pluton. Unfilled circles with numbers are the composition of liquidus plagio-

clase determined by Fram and Longhi (1992) at the pressure indicated

alongside. (b) BSE image showing compositional variations in recrystallized

plagioclase grains in anorthosite from the pluton margin. The plagioclase grains

show core-to-rim weak reverse zoning (An55e57). Anorthite content along grain

boundaries (lighter tones neighboring K-feldspar grains) increases to An69e72.
evidence of internal lattice strain in magmatic orthopyroxene
grains (Fig. 6a).

Compared to the pluton interior, plagioclase in anorthosites
from the pluton margin are coarser and poly-sized (Fig. 4a),
characterized by wide dispersal of dihedral angles, and show
prominent shape preferred alignment (Fig. 4b). Plagioclase
grains are classified into two textural groups. Group 1 plagio-
clase grains are coarse (>½ mm long), rectangular (Fig. 6b)
rather than polygonal, and with poorly-developed rational
faces. The plagioclase grains are strain-free, but characterized
by weak undulose extinction near the bulged grain boundaries.
Impingement between neighboring rectangular shaped plagio-
clase grains is common (Fig. 6c), but strain effects neighbor-
ing the impingements cannot be resolved by microscopic
examination. Vernon et al. (2004) explained grain impinge-
ment and associated truncated chemical zoning in plagioclase
to indicate melting along grain contact. The interfaces be-
tween adjacent group 1 plagioclase grains are occasionally
laced by K-feldspar films (Figs. 3b and 6d). A total of
<100 mm wide zones along plagioclase margins adjacent to
the K-feldspar films are chemically zoned to more An-richer
composition, e.g. An68e72 (Fig. 3b) The An-richer plagioclase
margins, often ‘‘spear-shaped’’ or rectangular (Fig. 6d) in
appearance, indent into adjacent group 1 plagioclase grains.
Strain effects neighboring the indentations are not evident.

Group 2 plagioclase grains, comparable in size to and inti-
mately associated with group 1 plagioclase, are euhedral,
chemically unzoned, strain-free and un-recrystallized. End-
to-end touching plagioclase grains locally constitute linear
trails, and show grain tiling (Fig. 7a). Microstructural criteria
for identifying magmatic flow in plutonic rocks have been dis-
cussed by several authors (Den Tex, 1969; Nicolas, 1992;
Nicolas and Ildefonse, 1996; Higgins, 1998; Paterson et al.,
1989; Sawyer, 2001; Vernon, 2004). The consensus emerging
from these views is that magmatic flow is best manifested by
the parallel alignment of touching euhedral plagioclase grains,
in the absence of plastic deformation in or recrystallization of
the aligned crystals, and are unbroken (Paterson et al., 1989).
Vernon et al. (2004) suggests that albite twin planes should
necessarily be parallel to the long dimension of the plagioclase
grains. Imbrication or tilling of euhedral grains (Den Tex,
1969) has also been suggested to indicate non-coaxial mag-
matic flow (Paterson et al., 1989; Nicolas and Ildefonse,
1996; Sawyer, 2001; Vernon, 2004). The criteria above are
largely met by the textures (Fig. 7a) of group 2 plagioclase
grains. The thin films of An-richer margins of group 1 plagio-
clase cannot be recrystallized equivalents of An-poorer inte-
riors of the plagioclase grains. Instead the An-richer rims in
group 1 plagioclases may constitute, in all likelihood, over-
growths crystallized from intergranular melts (cf. Dell’ Angelo
et al., 1987; Fig. 4, Tullis and Yund, 1991; Rosenberg, 2001;
Marchildon and Brown, 2002).

Based on experimental studies, Tullis and Yund (1991) sug-
gest the following features in plagioclase grains to indicate
deformation by diffusion creep, e.g. grains with rectangular
outlines and low dislocation density, existence of pores/chan-
nels along grain boundaries and overgrowths chemically
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(a)

(b)

Fig. 4. Results of morphometric determinations of plagioclase in anorthosites.

(a) Frequency plots of grain intercepts (in mm) in anorthosites from the pluton

interior (PN 56, B967) and the pluton margin (Bol 1, P 9). The frequency plots

(in gray shades and by continuous lines) correspond to two orthogonal direc-

tions (see text for details). In samples from the pluton margin, ‘‘parallel’’ and

‘‘perpendicular’’ refer to orientations of sections relative to the margin-parallel

foliation. For samples from the pluton interior, grain intercepts >600 mm cor-

respond to relict magmatic grains. ‘‘n’ refers to the number of grains in which
different from larger grains. Truncation of zoning by indenting
grains and fine-scale dissolution were suggested to indicate
diffusion creep by Gower and Simpson (1992). Garlick and
Gromet (2004) inferred mixed phase distribution, high-energy
lobate/cuspate phase boundaries and predominance of equant
to sub-equant grains with low internal strain to be manifesta-
tions of melt-enhanced diffusion creep.

The following microstructures in group 1 plagioclase sug-
gest deformation by grain boundary controlled diffusion creep:
(a) the predominance of rectangular-shaped grains with low or
no internal strain that share high-energy boundaries widely
dispersed about 120�; (b) indenting nature of anorthite-richer
overgrowths on weakly zoned grains into neighboring plagio-
clase; and (c) impinged grains that truncate zoning profiles, yet
did not produce visible strain in the indented grain neighboring
the piercement. Grain boundary sliding (Rosenberg and
Handy, 2000) is possibly a necessary consequence of deforma-
tion by diffusion creep (Poirier, 1985; Garlick and Gromet,
2004). Grain shape changes induced by diffusion creep result
in incoherent grain contact (open spaces) and that are accom-
modated by grain boundary sliding (Adams and Murray, 1962;
Langdon and Vastava, 1982; Poirier, 1985; Gower and Simp-
son, 1992; Lapworth et al., 2002; Rosenberg and St}unitz,
2003; Garlick and Gromet, 2004). The best evidence of grain
boundary sliding in the marginal zone of the Bolangir anortho-
site pluton is provided by the varying lattice orientation (align-
ment of basal cleavage) of biotite grains along the margins of
plagioclases (Fig. 7b,c). Similar textures involving amphiboles
were invoked by Garlick and Gromet (2004) and Kruse and
Stunitz (1999) in favor of grain boundary sliding. The occur-
rence of strain-free rectangular plagioclase grains with straight
grain boundaries against biotite flakes (Fig. 7d) is also inferred
to indicate melt-assisted grain boundary sliding during diffu-
sion creep.

3.4. Spatial variation in plagioclase deformation
mechanisms

In contrast to the intercept lengths of recrystallized plagio-
clase grains (w100e600 mm) in the pluton interior, the major-
ity of multi-sized plagioclase grains (200e2500 mm) in the
pluton margin are larger (Fig. 4a). Since strain rates are
inversely related to the cube of grain size (Poirier, 1985),
the dominance of grain boundary controlled diffusion creep
(Cobble creep), in preference to dislocation creep, in coarser
grained rocks (Rybacki and Dresen, 2004) is a major concern.
The presence of melts is known to promote diffusion creep
(Kohlstedt and Zimmerman, 1996; Tullis et al., 1996; Hirth
and Kohlstedt, 2003) in multigrain aggregates and synthetic
analogues. The anorthosite-residual melts concordant with

intercepts were measured. (b) Circular frequency plots of preferred orientation

of plagioclase grains from the pluton interior (top set) and the pluton margin

(bottom set) relative to an arbitrarily chosen reference line that coincides with

0� in the circular plot. In the bottom set diagrams, the frequency plots in gray

shades and by continuous lines correspond to sections parallel and perpendic-

ular respectively to the margin-parallel foliation.
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Fig. 5. Crossed polar images (barring line sketch in e) of plagioclase microstructures in pluton-interior anorthosites. (a) Deformation bands in magmatic plagioclase

grains, but magmatic orthopyroxene grains are not internally strained. Plagioclase margins are bulged against orthopyroxene. (b) Deformation twins in former

magmatic grains are displaced relative to each other adjacent to microfracture (subsequently healed). Bulge nucleation (arrow) and the neo-crystallized grains

(arrowhead with bar) within deformation twins are shown. Sub-grains (unfilled broken arrow) are common proximal to the healed microfractures. The recrystal-

lized grains along the microfracture are continuous with and anchored to recrystallized grains bordering the fragmented magmatic grain. (c) Serrated margin and

grain boundary bulges between adjacent magmatic plagioclase grains. (d) A magmatic plagioclase grain (centre) occurring as raft within finer-sized plagioclase

grains. Anorthite content in plagioclase (mol %) grains indicated against the analyzed spots (filled circles). The finer-sized plagioclase grains are characterized by

un-equilibrated grain boundaries. (e) Line sketch showing grain tilling among euhedral plagioclase grains enclosed in coarse orthopyroxene. The structure occurs

as a raft within recrystallized plagioclase grains.
and discordant to margin-parallel foliation, magmatic flow
texture among euhedral plagioclase grains flow (cf. Guineber-
teau and Vigneresse, 1987; Vernon et al., 1988; Paterson et al.,
1989) and indenting overgrowths of anorthite-richer plagio-
clase indicate the presence of melts during pluton deformation
in the marginal zones. In all probability, a combination of syn-
deformational melts and enhanced strain rates due to melts (cf.
Jin et al., 1994; Hirth and Kohlstedt, 1995) facilitated grain
boundary controlled diffusion creep in plagioclase along the
pluton margin.

In contrast to the inferred presence of small melt fraction in
the pluton interior, the ability of plagioclase crystals (group 2)
to rotate and align along flow layers indicates larger melt frac-
tion existed during deformation of the pluton margin. The
presence of variable proportion of melt in the pluton suggests
that the temperature during deformation of the pluton interior
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Fig. 6. Crossed polar images of plagioclase microstructures in pluton-margin anorthosites. (a) Deformation twins in magmatic orthopyroxene grains (arrowhead

with bar). Pinned plagioclase grains against the orthopyroxene grain are absent. (b) Rectangular plagioclase grains (group 1) showing shape preferred alignment.

Grain boundary bulges (filled arrow) and serrated grain boundaries (arrow with bar) indicated. K-feldspar films between high-anorthite grain boundaries of adjacent

plagioclase grains shown by unfilled broken arrow. (c) Grain impingement (within circle) among rectangular plagioclase grains. The chemical zoning in the pla-

gioclase grain (right-centre) is truncated. (d) Group 1 plagioclase grains indenting (circles) neighboring plagioclase grains. The group 1 plagioclase grains adjacent

to the indentation lack strain and are zoned to anorthite-richer composition.
was comparable throughout pluton. Therefore, temperature
gradient within the pluton alone could not have induced the
interior to margin switch in deformation mechanisms in pla-
gioclase. Instead, the switch in plagioclase deformation pro-
cesses must have been induced by the varying fraction of
melt (crystal/melt ratio), i.e. higher at the margin compared
to the interior.

4. Pluton deformation

A convenient starting point for understanding pluton defor-
mation during emplacement is to consider the pluton compris-
ing grain-supported resident melts was emplaced in a regionally
deforming crust. Deformation of the pluton was effected by two
opposing stress fields, i.e. pluton expansion due to magmatic
flow acting from interior to the margin (Paterson et al., 1998;
Paterson and Fowler, 1993), and the far field stress (east-west
shortening) acting inwards into the pluton. Therefore, deforma-
tion at the pluton margin may be likened to the development of
a high temperature shear zone.
Since melts decrease the viscosity of deforming medium
(Barraud et al., 2004), partitioning of bulk strain was inescap-
able within the pluton depending the volume fraction of melt
present at any instant of time. Melt-richer parts accommodated
the shearing component of the bulk strain manifested by non-
coaxial magmatic flow. But melt-poor parts comprising
touching grains experienced progressive shortening and
deformation. In view of the time-space instability of a hetero-
geneous crystal-melt mush of a deforming pluton, a large
variety of microstructures operated in varying scales in dif-
ferent parts of the pluton. In domains that started with high
resident melt fractions, non-coaxial magmatic flow led to
grain tilling (cf. Nicolas, 1992). Deformation driven melt ex-
pulsion from these domains, led to grain to grain contact, and
the melt-wetted plagioclase grains experienced grain bound-
ary sliding in response to the imposed stress, thus largely
preserving the rectangular grain shapes. Biotite grains along
the plagioclase grain boundaries aided grain boundary sliding
(cf. Hirth and Kohlstedt, 1995; Park and Means, 1997). With
continued porosity destruction and melt expulsion, the touch-
ing plagioclase grains were deformed by melt-enhanced grain
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(a)

(b)

(c)

P-19

(d)

L-19

Bt
Qtz

Kfs

Bt

Fig. 7. Microstructures in anorthosites from the pluton margin. (a) End-to-end touching and side-to-side tiled grains of group 2 (magmatic) plagioclase grains

(image in crossed polars; P-19). The margins of the unstrained euhedral magmatic plagioclase grains are only marginally modified by recrystallization. (b)

BSE and (c) line sketch of the same field of view in P 19. In the line sketch, outlines of euhedral/subhedral group 2 plagioclase grains are shown, and albite

twin orientations in the grains are indicated by parallel lines. Note the weak preferred alignment among magmatic plagioclases (left to right). Biotite flakes lodged

along plagioclase margins are variably oriented. A majority of biotite (Bt) flakes and K-feldspar (Kfs) films (cf. Fig. 3b) along plagioclase grain boundaries occur

parallel to each other (left-bottom to right-top), and sub-parallel with the alignment of group 2 plagioclase grains. (d) Relatively strain-free rectangular grains of

plagioclase with boundaries limited by the basal cleavages of biotites (filled arrows) in anorthosite sample L 19. Plagioclase grains in the biotite-plagioclase bi-

phase aggregates are smaller and pinned. The quartz (Qtz) lenticle showing chessboard twinning (unfilled arrows) is parallel to the biotite flakes.
boundary sliding (Hirth and Kohlstedt, 1995; Park and Means,
1997) accommodated diffusion creep at the high temperature
and prevalent strain rates. This possibly explains the close asso-
ciation of the magmatic flow textures (group 2 plagioclase) and
diffusion creep textures (group 1 plagioclase) in anorthosites at
the pluton margin. On the contrary, microtextural features in the
pluton interior indicate deformation-recrystallization to have
largely outlasted magmatic flow/expansion of the pluton, al-
though microstructural features seem to suggest small amounts
of melts resided along grain boundaries.
If the pluton margin is analogous to a shear zone, one needs
to explain the coarser sizes of plagioclase grains along the plu-
ton margin relative to the interior. It is important to recall that
size reduction of plagioclase in the pluton interior via grain
boundary accommodated dislocation creep largely post-dated
growth of plagioclase by magmatic crystallization. By con-
trast, deformation in the pluton margin was achieved in the
presence of larger volume fraction of melt (enabling plagio-
clase grains to rotate by non-coaxial magmatic flow). By
implication, the magmatic plagioclase grains (group 2)
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continued to grow and coarsen in the magmatic state during
deformation, unlike in the pluton interior where former mag-
matic plagioclases experienced size reduction. Further, a ma-
jority of group 1 plagioclase grains in the pluton margin
may essentially represent group 2 magmatic grains that subse-
quently experienced grain growth by melt-assisted diffusion
creep. Another mechanism that may account for the larger
size of recrystallized plagioclase grains along the pluton
margin is analogous to strain-enhanced grain growth. Void
spaces produced by diffusion creep and grain boundary sliding
may also be healed by grain boundary migration sweeping
across the voids (Wilkinson and Caceres, 1984). Since shear
stresses during pluton emplacement were arguably among
the highest neighboring the pluton margin, grain boundary
sliding at the prevailing high strain and strain rate may lead
to crumpling of grain boundaries increasing the surface area
of the grains (cf. Wilkinson and Caceres, 1984). Grain bound-
ary migration in tandem with diffusion creep may have con-
tributed to deformation enhanced grain growth in plagioclase
near the pluton margin. In comparison, the magnitude of strain
experienced by the deforming pluton interior was arguably
lower, thereby inhibiting enhanced grain growth.

5. Conclusions

The inferences made in this study are the following: (1) fer-
rodiorites (residual melts of anorthosite crystallization) parallel
to and discordant with the pluton-margin parallel foliation,
magmatic flow among euhedral plagioclase grains in domains
neighboring the pluton margin, and thermo-barometric esti-
mates attest to near-solidus high temperature deformation of
the pluton; (2) the pluton interior experienced grain boundary
migration recrystallization accommodated dislocation creep
initiated along dissection microstructures in magmatic plagio-
clase grains weakened by the presence of small amounts of
melt; (3) the margin-parallel foliation in anorthosites defined
by the preferred alignment among magmatic plagioclase (group
2) and lenticles of recrystallized bi-mineralic aggregates is
attributed to magmaric flow and solid state deformation during
syn-deformational emplacement of the pluton; and (4) in the
pluton margin, poly-sized, largely-unstrained and rectangular-
shaped plagioclase grains with high-energy An-richer bound-
aries indenting and impinging into neighboring plagioclase
grains are inferred to indicate plagioclase (group 1) deformation
by grain boundary migration accommodated diffusion creep
during sub-magmatic flow. The margin-to-interior variation in
plagioclase deformation microstructures is correlated with
decrease in melt/crystal ratio consistent with experimental stud-
ies and numerical models that demonstrate melts to promote
diffusion creep in plagioclase at high temperature. The signifi-
cance of this study is that the inference is true when extended to
significantly coarser-than-experiment plagioclase grains.
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