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Abstract--The SEM electron channelling technique has been used to investigate the dynamic recrystallization of 
three quartz grains representative of optical textures observed in quartzite deformed under greenschist facies 
conditions. The degree of recrystallization has been determined at 10-20, ~ 50 and 100%, respectively. We 
demonstrate that dynamic recrystallization is a sequential process involving subgrain-grain rotation and grain- 
boundary migration. It initiates via subgrain polygonization on a single crystal slip system, and continues via 
subgrain and neoblast rotation on several slip systems. In the early stages of recrystallization (< 50%), the orien- 
tation relationships between subgrains-neoblasts and parent grains are systematic and are related to the domi- 
nantly active crystal slip systems. Beyond ~ 50% recrystallization, orientation relationships are less systematic 
and this is attributed to an increase in the activity of grain-boundary migration. However, dynamic recrystalliza- 
tion is potentially a cyclical process with new subgrains forming within migrational neoblasts due to continued 
deformation. The three sequences represent different stages in the same continuous, time- or strain-dependent, 
dynamic recrystallization history. They therefore combine to give a generalized dynamic recrystallization history 
for greenschist facies quartz grains at low to moderate strains. Porphyroclasts have similar recrystallization his- 
tories because the original bimodal grain size distribution leads to strain partitioning, allowing the porphyro- 
clasts to rotate into weak orientations with the subsequent activation of weak crystal slip systems. 

INTRODUCTION: DYNAMIC 
RECRYSTALLIZATION 

DYNAMIC recrystallization occurs during deformation 
(e.g. Poirier & Guillope 1979) and involves the establish- 
ment of an array of grain boundaries in new material 
positions (Means 1983) and the formation and/or 
migration of grain boundaries (Vernon 1981). These 
processes operate in order to minimize strain energy. 
The definition of dynamic recrystallization depends on 
the scale of the observation. Urai et al. (1986) suggest 
that at the scale of a grain boundary all dynamic 
recrystallization in silicates takes the form of grain- 
boundary migration, achieved by the mobility of 
atoms. This conforms with the metallurgical interpreta- 
tion of dynamic recrystallization (e.g. Cahn 1965). 
However, despite a large and widespread effort, the 
physical nature of grain boundaries in geological 
materials remains unclear (White & White 1981, 
McClaren 1986, Hay & Evans 1988), which prevents, 
for the moment, the adoption of the metallurgical 
approach by earth scientists. 

At the grain scale, dynamic recrystallization pro- 
duces two characteristic crystallographic textures which 
are interpreted to represent two distinct processes: (1) 
progressive misorientation of subgrains; and (2) grain- 
boundary migration. However, both processes often 
result in similar microstructures, leading to misinterpre- 
tation. There is also a danger of misinterpretation 

between real dynamic recrystallization and similar opti- 
cal microstructures which are now known to be pro- 
duced by fracturing and kinking (Urai et al. 1986). The 
importance of the latter cannot be overstated since 
most mierostructural investigations are performed at 
the grain scale. 

Some authors have suggested that the full range of 
phenomena observed at the grain scale is not ade- 
quately described by a two-fold categorization (Urai et 
al. 1986, Drury & Urai 1990) and that there are four 
characteristic microstructures, which imply four dis- 
tinct processes. These processes are, respectively (Drury 
et al. 1985): (1) subgrain rotation; (2) subgrain growth; 
(3) grain-boundary bulging; and (4) grain growth. 
Items (2), (3) and (4) effectively represent a superset of 
the migration recrystaUization end-member and 
although they may be recognizable in experimental stu- 
dies, their practical use in the description of rock tex- 
tures and microstructures is somewhat limited. 

Grain-boundary migration 

During grain-boundary migration the internal elastic 
strain due to unbound dislocations is relaxed as the 
strained grain is 'consumed' by a neighbouring, rela- 
tively strain free, grain(s). The intervening grain bound- 
ary sweeps across the deformed lattice leaving re- 
ordered and strain-free crystal structure in its wake. 
There is some evidence to suggest that this process may 
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be assisted by the presence of a grain-boundary fluid 
(Ohtomo & Wakahama 1982, 1983, Toriumi 1982, 
Urai 1983, 1985). Grain-boundary migration is gener- 
ally a conservative process, although material may be 
lost or gained where it is associated with diffusive mass 
transfer. The direction of migration of boundaries is 
away from their centre of curvature. This leads to a dis- 
tinctive microstructure because initially straight bound- 
aries become lobate or sutured, and often show a 
tendency to bulge (e.g. Etheridge & Hobbs 1974, 
Vernon 1975, 1981, Av6 L'Allement 1978, McClay & 
Atkinson 1977; see also Hirth & Tullis 1992). One of 
the implications following the concept of grain-bound- 
ary migration is that the physical manifestation of a 
grain is only temporarily associated with its material 
points (e.g. Means 1989). 

The velocity of grain-boundary migration (Vgbm) is 
influenced by the relative crystallographic characteris- 
tics of adjacent grains, the driving force(s), temperature 
and the structure of the boundary. Crystallography 
exerts a complex influence and several orders of magni- 
tude increase in Vgbr n c a n  occur as the mismatch 
between adjacent grains increases (Haessner & Hoff- 
man 1978).  Furthermore, orientation differences 
between adjacent grains have a primary effect on rela- 
tive deformation rates and hence dislocation densities, 
which leads to a secondary effect on Vgbm rates. Driving 
forces include lattice defects, grain-boundary energy, 
chemical free energy and external elastic energy, and 
always lead to a decrease in internal strain energy. 

It has been shown for metals that Vgbm has a first- 
order rate dependency on temperature (Haessner & 
Hoffman 1978, Guillope & Poirier 1979) and a similar 
relationship is expected for minerals. At relatively high 
homologous temperatures, migration will dominate any 
microstructure, even during deformation (e.g. Jessell 
1986, Means & Jessell 1986, Means & Ree 1988, Bons 
& Urai 1992). This is also the situation which exists in 
metamorphic aureoles, particularly close to the igneous 
contact, during both dynamic and static (annealing) 
recrystallization conditions (e.g. Joesten 1983). 

The structure of the boundaries includes whether 
they contain a fluid phase ('dry' or 'wet' boundaries) 
and the presence or absence of impurities. Migration 
rates are potentially enhanced by the presence of a 
fluid phase, whilst the presence of impurities (whatever 
the scale) can seriously retard grain-boundary migra- 
tion (see discussion in Hay & Evans 1988, for details). 

Subgrain rotation 

The microstructures typical of subgrain rotation 
dynamic recrystallization are the so-called 'core-and- 
mantle' structure (Gifkins 1976, White 1976) and, par- 
ticularly where recrystallization is complete, clusters of 
grains with similar orientations. Grain-boundary triple 
junctions and/or 120 ° dihedral angles are rare, in the 
absence of grain-boundary migration. 

There is little documentation on the actual processes 
involved in subgrain rotation, but these are likely to 

include: accommodation of misorientation across 
boundaries (by some degree of subgrain and grain- 
boundary migrations); deformation and strain compat- 
ibility (Cobbold et al. 1984); and the influence of exter- 
nal loads. Thus, the controls on, and velocity (Vrm) of. 
rotational subgrain boundary dynamic recrystallization 
are much less understood than for migration. However, 
we know that crystal structure must influence the abil- 
ity of a grain to form subgrains because it controls 
directly the propensity of a grain to undergo heteroge- 
neous deformation. 

Observations show that during subgrain rotation 
new grains or neoblasts evolve by the addition of dislo- 
cations of predominantly one sign into an existing sub- 
grain wall. This produces relative rotation of the lattice 
on either side of the subgrain wall and eventually leads 
to the development of a high-angle grain boundary 
(e.g. Garofalo et aL 1961, Poirier & Nicolas 1975). The 
misorientauon needed to establish a new grain during 
rotational recrystallization is largely a matter for defini- 
tion because published values depend on the method 
and precision of observation. Suggested values range 
from 1 ~- to 15 ° (e.g. Poirier & Nicolas 1975. Guillope & 
Poirier 1979, Fitzgerald et al. 1983), usually measured 
relative to a specific crystal direction (e.g. quartz c-axis 
via optical microscopy) and may therefore ignore or 
dismiss alignments of other crystal directions which are 
not readily determinable (e.g. quartz a-axes). 

We propose that a more pragmatic definition of a 
"new" grain (resulting from rotation recrystallization) 
corresponds to a threshold misorientation al which 
boundary migration may occur for the given tempera- 
ture. Thus. we expect high misorientations and marked 
rotation microstructures at low homologous tempera- 
tures, and low mlsorientations and a much diminished. 
relatively, rotation free microstructure at high homolo- 
gous temperatures. This is consistent with the observa- 
tions of Hirth & Tullis (1992), who note the tendency 
of subgrain rotation to be favoured by high deviatoric 
stresses and low temperature. 

Distinction between migration and rotation 

An essential difference between the two basic 
dynamic recrystallization processes becomes obvious if 
we consider the behaviour of a single porphyroclast. 
For migration, the newly formed grains within the ori- 
ginal porphyroclast grain boundary will have their 
crystallographic orientations controlled by the neigh- 
bouring grains. Thus, the new grains represent a 
sample from the bulk fabric. Conversely, for rotation, 
the newly formed grains are derived from the porphyr- 
oclast and hence their crystallographic orientation will 
depend on the orientation of their host (e.g. Poirier & 
Nicolas 1975). Normally, this subfabric does not have 
a simple relationship to the bulk fabric, although it 
should contain information on the specific slip systems 
active during deformation. 

In order to understand how these two fundamentally 
different processes co-operate requires a complete crys- 
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tallographic description, combined with a spatial 
description, of the porphyroclast, new subgrains and 
neoblasts, and neighbouring grains. Due to technical 
limitations, this is not possible with conventional tech- 
niques (e.g. optical microscopes fitted with a universal 
stage, transmission electron microscopy, X-ray texture 
goniometry). However, all the required data are acces- 
sible using the scanning electron microscope (SEM) 
operated in the electron channelling (EC) mode (Joy et 
al. 1982, Lloyd 1987, Lloyd et al. 1991, 1992). 

SAMPLE AND ANALYTICAL DETAILS 

Sample location 

In this study we are concerned only with the 
dynamic recrystallization of quartz grains in relatively 
pure quartzites (see also Hobbs 1968, Tullis et al. 1973, 
Hirth & Tullis 1992), which represent a relatively 
simple geological system. The sample studied comes 
from a relatively pure quartzite bed in the Crinan Grits 
of the Argyll Group, Dalradian Supergroup, southwest 
Highlands of Scotland. Its structural position is in the 
limb between the NW syncline and the Cnoc Stigsheir 
anticline (U.K. Ordinance Survey grid reference NR 
712768), which comprise part of the major Kilmory 
Bay syncline (Freeman 1985). Although elsewhere in 
the southwest Highlands deformation is clearly poly- 
phase, this fold is a primary structure which is largely 
unaffected by subsequent (i.e. post-D1) disturbances 
(Roberts 1977, Freeman 1985). The presence of chlorite 
in cleavage fabrics and actinolite in the nearby meta- 
gabbro intrusives indicate syn-deformational green- 
schist facies metamorphism. Oxygen isotope geother- 
mometry (Kerrich et al. 1977) suggests temperatures of 
370-400°C. 

Many beds within the Crinan Grits contain slightly 
carbonate-rich concretions which have near perfect 
elliptical outlines on flat planar sections. The lack of 
cleavage refraction about these concretions indicates 
that in spite of the compositional difference between 
them and the surrounding rock, they nevertheless 
behaved approximately as passive markers during 
deformation. Furthermore, their consistently similar 
axial ratios and parallelism with cleavage on nearly all 
sections indicates that they were probably almost 
spherical before deformation. These concretions there- 
fore make ideal strain markers and at the sample local- 
ity the axial ratio of the strain ellipse determined from 
concretion measurements made on a single outcrop 
plane is 4.7:1 (Freeman 1984, 1985). We take this to be 
a minimum value for the X Z  section through the strain 
ellipsoid (where X >/ Y t> Z). 

Sample description 

Thin-sections were made from the sample parallel to 
all three principal planes of the strain ellipsoid. How- 
ever, in this study we confine our attention to a single 

30 #m thick thin-section cut parallel to the X Z  section. 
Unlike transmission electron microscopy, the electron 
beam does not usually damage the specimen during 
SEM analysis, and hence the same specimen can be 
examined repeatedly using both SEM and optical tech- 
niques. We have used conventional optical microscopy 
to describe the bulk rock texture and strain homogene- 
ity in the sample considered. These observations are 
summarized as follows. 

Quartz grain sizes are bimodally distributed between 
a small size fraction (~< 50 #m) consisting of matrix and 
recrystallized grains, and a large size fraction (~< 1000 
pm) consisting of porphyroclasts. To some extent, the 
porphyroclasts retain their original rounded sedimen- 
tary character (e.g. Lloyd & Freeman 1991a, fig. la; 
compare also Fig. l a in this paper). Those which have 
suffered little or no recrystallization define a weak 
dimensional preferred orientation (DPO) parallel with 
cleavage. Matrix grains are polygonal and have no 
DPO. Boundaries between grains are either straight or 
slightly bowed with occasional bulges. We interpret 
these as incipient grain-boundary migration textures. 
Grain and high-angle subgrain boundaries are often 
decorated with fluid inclusions. There is a predomi- 
nance of four (and higher) grain point contacts over 
triple point contacts, which implies that microstruc- 
tural equilibrium has not been reached. 

Impurities are present in the microstructure in the 
form of accessory feldspars, micas (muscovite and 
chlorite) and futile. The micas fall into three morpholo- 
gical groups: (1) small, evenly spaced sub-euhedral 
laths with a slight DPO parallel to the bulk extension 
direction; (2) semi-continuous seams, usually only one 
crystal in width, which form an anastomosing pattern 
controlled by the location and size of the quartz por- 
phyroclasts--these define the rock cleavage seen at out- 
crop and hand-specimen scales; and (3) dispersed 
ragged clumps in the strain shadows of detrital or 
recrystallized porphyroclasts. Dark field illumination 
shows that many of the quartz porphyroclasts contain 
abundant rutile inclusions. Freeman (1984) has shown 
how these inclusions permit calculation of the degree of 
dynamic recrystallization. In this specimen we find that 
~ 12% of the total rock volume consists of new grains 
dynamically recrystallized from porphyroclasts and 
that the volume of porphyroclasts has been reduced by 
,-,37%. 

Two independent methods of strain analysis show 
that deformation is heterogeneous between porphyro- 
clasts and matrix. First, rutile inclusion orientation dis- 
tributions (approximately von Mises) have a variability 
which can only be explained by heterogeneous strain 
(Freeman 1985). The distributions have been character- 
ized by their 'fl2-values' (a statistical index which 
describes the fourth sample moment, or kurtosis, of the 
distribution; see Lloyd 1983, for details). These indicate 
a minimum 'porphyroclast-equals-dislocation-creep' 
strain of between 1.4 and 2.8 (Freeman 1985). Second, 
Rf/~b measurements made from the pre-recrystallization 
grain boundary shapes and orientations of porphyro- 
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Table 1. Predicted orientations of  crystal directions due to rotational dynamic recrystallization oll specific crystal slip systems (e.g. Figs~ 3c 
and 4c). 

Crystal slip systems 

Positive Negative Positive acute Negative acute 
Pole Basal-a Basal-m Basal prism rhomb-a rhomb-a rhomb-a rhomb-a 

c great circle great circle cluster parallel to 37/143 ° small 37/143 ° small 52/128 ~ small 52/128 ~ small 
through a slip through m slip rotation axis circle circle circle circle 
pole pole 

rotation axis great circle 
cluster; through m slip 

60/120 ° small pole; 
circle 30/150 ° small 

circle 

rotation axis 
cluster; 

60/120 ° small 
circle 

great circle 53/127 ° and 72/ 53/127 ̀> and 72/ 37/143 ~ and 67/ 37/143 and 67/ 
through basal 108 ° small 108 ° small 113 ° small 113" small 
plane circles circles circles circles 

great circle great circle 58/122 ° small 58/122 '~ small 47/133" small 47/133' small 
through a slip through basal circle: circle: circle: circle: 
pole plane great circle great circle great circle great circle 

30/150 ° small through slip through slip through slip through slip 
circle pole pole pole pole 

33/147 ° and 66/ 44/136 ̀> small 57/123 ° small 47/133 ° and 85/ 19/161 ° and 80/ 70/110 and 49/ 5 /175 small 
114 ° small circle; circle 95 ° small 100 ° small 131 ° small circle: 
circles rotation axis circles circles circles great circle 

normal  great through slip 
circle pole 

33/147 ° and 66/ 44/136 ° small 57/123 ° small 19/161 >̀ and 80/ 47/133 ° and 85/ 5,<175 ̀ circle; 70/110' and 49/ 
114 ° small circle; circle 100 ° small 95 ° small great circle 131" small 
circles rotation axis circles circles through slip circles 

normal great pole 
circle 

clasts define patterns which do not satisfy a hetero- 
geneous strain model because the implied strain ratio is 
inconsistent with the position of the 50o  of data curve 
(Freeman 1985). 

Analytical procedures 

In this study, we augment the observations of Lloyd 
& Freeman (t991a) on Grain B with observations on 
two other grains from the same thin-section: Grain A, 
10-20% dynamically recrystallized; and Grain C, 100% 
dynamically recrystallized. We can be certain of the par- 
entage of all subgrains and most neoblasts in this speci- 
men (whether via rotation or migration processes) 
because the original grain dimensions and positions 
have been determined from rutile inclusions (Freeman 
1984, 1985). Our principal aim is to distinguish the spe- 
cific dynamic recrystallization process(es) which have 
occurred. Thus, we look closely at subgrain and neo- 
blast orientations with respect to their parent grain and 
also the parent grain's absolute orientation in terms of 
the bulk finite strain ellipsoid. We should therefore be 
able to define individual dynamic recrystallization his- 
tories for the grains under scrutiny, from which it is pos- 
sible to make predictions about the dynamic 
recrystallization history for other grains in the specimen. 

We adopt the same approach described by Lloyd & 
Freeman (1991a,b), using the advantages offered by the 
SEM-EC technique and the computer-aided indexing 
program CHANNEL (Schmidt & Olesen 1989). Lloyd 
& Freeman (1991a,b) used SEM-EC to compare crys- 
tal pole-figure diagrams for an individual quartz por- 

phyroclast (Grain B, ~ 50% dynamically recrystallized) 
with theoretical crystal direction dispersion paths for 
individual crystal slip systems. Changes in crystal orien- 
tation can occur by the movement of dislocations on 
specific crystallographic slip systems. Each system com- 
prises a slip plane and a slip direction within this plane. 
In practice, slip can occur on many different crystal 
systems. Furthermore. due to the trigonality of quartz. 
most slip systems have three alternative dispersion pat- 
terns and centres of rotation (e.g. Figs. 3b & c and 4b 
& c). The combined range of dispersion paths predicted 
for an individual slip system results in complex inter- 
connected distributions consisting of small-/great-circle 
regions of relatively high frequencies, separated by 
regions of  low/zero frequencies. The possibility perhaps 
exists for a crystal direction migrating along a disper- 
sion path determined by one rotation centre, to switch 
to a related centre at the intersection of the respective 
pathways. This situation may allow significant increase 
in the migrational mobility of crystal directions and 
contribute to the development of preferred crystallo- 
graphic orientations via the operation of a single crys- 
tal slip system in different directions. 

Thus, for progressive rotational mlsorientation each 
slip system is characterized by specific relationships 
between the principal crystal directions involved. For 
example, basal-plane slip in the direction of M3 pro- 
duces subgrains and neoblasts with a coincident set of 
a axes parallel to A2: the c axes disperse along a great 
circle with A2 as its pole and the remaining a and m 
poles disperse on small circles centred on A2 (see Lloyd 
& Freeman 1991a). It is these relationships (summar- 
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Fig. 1. Microstructural observations and crystallographic orientations determined via SEM-EC for Grain A (10-20% 
dynamically recrystallized). (a) SEM-EC orientation contrast image of porphyroclastic microstructure; scale bar 200 #m. 
(b) Schematic location map showing positions of subgrains and/or neoblast grains (1-45) from which ECPs were obtained. 
(c) Individual orientation pole figures for the principal crystal directions c, m, a, r and z (X, east-west; Z, north-south; Y, 

vertical); see Table 2. Also shown is the inverse pole figure for the ECP/grain/specimen normal directions. 
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Fig. 2. Microstructural observations and crystallographic orientations determined via SEM-EC for Grain C (100% 
dynamically recrystallized). (a) SEM-EC orientation contrast image of porphyroclastic microstructure; scale bar 200/~m. 
(b) Schematic location map showing positions of  neoblast grains (1 64)  from which ECPs were obtained. (c) Individual 
orientation pole figures for the principal crystal directions c, m, a, r and z (X, east-west; Z, north-south; Y, vertical); see 

Table 2. Also shown is the inverse pole figure for the ECP/grain/specimen normal directions. 
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ized in Table 1) which are responsible for the develop- 
ment of distinctive crystal fabrics and microstructures. 
However, it should be emphasized that the dispersion 
patterns are not necessarily unique for a specific crystal 
slip system. For example, basal-plane slip accommo- 
dated in equal, alternate steps parallel to two adjacent 
m directions will produce exactly the dispersion 
patterns anticipated for basal-plane slip parallel to the 
intervening a axis. Nevertheless, we might expect this 
to be a unique situation and in general the alternating 
steps will probably involve unequal amounts of slip 
resulting in complex dispersion patterns, perhaps simi- 
lar to those shown in Lloyd & Freeman (1991a, fig. 7). 

Using the dispersion pattern approach, it is possible 
to establish whether a relationship exists between the 
dynamically recrystallized regions and the parent grain. 
This information can then be used to distinguish 
between rotational and migrational processes and to 
establish the dynamic recrystallization history for a 
particular porphyroclast. 

PORPHYROCLAST DYNAMIC 
RECRYSTALLIZATION 

Microstructural observations 

(a) Grain A: 10-20% dynamically recrystallized. This 
grain (Fig. la) consists mostly of subgrains, although 
two distinct regions are distinguished: a central core 
region of rather diffuse orientation contrast and sub- 
grain definition is surrounded by a mantle region of 
more pronounced and generally equant subgrains. SEM 
electron channelling patterns (ECP) from the core 
region are very distorted, indicating a high density of 
dislocations which have only partially coalesced to form 
distinctive subgrain walls. Accurate indexing of these 
patterns (i.e. numbers 46-67, Fig. lb) proved difficult 
and they have been omitted from the analysis (e.g. Table 
2). Variation in crystal orientation within this grain due 
to dynamic recrystallization is of minor significance and 
hence the original orientation of the parent grain is close 
to that of the mantle. We have obtained ECPs from 43 
'subgrains' within the mantle (Fig. lb), from which the 
principal crystal direction pole figures have been derived 
(Figs. lc and 3a). 

Just over half (23) of the subgrains have barely resol- 
vable differences in orientation (summarized in Table 
2), although there is an obvious slight dispersion 
(amounting to ~ 5 °) away from the parent orientation 
(Fig. lc). The positions of maximum frequency define a 
'single crystal' (Fig. 3b), which almost certainly repre- 
sents the orientation of the original parent porphyro- 
clast grain (which we shall assume is defined exactly by 
ECP 30). The orientations of the remaining 21 sub- 
grains appear to be rather remote from this origin and 
hence these should perhaps be referred to as neoblasts. 
However, many appear to be related to the parent 
orientation by strings of connected orientations (see 
also Table 2). This observation is central to our inter- 

pretation of the processes active during the dynamic 
recrystallization of this grain (see below). 

(b) Grain C: 100% dynamically recrystallized. The 
texture of this originally porphyroclastic grain suggests 
that it is now totally replaced by much smaller neo- 
blasts (Fig. 2a). Original subgrains are not obvious but 
many of the neoblasts contain distinct subgrain micro- 
structures which probably represent subsequent 
dynamic recrystallization processes. However, only the 
determination of the crystal orientations of the neo- 
blasts (and their subgrains) relative to the parent por- 
phyroclast orientation can verify this textural 
interpretation. 

We have obtained ECPs from 63 'neoblasts' (Fig. 
2b) within the original porphyroclastic grain region (as 
defined by 'internal' rutile needle inclusion fabrics and 
'external' mica grain-boundary decoration). Distribu- 
tions of the principal crystal directions are dispersed 
(Figs. 2c and 4a), verifying the textural interpretation 
that the original porphyroclast now consists of many 
smaller neoblasts (note: subgrains within these neo- 
blasts have orientations similar to each other and to 
their enclosing neoblast, but often very different from 
neighbouring neoblasts-neoblast-subgrains; this indi- 
cates that these are new generation subgrains, devel- 
oped late in the dynamic recrystallization history after 
the development of the neoblast microstructure). The 
dispersed distributions make it difficult to recognize a 
reference orientation close to the original orientation of 
the parent porphyroclast, although several clusters of 
orientations do occur in each pole figure. The largest of 
the c clusters (comprising neoblasts 37-43, 53, 55 and 
56) is also represented by clusters in the other pole fig- 
ures. Thus, these neoblasts define an approximate 
'single crystal' orientation (Fig. 4b). We shall therefore 
use this orientation (specifically ECP 40) to represent 
an internally consistent reference which allows compar- 
ison between all neoblast grains. 

The simple systematics recognized in the crystal 
fabric of Grain A (and also Grain B of Lloyd & Free- 
man 1991a) are not immediately apparent in Grain C 
due to the larger rotations involved. Despite these large 
rotations, clusters of coincident orientations do occur. 
The criterion for deciding whether two directions are 
coincident is that their cones-of-error associated with 
initial measurement overlap (the error cone subtends 
an angle of ~ 5°). We can use this to show that the 
orientations in Grain C are non-random, as follows. 
Consider two adjacent grains with unknown, random 
orientations. There are nine opportunities for coinci- 
dent a (or m, r or z) directions. Hence, the probability 
of observing a coincidence of a axes is 9 E/A, where E 
is the surface area of the hemisphere intersected by the 
cone-of-error, and A is the surface area of the entire 
hemisphere. In terms of Grain C, the probability of 
observing a coincidence is 0.04, whereas the observed 
coincidence is 0.18 (i.e. 4.5 times the random expecta- 
tion). This clearly suggests that the crystal fabric of 
Grain C is also non-random. 
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Tab le  2. Co inc idence  re l a t ionsh ips  be tween  pa r en t ,  s u b g r a i n s  a n d  neob la s t s  in G r a i n s  A (1-45)  a n d  C (l-~r4) d e t e r m i n e d  via S E M  E C P  a n d  
CHANNEL ana lys i s  

ue 

c l a l a l a l m l m l m ]  r r r z z 

m m u ~ m u u m u ~ n u m m m u ~ m u ~  
~mmammmmmmmannm~mmmmammm 
~mmamimmmmmaanm~mmmmammm 
~miamiamnaamimmmmmmmamm~ 

~ a a a a a a n a a n a a a n m m m i m m m  
n n n n n n n n n n o o n o m ~ n n m n m m m n n  

~ n a a a a a a a a a a a o n m n m m n m e  

~ n a a a a a n a a a n a m i ' $ 1 m n n m m n ~  
~mmmnmmnmmmaaammmmnmmamm 

~ m n m m n n u m m m m i u m n m n n m m ~  
~ n n m m n n n m m m m m n n m m m m m m ~  
~mimaimamnmaimm~mmmmmamm 
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In fact, all but two (63 and 64) of the neoblasts 
examined have at least one crystal direction which is 
either coincident with, or only slightly dispersed from, 
the reference 'single crystal' orientation (summarized in 
Table 2). Furthermore, the large number of coincident 
crystal directions between the neoblasts and the 'single 
crystal' reference orientation (~  50%) suggests that the 
latter actually represents the orientation of the original 
parent porphyroclast (Fig. 4b). 

Recrystallization processes 

(a) Grain A. In general, the crystal pole figures (Figs. 
lc and 3a) show only slight dispersion from the original 
parent grain orientation (Fig. 3b). Four distinct clusters 
(C, M2, A2 and Z2) can be recognized within the respec- 
tive dispersion patterns, which suggests that these posi- 
tions may have acted as rotation centres (Fig. 3c; see 
also Table 1). However, the dispersion trails of the prin- 
cipal directions away from the parent positions are 
almost wholly characteristic of basal-A1 slip about the 
M2 position and negative acute rhomb-A1 slip about 
the Z2 position. It is significant that the slip direction 
(A1) is not only the same for both systems but is also the 
direction close to the specimen X direction. Minor con- 
tributions (based on the relatively slight amounts of 
associated dispersion) from basal-M3 slip about A2 and 
'basal prism' slip about C (although the specific slip 
direction cannot be determined) cannot be ruled out. 
The former is also characterized by a slip direction close 
to X, whereas the latter system could slip parallel to 
either A1 and/or M3. Finally, a few subgrains (see Table 
2) also show a transposition of some or all of their r and 
z directions in a manner typical of Dauphin6 twinning 
(e.g. Lloyd et al. 1992, Mainprice et al. 1993). 

Some 'subgrains' show large deviations of their crys- 
tal directions from the parent origin and we consider 
these to be neoblasts. They often have complex orienta- 
tion relationships with the parent grain and probably 
developed via a combination of slip systems (see discus- 
sion of Grain B by Lloyd & Freeman 1991a). However, 
because parts of the boundary of Grain A proved diffi- 
cult to define, it is possible that some of these neoblasts 
were not part of the original porphyroclast but devel- 
oped (either by rotation or migration) from adjacent 
parent grains with different orientation characteristics. 

Thus, the crystal direction dispersion patterns and 
relationships exhibited by Grain A are consistent with 
crystal slip and hence rotational dynamic recrystalliza- 
tion. This supports the suggestion made by Lloyd & 
Freeman (1991a), based on observations made on 
Grain B, that dynamic recrystallization under these 
temperature and strain rate conditions is initially domi- 
nated by subgrain rotation. 

(b) Grain C. The large dispersion of the crystal direc- 
tion distributions for this grain (Figs. 2c and 4a) makes 
interpretation of specific slip systems difficult. How- 
ever, the statistically significant occurrence of neoblast 
crystal directions coincident with a 'single crystal' refer- 

ence orientation (Fig. 4b) suggests that it should be 
possible to determine at least part of the dynamic 
recrystallization history. Indeed, comparison between 
the observed (Figs. 2c and 4a) and predicted (Fig. 4c) 
crystal direction distributions are surprisingly good 
given the potential complexity of the processes 
involved. The following dispersion patterns are recog- 
nized. 

The crystal pole figures (Figs. 2c and 4a) include 
three distinct clusters (C, M3 and Z2) within the 
respective dispersion patterns, parallel to the parent 
orientations (Fig. 4b), which suggests that these posi- 
tions may have acted as rotation centres (Fig. 4c; see 
also Table 1). the M3 cluster is responsible for much of 
the observed dispersion and is consistent with basal-A! 
slip. The Z2 cluster is also responsible for significant 
dispersion and is consistent with negative acute rhomb- 
A3 slip. Most of the remaining scatter in the pole fig- 
ures can be explained by basal-prism slip about C 
(although the specific slip direction cannot be deter- 
mined). In contrast to Grain A, there is little evidence 
for basal-m slip about any of the three a axes. The 
observed favoured slip directions are parallel to A1 and 
A3. The latter is very close to the specimen X direction 
and perhaps constrains the basal-prism slip system to 
<M2>(A3),  although <M3>(A1)  remains a possibi- 
lity. A few subgrains (see Table 2) show a transposition 
of some or all of their r and z directions in a manner 
typical of Dauphin6 twinning (e.g. Lloyd et al. 1992, 
Mainprice et al. 1993). This grain also contains an even 
greater number of anomalously large neoblasts than 
Grain B (compare Lloyd & Freeman 1991a, fig. 1). 
These neoblasts have long, straight boundaries termi- 
nating in 120 ° triple junctions (Figs. 2a & b) which indi- 
cate that significant, perhaps even post-kinematic, grain 
growth has occurred. 

The crystal textures and coincidence relationships 
determined for Grain C are not too dissimilar from 
those recognized more clearly for Grain B mantle neo- 
blasts (Lloyd & Freeman 1991a, figs. 5-8). We there- 
fore conclude that the observed distributions and 
coincidences of crystallographic directions are again 
directly related to the dynamic recrystallization pro- 
cess(es). This leads us to make similar interpretations 
regarding the dynamic recrystallization history of 
Grain C. The recrystallization process initiated via 
crystal slip on a basal-a system. Although this system 
dominates the history, increasing misorientation 
requires additional slip systems to be activated (i.e. 
acute rhomb-a and basal-prism slip systems). However, 
the presence of numerous anomalously large neoblasts 
suggests that some or much of the initial rotational 
microstructure subsequently has been consumed by the 
growth of selected neoblasts involving grain-boundary 
migrational processes. It is not clear from the analysis 
whether the observed twin relationships are deforma- 
tion or inherited features. Thus, although dynamic 
recrystallization initiated as a subgrain-grain rotational 
process (and significant recrystallization was achieved 



878 G .E .  LLOYD and B. FREEMAN 

Table 3. Predicted crystal slip systems recognized from pole figure dispersion patterns for 
Grains A and C (this study, e.g. Figs. 3 and 4), and Grain B (Lloyd & Freeman 1991a) 

Crystal slip system Grain A Grain B Grain C 

-al Yes Yes Yes 
Basal plane -a2 

-a3 ...... Yes 

-m I .... Yes 
Basal plane -m2 - 

-m3 Yes Yes 

Prism planes 
-al Yes Yes Yes 
- a 2  ..... 

-a3 Yes Yes 

-m I Yes 
Prism planes -m2 

-m3 Yes Yes 

Positive rhomb planes 
-al 
-~12 

-a3 

Negative rhomb planes 
-al 
-a2 
-a3 

Positive acute rhomb planes 
-al 
-a2 Yes 
-a3 

Negative acute rhomb planes 
-a I Yes 
- a 2  . . . .  

-a3 Yes Yes 

by this process), grain-boundary migration eventually 
becomes important. 

DISCUSSION 

Our SEM-EC observations (including those reported 
in Lloyd & Freeman 1991a) have recognized the fol- 
lowing textural and fabric relationships in the dynami- 
cally recrystallized porphyroclasts of this greenschist 
facies Dalradian quartzite: (1) systematic variation in 
subgrain c direction orientations (e.g. mantle subgrains 
in Grain A, core subgrains in Grain B); (2) neoblasts 
which share a coincident m or a direction orientation 
and have only a small c direction misorientation with 
the parent grain (e.g. Grain A, Grain B group B2); (3) 
neoblasts which share a coincident m or a direction 
orientation and have a large c direction misorientation 
with the parent grain (e.g. Grain A, Grain B group 
Bla, b and Grain C); (4) neoblasts which share a coin- 
cident c direction orientation with the parent grain and 
whose a or rn directions are distributed along the great 
circle defined by the basal plane to this grain (e.g. 
Grain B group B3); (5) neoblasts with neither coinci- 
dent nor systematic c direction orientations or misor- 
ientations, but (local) coincidence of either a, m or r/z 
direction orientations (e.g. Grain C); and (6) transposi- 
tion or r and z directions. We now use these relation- 
ships to suggest a composite dynamic recrystallization 

history for the quartz porphyroclasts in this representa- 
tive specimen (see Fig. 5 and Table 3). 

Our observations confirm the suggestion made by 
other workers (e.g. Hobbs 1968, Ransom 1971, Wilson 
1973) that the dynamic recrystallization of an indivi- 
dual quartz porphyroclast (Fig. 5.1) is a sequential 
process involving both subgrain-grain rotation and 
grain-boundary migratxon. Dynamic recrystallization 
initiates as a subgrain rotauon process via 'bending' of 
the parent grain on a single crystal slip system to form 
elongate polygonized subgrains, with a systematic 
orientation relationship between subgrains and parent 
(Fig. 5.2). This process can accommodate only small 
strains before subgrain rotation is activated; preserved 
polygonized subgralns are restricted to the least dyna- 
mically recrystallized parts of grains (e.g. Fig. 5.3: i.e. 
most of Grain A, core region of Grain B). Other grain 
regions, especially the mantle, continue to recrystallize 
due to rotation and crystal slip to form neoblasts (Fig. 
5.4). To achieve large misorientations between neigh- 
bouring grain clusters requires more than one active 
slip system, but systematic orientation relationships 
between subgrains and/or neoblasts and their parent 
can still be recognized. Thus. whilst at first basal-a slip 
is sufficient to accommodate the misorientations (e.g. 
Grain A), eventually other systems (specifically basal- 
m. acute rhomb-a and basal-prism parallel to both a 
and m) need to be activated (e.g. Grain B). 

Re-examination of Lloyd & Freeman's (1991a,b) 
crystal fabric data for Grain B reveals individual r 
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Fig. 5. Schematic summary of the dynamic recrystallization history of an individual porphyroclastic quartz grain deter- 
mined by combining observations made on Grains A, B and C. The range of microstructures covered by each grain and 
the relative contributions of subgrain polygonization, subgrain rotation and grain boundary migration are also indicated. 

See text for details. 

(subparallel to the Z specimen axis) and z direction 
clusters, indicative of acute rhomb-a crystal slip. This 
supports the suggestion of Law et al. (1990), based on 
observations on an amphibolite facies quartz mylonite, 
that acute rhomb-a slip is a potentially important slip 
system in quartz (see also Lloyd et al. 1992). 

The rotational dynamic recrystallization microstruc- 
ture produced by crystal slip (Fig. 5.4) is unlikely to be 
in equilibrium. The formation of (relatively) small sub- 
grains and/or neoblasts produces locally high disloca- 
tion densities (i.e. in subgrain-neoblast boundary walls) 
and potentially large 'internal' strain energies. The 
resulting variations in dislocation density and strain 
energy distributions may be sufficient to initiate grain- 
boundary migration and the preferential growth of 
some neoblasts. Crystal slip also tends to produce 
straight subgrain and neoblast boundaries with ortho- 
gonal (i.e. 'T') triple point contacts. Such boundaries 
are perpendicular to the slip plane and the slip vector, 
an inherently unstable configuration prone to modifica- 
tion via boundary migration processes (e.g. regime 3 of 
Hirth & Tullis 1992). The later stages of dynamic 
recrystallization (Figs. 5.5-5.7) are therefore character- 
ized by the increasing significance of grain-boundary 
migration (e.g. Grains B and C). Eventually, migration 
must dominate and it overprints earlier microstruc- 
tures, including those in adjacent grains (Fig. 5.8), to 
achieve equilibrium and stability. This behaviour is 

clearly shown in Table 3, where the number of crystal 
slip systems observed at first increases when subgrain- 
grain rotation processes dominate recrystallization (i.e. 
Grains A to B), and then decreases as migration pro- 
cesses takeover (i.e. Grains B to C). Furthermore, most 
of the observed crystal slip systems exploit the a slip 
direction(s) and any slip parallel to m systems which 
are recognized disappear as migrational processes take 
over the dynamic recrystallization (Table 3). 

Our interpretation implies that Grains A, B and C 
represent stages of the same continuous history which 
is dependent principally on time-strain. The textural 
progression observed optically from other samples 
from the same major structure (the Kilmory Bay syn- 
cline), at different bulk strains, are similar to those dis- 
cussed above. We therefore believe that the scheme 
outlined in Fig. 5 applies to most of the quartzites 
from this region. Intuitively, one would expect that 
initial orientation should also have a significant effect 
on the degree and mode of recrystallization. Our 
sample size is too small to test this idea. However, qua- 
litatively, the basal planes for all three parent grains 
are oriented at moderate to high angles to the finite 
extension direction (see Figs. 3b and 4b) (see also 
Lloyd & Freeman 1991a, fig. 5). Assuming some corre- 
spondence between the orientation of the finite strain 
directions and the principal stresses, these basal planes 
would all support non-zero shear stresses and thus con- 
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stitute "weak orientat ions ' .  With reference to the same 
rocks, F reeman  (1985) concluded that  the relatively 
s t rong grains (i.e. ' s t rong or ienta t ions ' )  simply rotate  in 
the finer grained matr ix  until the critical resolved shear 
stress (CRSS) passes through a threshold and activates 
a crystal slip system. In this respect, dynamic  recrystal- 
lization p robab ly  does not  begin until a grain has 
at tained some weak or ientat ion that  is b road ly  equiva- 
lent for all grains. The  key factor  which permits  this 
scheme o f  recrystall ization to be so broadly  applicable 
is the b imodal  grain size and the subsequent  par t i t ion-  
ing of  strain between the small and large grain size 
fractions. I f  the start ing grain sizes had been unimodal ,  
or constant ,  free rota t ion o f  porphyroclas t s  would be 
much  less likely to occur. De fo rma t ion  in some  grains 
would then proceed on s t rong slip systems pr ior  to the 
act ivat ion o f  weak slip systems in grains with s t rong 
orientations.  In this case, our  general scheme beginning 
with subgrain polygoniza t ion  related to slip on a basa l -  
a system should not  hold. 

an a t tempt  to achieve microst ructural  equil ibrium and/  
or  stability. 

(8) Gra ins  A, B and C are typical o f  the po rphyro -  
clasts in this quartzi te  a n d  represent  different stages in 
the same cont inuous,  t ime-s t ra in-dependent ,  dynamic  
recrystall ization history. 

(9) The porphyroc tas t s  have similar recrystallization 
histories because the original b imodal  grain size distri- 
but ion leads to strain part i t ioning between the small- 
and large-scale fractions,  allowing the porphyroc las t s  
to ro ta te  into w e a k  orientat ions with the subsequent  
act ivat ion o f  weak crystal  slip systems. 
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C O N C L U S I O N S  

(1) The  SEM electron channell ing technique has been 
used to identify the processes involved in the dynamic  
recrystall ization of  three quar tz  porphyroclas t s  (exhi- 
biting 10-20, ~ 50 a n d  100% recrystallization, respec- 
tively) in a relatively pure  quartzi te  deformed at  low 
strains under  greenschist facies conditions. 

(2) Dynamic  recrystall ization o f  an individual quar tz  
porphyroc las t  is a sequential process involving both  
subgra in -gra in  ro ta t ion  and g ra in -boundary  migrat ion.  

(3) Dynamic  recrystall ization initiates as a subgrain 
rota t ion process via crystal  slip on a single system, 
leading to bending of  the parent  grain, elongate and 
polygonal  subgrains,  and a systematic or ientat ion rela- 
t ionship between subgrains and parent .  

(4) Cont inued subgrain,  and subsequently neoblast ,  
ro ta t ion  requires more  than one active slip system, 
a l though a systematic or ientat ion relat ionship between 
subgra ins-neoblas ts  and parent  can still be recognized 
enabling the specific crystal slip systems to be identi- 
fied. 

(5) The specific crystal slip systems identified for  the 
three grains are: basal-a,  basal-m, acute r h o m b - a  and 
'basa l -pr i sm'  (parallel to either a and /or  m). Dauphin6  
twinning was also recognized but  its significance during 
dynamic  recrystaUization has yet to be determined.  

(6) A dynamical ly  recrystallized grain micros t ructure  
consisting o f  ro ta ted  subgrains and neoblasts  is not  
necessarily stable and potential ly large ' internal '  strain 
energies m a y  exist to drive g ra in -boundary  migrat ion 
and the preferential  g rowth  o f  some neoblasts  during 
the later stages of  dynamic  recrystallization. 

(7) The occurrence of  new subgrains within migra-  
tional neoblasts  suggests that  dynamic  recrystall ization 
is a cyclical process which initiates via rotat ional  pro-  
cesses but continues as a (varying) combina t ion  o f  sub- 
g ra in -gra in  rota t ion and gra in -boundary  migrat ion in 
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