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c-Axis fabrics and microstructures in a recrystallized quartz vein 
deformed under fluid-rich greenschist conditions 

TORU TAKESHITA and IKUO HARA 

Department of Earth and Planetary Systems Science. Faculty of Science, Hiroshima University. Higashi- 
Hiroshima. 739, Japan 

Abstract-The quartz c-axis orientations and microstructures have been analyred in an originally single-crystal 
buckled quartz vein of greenschist metamorphic grade from the Sambagawa metamorphic belt, southwest 
Japan. The basal (0001) plane was inclined by CN lo-20 to the quartz vein surface before deformation. and 
the flexure (essentially kink) which produced the fold was accomplished by basal (0001) slip alone in the hinges 
(i.e. Aexural-slip folding). In addition to crystal plasticity, dissolution microstructures are ubiquitous in the 
quartz vein. Dynamic recrystallization resulted from both subgrain rotation and grain-boundary migration. 
Rotation recrystallization associated with basal (0001) slip resulted in host-controlled c-axis orientation distri- 
bution along a great circle. whereas migration recrystallization, perhaps assisted by intergranular fluid. resulted 
in a penetrative development of a weak X (elongation)-maximum c-axis f’abric nowhere rotated by the folding. 
The migration recrystallization is evidenced by large c,-axis misorientations across the grain boundaries, as Hell 
as irregular grain shape. Based on the weak c-axis fabric development and lack of grain shape fabric. sol- 
ution -precipitation creep may have dominated in the fluid-assisted grain-boundary migration regime. and 
hence it is inferred that the transition from rotation to migration recrystallization was caused by a local 
decrease of differential stress in the buckled quartz vein. (’ lYY8 Elsevier Science Ltd. All rights reserved 

INTRODUCTION 

The role of dynamic (syn-tectonic) recrystallization in 

developing lattice-preferred orientation (LPO) in 

quartz has long been an enigma (e.g. Hobbs, 1968). In 

order to understand the LPO development, it is necess- 

ary to know the mechanism of dynamic recrystalliza- 

tion. It is well known that there are two different 

mechanisms of dynamic recrystallization: subgrain ro- 

tation (or rotation recrystallization); and grain-bound- 

ary migration (migration recrystallization) (e.g. 

Guillope and Poirier, 1979). The kinematically induced 

LPO in quartz polycrystals resulting from intracrystal- 
line slip, which can be simulated by the Taylor- 

Bishop-Hill model (e.g. Lister et ul. 1978; Takeshita 

and Wenk, 1988), is not greatly modified by rotation 

recrystallization because the lattice orientations of 

recrystallized grains are controlled by those of the host 

grains. For rotation recrystallization it is even possible 

to identify the operative slip systems based on the crys- 

tallographic orientation distribution in recrystallized 

grains, as recently demonstrated by Lloyd and 

Freeman (1991, 1994) using the SEM electron channel- 

ing technique. On the other hand, the LPO resulting 
from migration recrystallization (or grain growth) may 

be completely different from one caused by intracrys- 
talline slip. and possibly controlled by stress state (e.g. 

Kamb, 1959, 1961; Karato, 1987). 

For experimentally deformed quartz aggregates, 

Hirth and Tullis (1992) and Gleason et ul. (1993) 
have recently identified three regimes of dislocation 

creep and dynamic recrystallization under physical 

conditions roughly comparable with natural greens- 

chist-facies conditions. c-Axis fabrics, such as small 

circle girdles, and recrystallization microstructures in 

natural quartz aggregates deformed under greenschist- 

facies conditions (e.g. Bouchez, 1977; Law, 1986) are 

well correlated with those for either regime 2 or 3 of 

Hirth and Tullis (1992), where dynamic recrystalliza- 

tion primarily occurred by subgrain rotation. 

However, in natural quartz aggregates deformed 

under fluid-rich greenschist-facies conditions, where 

dissolution of minerals are pervasive, another type of 
quartz c-axis fabric, an X-maximum pattern (namely, 

c-axes parallel to stretching direction) has recently 

been found (Hippertt, 1994; Stallard and Shelley, 

1995), although under amphibolite-granulite facies 

conditions an X-maximum c-axis fabric was produced 

by dominant c-slip (e.g. Blumenfeld rt d., 1986; 
Okudaira rt ul., 1995). The development of X-maxi- 

mum c-axis fabrics under fluid-rich greenschist con- 

ditions may suggest a different regime of deformation 

and recrystallization in quartz. 

In this study, a thorough investigation of c-axis 

fabrics and microstructures in a dynamically recrystal- 
lized quartz vein deformed under fluid-rich greens- 

chist-facies conditions has been conducted. Through 

the microstructural analyses, we demonstrate that 
both rotation and migration recrystallization operated 
in the same quartz vein, resulting in the development 
of host-controlled and X-maximum c-axis fabrics, re- 

spectively. Further, a possible cause for the transition 
between the two recrystallization mechanisms is 
suggested. 
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GEOLOGICAL SETTING AND SAMPLE 
DESCRIPTION 

A folded pelitic schist sample was selected for the 
present study from the chlorite zone of the 
Sambagawa metamorphic belt in central Shikoku, 
Japan. a well-known high P-T metamorphic belt meta- 
morphosed and exhumed in Cretaceous time (e.g. 
Isozaki and Itaya, 1990; Takasu and Dallmeyer, 1990). 
For a general outline of the Sambagawa metamorphic 
belt in central Shikoku see, for example, Banno and 
Sakai (1989) and Hara ct rd. (1990). 

In the Sambagawa metamorphic belt in central 
Shikoku, open folds with W- to WNW-trending and 
horizontally plunging axes and vertically dipping axial 
planes were developed particularly in the chlorite zone. 
The fold system formed during the Hijikawa (&) 
phase (latest Cretaceous-earliest Tertiary) (e.g. Hara ct 
t/l.. 1977; Faure, 1985), and a quartz vein buckled 
during the O3 phase was analyzed in the present study. 
It has been estimated that by the O3 phase, the 
Sambagawa metamorphic rocks were already exhumed 
above M 5 km (i.e. less than 2 kbar) (e.g. Banno and 
Sakai, 1989; Hara rt L/I., 1992). The temperature con 
ditions during the n, phase have recently been esti- 
mated as (‘(1 300&35O”C based on the homogenization 
temperatures of fluid inclusions in quartz (Seki c’t c/l., 
1993; unpublished data of Naomoto, 1994). 

The orientations of the principal strain axes in the 
O3 phase folds have been inferred by Hara ct (11. 
(1968) Hara (1971) and Hara and Pauhtsch (1971). 
based on both the three-dimensional shape and the c- 
axis fabric patterns of recrystallized quartz grains. 
According to their studies. the elongation (x), inter- 
mediate (r) and shortening (Z) directions are parallel 
to the axial plane and normal to the fold axis (i.e. ver- 
tical), parallel to the fold axis, and normal to the axial 
plane. respectively. 

In a thin section cut normal to the fold axis (Y- 
direction) (i.e. XZ section). a few quartz veins (their 
thickness is less than 2 mm) parallel to the foliation 
(defined by preferred alignment of muscovite) are 
folded together with muscovite layers (Fig. 1). The 
fold is asymmetrical with the ratio of limb length more 
than 1:4. Associated with the fold are crenulation folds 
and crenulation (solution) cleavages, which are also 
apparent in the outcrop. 

VARIATIONS IN THE c-AXIS ORIENTATION 
THROUGHOUT THE BUCKLED QUARTZ VEIN 

The c-axis orientations of almost all the host and 
recrystallized grains in the buckled quartz vein were 
measured with a U-stage. The analyzed buckled quartz 
vein was divided into two parts, I and II (Fig. 1). In 

this paper, all the portions in the buckled quartz vein, 
namely parts. limbs and recrystallized domains are 
numbered in numerical (Roman), alphabetical (lower- 
case letter) and alphabetical (capital letter) orders, re- 
spectively, from right to left throughout. Whereas in 
part I, recrystallization is only extensive in the sharply 
bent hinge (Fig. 2) and host grains are preserved in 
most places. part II is completely recrystallized. Three 
limbs constituting a wave of the fold in part I arc 
referred to as limbs a. b and c, respectively (Fig. 2). 
Limb b is slightly bent near the boundary between 
the recrystallized and host domains, and therefore 
further divided into limbs bl and b2 (Fig. 2). 
Stereographic plots of the host c-axis orientations in 
the three limbs (a, bl and c) are shown in Fig. 3 (host 
grains) together with the orientations of the three 
limbs, XY plane of finite strain and poles to crenula- 
tion cleavages. The orientation of the XY plane of 
finite strain was determined by the average orientation 
of crenulation cleavages, and nearly parallel to the 
axial plant. 

The interlimb angles between limbs a and bl. and 
limbs bl and c are 102 and 93 , respectively. This 
means that limb bl is rotated clockwise by 78 about 
the fold axis with respect to limb a, while limb c is 
rotated counterclockwise by X7 with respect to limb 
bl. The host c-axis orientations in limb bl are rotated 
clockwise by ELI 75’ from those in limb a. while those 
in limb c are rotated counterclockwise by (‘(I 80” from 
those in limb bl about the fold axis. The coincidence 
of the rotation angles between the vein and host c-axis 
orientations indicates that the host grains in limbs a. 
bl and c all originated as a single crystal with its basal 
plane inclined by ELI lo-20 with respect to the vein 
surface (Fig. 4). and that the orientation difference of 
the c’-axes was caused solely by buckling. 

While the c-axis orientations in recrystallized grains 
for each domain B-E (Fig. 2) are plotted on equal- 
area projections, they are also shown directly on each 
grain (Fig. 3. here referred to as the map of c-axis 
orientations). Here, three parallel linear recrystallized 
zones in limb bl which are inclined by 40” to the limb 
are treated as a composite domain B (Fig. 2). In Fig. 3. 
only the azimuths of the c-axis orientations are shown, 
because most of the c-axis orientations make small 
angles (less than 30”) with the projection plane (XZ 
section). Furthermore, a schematic trace of basal 
(0001) plane is drawn in Fig. 4 based on the map of c- 
axis orientations. 

Domain A. which is located at the hinge zone 
between limbs a and bl (Fig. 2). was heavily kinked 
although not recrystallized. Note that the c-axis orien- 
tations in domain A are nearly parallel to the kink 
band boundaries. The c-axis orientations across 
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Fig. 4. The basal (0001) plane traces in the buckled quartz vein. Shaded areas indicate recrystalliacd Lows, perhaps 
evolved from kink bands, with c-axes rotated counterclockwise about the fold axis with respect to the host c-axis orien- 
tation. Large and small arrows denote the sense of slip for the fexural-slip folding of the quartz vein. and that for the 
formation of the inferred kink hands. respectively. Black denotes holes in the thin section. See text for detailed expla- 

nation. 

domain A are progressively rotated by kinking along a 
great circle about the fold axis from the host c-axis 

orientation in limb a to that in limb bl (Fig. 3). 

The c-axis orientation distributions of recrystallized 

grains in all the other domains (B, C, D and E) are 
similar and characterized by a cluster around the host 
c-axis orientations (Fig. 3). All of the c-axis orien- 

tations are rotated along a great circle about an axis 
nearly parallel to the fold axis. Note in domain C that 
the c-axis orientations are gradually rotated counter- 

clockwise about the fold axis from the limb to the 
outer hinge (Fig. 3). In domains B, D and E, it is clear 
from both the equal-area projections and map of c- 
axis orientations that the recrystallized grains with c- 

axis orientations rotated counterclockwise dominate 
over those with c-axis orientations rotated clockwise 

about the fold axis with respect to the host (~-axis 

orientations, and the recrystallized grains with the 
counterclockwise rotated c-axes seem to constitute lin- 
ear zones (Figs 3 & 4). 

In domain C, there is a small region located at the 
inner hinge of the fold within which the C.-axis orien- 
tations of host and recrystallized grains are completely 
different from the majority of the c-axis orientations 
(Fig. 3). The discrete c-axis orientations in this small 
region seem to represent those of another original 

single crystal, and they are greatly rotated by kinking 
along a great circle about the fold axis (Fig. 3). 

In domains D and E, there are anomalously oriented 
grains (shown by arrows with dots in Fig. 3), the P 
axis orientations of which differ greatly from the host- 
controlled c-axis orientations in the majority of grains. 
In the anomalously oriented grains, which are mostly 
located at the outer folded surface. the c-axes are dom- 
inantly oriented both parallel to the local orientations 
of crenulation cleavages (Fig. 2) and perpendicular to 
the fold axis (hence parallel to X-direction). 

c-Axis oriwtutim distrihutiorz it7 the rci.r-?~stallirctl 

grains of’part II 

In part II of the quartz vein, the C.-axis orientations 
in recrystallized grains were plotted on equal-area pro- 
jections for every 250 grains, which constitute the 
recrystallized domains A-1 (Fig. 1). First of all. the 
intensity of C.-axis pdbrics in part II is much weaker 
than in part I; the maximum concentration of c-axis 
fabrics in different domains of part II is less than 
5 m.u.d. (multiples of a uniform distribution) com- 
pared to more than 10 1n.u.d. in part I. 

Recrystallized domains A of part II (here referred to 
as 1I.A) and E of part I (1.E) both evolved from the 
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Fig. 5. Map of the c-axis orientations in a part of recrystallized domain II.1 of the buckled quartz vein. Location is 
indicated in the inset diagram of Fig. 1. Only the azimuths of the c-axis orientations are shown (bars). Dots and black 
(py) indicate muscovite and pyrite, respectively. Also shown is the lower-hemisphere, equal-area projections of the c-axis 

orientations. For contours, see captions of Fig. I. 

same host grain. The host-controlled maximum of c- 

axis orientations oriented nearly perpendicular to the 

XY plane (Z-maximum) was developed in both 

domains, and both the c-axis orientations are rotated 

along a great circle about an axis nearly parallel to the 

fold axis (compare A in Fig. 1 with E in Fig. 3). On 

the other hand, another maximum nearly parallel to 

the elongation direction (X-maximum) was only devel- 

oped in domain 1I.A. Both the Z- and X-maxima were 

penetratively developed throughout the domains from 

I1.A to I. However, the X-maximum seems to be split 

in domain II.B, and another discrete maximum which 

is rotated counterclockwise by 25-32” from the X-axis 

about the fold axis and plunging by 30-35” towards 

the X-axis, was developed in addition to the X-maxi- 

mum component in domains II.C, II.E, 1I.F and 1I.G 

(Fig. 1). 

Because the recrystallized grains belonging to the 

different c-axis orientation groups are often adjacent 

each other (Figs 5 & 6) the c-axis misorientation 

between recrystallized grains in part II is often 

very large, larger than 60” and as much as 90”. Axial 

distribution analysis (AVA; Sander, 1934) was carried 

out for a part of domain 11.1 (Fig. 6b). The analysis 

has revealed that the grains with their c-axis domi- 

nantly oriented nearly parallel to the X-axis grew into 

the originally large host grains with their c-axis 

oriented nearly parallel to the Z-axis (shaded in 

Fig. 6b) which were polygonized and kinked during 

the folding. 
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(b) 

Fig. 6. Grain shape fabric in a part of recrystallized domain II.1 of the buckled quartz vein. Location is Indicated in the 
inset diagram of Fig. 1. (a) Micrograph: bars indicate the arimuths of c.-axis orientations in some of the recryctalli/ed 
grains. Note irregularly shaped grains and lobate shape of the grain boundaries shown by arrows. Vibration directions 
of crossed nicols are indicated by thick bars. Scale bar 0.2 mm. (b) AVA diagram for the same area and magnificatmn. 
It seems that the recrystallized grains exhibiting an X-maximum c,-axis fabric grew, consuming those exhibiting a 

Z-maximum c~axis fabric. Dots indicate musco\lte. 
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Domains 1I.H and II.1 constitute the right and left 
limbs of a half wave of the fold. the interlimb angle of 
which is 80‘. While the orientation of the Z-maximum 
was greatly rotated about the fold axis, perhaps due to 
the folding from domain 1I.H to 11.1, the orientation 
of the X-maximum was little rotated by the folding 
from domain 1I.G through 1I.H to II.1 (Fig. 1). 

RECRYSTALLIZED GRAIN AND DISSOLUTION 
MICROSTRUCTURES 

The lengths of the longest and shortest axes 
(denoted as u and h, respectively) of the recrystallized 
grains were measured with a microscope for domains 
1.C and I.D. and domains 1I.H and 11.1. The arithmeti- 
cal mean recrystallized grain sizes (individual grain size 
calculated as 1/N.h) are 22.3 and 32.1 pm in domains 
1.C and I.D. and domains 1I.H and 11.1, respectively. 
The frequency distribution as a function of the logar- 
ithm of grain size approximately fits a normal distri- 
bution for both domains (Fig. 7). The arithmetical 
mean aspect ratio (individual grain aspect ratio calcu- 
lated as N//J) is 2.3 in domains 1.C and I.D, and 1.8 in 
domains 1I.H and 11.1 (Fig. 8). 

For domains 1.C and I.D, where grain shape fabric 
is conspicuous (Figs 2 & 9) an R,-j4 diagram (Dunnet, 
1969) was constructed (Fig. IOa). Here, RF and 4 
denote the aspect ratio, and angle between the longest 
axis of each recrystallized grain and the trace of the 
XY plane, respectively. Traces of the longest axis direc- 
tion (Fig. lob) show a convergent fan (Ramsay, 1967). 
The longest axis in the right limb near the outer hinge 
is sharply bent counterclockwise about the fold axis by 
as much as 90’ which appears as 11 negative 4 values 
in the R,-jc/~ diagram. On the other hand, the grain 
shape in part II is often very irregular, and lobate 
grain-boundaries with a large amplitude (Fig. 6a), 
possibly indicating a great extent of grain boundary 
migration, were developed at the boundaries of large 
c-axis misorientations. No shape fabric is discerned 
throughout part II (Figs 5 & 6). 

Dissolution of quartz is extensive throughout the 
buckled quartz vein. The boundary between the quartz 
vein and mica-rich matrix (here referred to as the 
vein-matrix interface) is not straight, but rather undu- 
lating with many embayments, some of which are indi- 
cated by arrows in Fig. 2. The undulating veinmatrix 
interface is considered to be a dissolution front. In 
some localities, the dissolution process was signifi- 
cantly advanced to leave only lenticular grains as rem- 
nants of the quartz vein (Fig. 9). 

DISCUSSION 

The folding in part I was essentially accommodated 
by the formation of several kink bands in both the 
hinge part between limbs a and bl (domain I.A), and 
the inner hinge part between limbs b2 and c. As the 
host c-axis orientations are rotated by kinking along a 
great circle in those hinge parts (A and C in Fig. 3) it 
is inferred that c-axis orientation was either the slip 
direction or normal direction of slip plane (e.g. Carter 
and Raleigh, 1969). Furthermore, as the host c-axes 
are parallel to the kink band boundaries (Fig. 3) it is 
inferred that the slip direction was perpendicular to 
the c-axis, possibly either in (2110) ((N)) or in (lOTO) 
(( /?I)) axis. Therefore, it is concluded that the operat- 
ive slip plane was basal (0001) plane. As no other 
trends of the changes in host c-axis orientation are 
observed across the kink band boundaries, such as a 
38 small circle for rhomb (u) and (s-axis point maxi- 
mum (i.e. no change) for prism (~1) slip systems (e.g. 
Lloyd and Freeman. 1991, 1994) basal (0001) slip 
appears to have been the sole activated slip system. 

Based on the fact that a mechanically weak basal 
(0001) plane initially nearly parallel to the single crys- 
tal quartz vein surface was just flexed (in reality bent 
by several kink bands at the hinge parts) to produce 
the fold (Fig. 4) it is concluded that the folding of the 
quartz vein was primarily accommodated by ‘flexural 
slip’. where the basal plane behaved as the flexural slip 
plane. The flexural-slip not only occurred in the hinges 
but also in the limbs (see below). 

Why did grains in domains 1.B and 1.E (and part of 
domain 1.D) in the limbs, which presumably have less 
strain than in the hinges, suffer strain-induced dynamic 
recrystallization? It has been noted that the recrystal- 
lized grains with c-axes showing counterclockwise ro- 
tations about the fold axis with respect to the host P 
axis orientations, tend to occur in linear zones of a 
finite width surrounded by host grains or recrystallized 
grains with c-axis orientations similar to those of the 
host grains. Therefore, they were perhaps kinked 
(hence high strain) zones in the host grains, and the c- 
axis orientations in the linear recrystallized zones were 
inherited from those of the kinked host grains. If this 
is true, the shear sense along the kink bands can be 
inferred (Fig. 4). The inferred shear sense along the 
kink bands in domain 1.B is synthetic to the sense of 
flexural slip associated with the folding of the quartz 
vein (shown by large arrows in Fig. 4) while that in 
domains 1.D and 1.E is all antithetic (conjugate), also 
confirmed by the shear sense of slightly kinked open 
microcracks (shown by large arrows in Fig. 3) devel- 
oped in the host grain between domains 1.D and I.E. 
Here, the linear recrystallized zones originating as kink 
bands developed during a late stage of the folding as 
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Fig. 7. Frequency distribution of recrystalhzed grain size in the quartL vein represented as frequency (number) vs logar- 
ithm of grain size. (a) Domains 1.B and l.C (n = 348). (b) Domains 1I.H and 11.1 (n = 290). 

shown by the following evidence. First, domain 1.B accommodation microstructures associated with the 
clearly cuts the kink bands of domain l.A (Fig. 3). flexural-slip folding. 
Second, the open microcracks were perhaps formed at 
a stage of decreasing temperature, and hence at a late Mechanism of’ dynumic recr-ystallizution irzf&wd ,jkw~ 
stage of the ductile folding. Similar kink bands were the c-auk orirntation distribution 
reported in experimentally sheared kaolin by 
Margenstern and Tchalenko (1967). Accordingly, it is In every domain from B to E in part I of the 
concluded that the linear recrystallized zones represent buckled quartz vein, the c-axis orientations in the 
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Fig. 8. Frequency distribution of aspect ratios of recrystallized grains in the quartz vein represented as frequency (num- 
ber) vs aspect ratio. (a) Domains 1.B and 1.C (n = 348). (b) Domains 11.H and 11.1 (n = 290). 

recrystallized grains cluster around the adjacent host c- 
axis orientations with small misorientations mostly less 
than 30”, and they lie exactly on a great circle. The 
host-controlled c-axis orientations and trend of their 
variation clearly suggest that the c-axis orientations in 
recrystallized grains were produced by progressive sub- 
grain rotation caused by basal (0001) slip. 

There are two important features about the c-axis 
fabrics in part II. One is that the X-maximum c-axis 

fabric component was little rotated by the folding 
between domains 1I.H and 11.1, while the Z-maximum 
c-axis fabric component was greatly rotated about the 
fold axis, perhaps due to the folding. The other is that 
the recrystallized grains exhibiting X- and Z-maximum 
c-axis fabric components are often adjacent to each 
other with large c-axis misorientations, and the former 
grains seem to have consumed the latter grains by 
grain-boundary migration (Figs 5 & 6). It can there- 
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fore be concluded that the X-maximum c-axis fabric 
component was developed by grain-boundary mi- 
gration (i.e. grain growth). controlled by either stress 
or strain field. while the Z-maximum c-axis fabric was 
developed by rotation recrystallization, controlled by 
the host c,-axis orientation and the finite strain. 

Furthermore, note that the maximum concentration 
of X-maximum c-axis fabric in part II. which is com- 
parable with those reported by Hippertt (1994) and 
Stallard and Shelley (1995). is not very high (maximum 
concentration less than 5 m.u.d.), in great contrast to 
the strong C.-axis fabrics (maximum concentration 
mot-c than 10 m.u.d.) caused by dislocation creep in 
both natural quartz (e.g. Law, 1986; Pauli rt rrl.. 1996) 
and quartz analogue material (norcamphor) (Herwegh 
and Handy, 1996) where dynamic recrystallization 
(both rotation and migration recrystallization) as well 
as intracrystalline slip were dominant. Therefore, the 
weak X-maximum C.-axis fabric may be indicative of 
solution- precipitation (i.e. diffusion) rather than dislo- 
cation creep (also see the following discussion). In fact, 
the development of the X-maximum C.-axis fabric is 
analogous to that in fibrous quartz veins formed by 
anisotropic grain growth from solution (e.g. Stallard 

and Shelley. 1995). If the migration recrystallization 
in the quartz was not driven by the difference in 
strain energy between a Jacent grains. the apparent 
migration recryatalhzatl~ir ., ‘,’ is simply a solution~~ 
precipitation process. 

The dynamically recrystallized grain size (CU 32 Inn) 
in the migration recrystallization regime (part II) is I.5 
times as large as that (UI 22 /ml) in the rotation recrys- 
tallization regime (part I). Also, the mean aspect ratio 
(2.3) is higher in the rotation recrystallization regime 
(part I) than that (1 .X) in the migration recrystalliza- 
tion regime (part II). These facts also indicate that the 
mechanism of dynamic recrystallization in the quartL 
can be distinguished on the basis of the recrystallized 
grain size and aspect ratio. 

The trajectories of the longest axis of the recrystal- 
lized grains in the hinge between limbs b and c are 
reminiscent of those described by Hat-a ( 1971) and 
Ha-a and Paulitsch (1971) for recrystallized quartz 
grains in buckled quartz veins from the Sambagawa 
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metamorphic belt. Because those trajectories are com- 
parable with the simulated strain pictures of Dietrich 
(1969) for a buckled viscous layer, they perhaps mirror 
the long axis of the strain ellipsoid due to the folding. 
Therefore, it could be concluded that in the subgrain 
rotation regime, the recrystallized grain shape is con- 
trolled by strain geometry. 

As dissolution microstructures in the buckled quartz 
vein are ubiquitous, the grain-boundary migration 
responsible for the formation of X-maximum c-axis 
fabric was perhaps assisted by intergranular fluid. 
Boundary migration occurred by dissolution at the 
consumed grain boundary, diffusion of Si02 through 
the fluid and reprecipitation at the growing grain- 
boundary (fluid-assisted grain boundary migration, 
Urai et al., 1986). The rate of the grain-boundary mi- 
gration is considered to be limited by diffusion through 
the intergranular fluid film (Urai et al., 1986). 

The possible reason JOY the transition from rotation to 
migration recrystallization in the buckled quartz vein 

The cause of the transition from rotation to mi- 
gration recrystallization in the buckled quartz vein is 
puzzling. As discussed in the preceding sections, the 
weak c-axis fabric, lack of shape preferred orientation 
and ubiquitous occurrence of dissolution microstruc- 
tures in recrystallized grains of part II could all indi- 
cate that solution-precipitation (i.e. diffusion) rather 
than dislocation creep dominated in part IT. If this is 
true, the fluid-assisted grain-boundary migration re- 
sponsible for the X-maximum c-axis fabric develop- 
ment could be considered as an elementary process 
of solution-precipitation creep. It is well known that 
solution-precipitation creep occurs at lower differential 
stresses than dislocation creep (e.g. Rutter, 1976). 
Therefore, it can be concluded that the magnitude of 
differential stress (hence strain rate) was higher in part 
I than in part II of the quartz vein, where dislocation 
creep responsible for rotation recrystallization and 
solution-precipitation creep responsible for migration 
recrystallization were dominant, respectively. 

CONCLUSIONS 

The analyzed buckled quartz vein originated as a 
single crystal, where the changes in host c-axis 
orientation exactly follow the bending of vein. The 
basal (0001) plane was nearly parallel (inclined by 
ca 10-20”) to the quartz vein surface before defor- 
mation, and the flexure (essentially kink) which pro- 
duced the fold was accomplished by basal (0001) 
slip alone in the hinges (i.e. flexural-slip folding). 
Recrystallized kink bands were developed in the 
limbs, which are either synthetic or antithetic (con- 
jugate) to the flexural slip. These kink bands per- 

haps represent accommodation microstructures 
associated with the flexural-slip folding. 
Dynamic recrystallization in the quartz vein resulted 
from both subgrain rotation and grain-boundary 
migration. Rotation recrystallization associated 
with basal (0001) slip resulted in the host-controlled 
c-axis orientation distribution along a great circle, 
whereas migration recrystallization resulted in a 
penetrative development of a weak X-maximum c- 
axis fabric not rotated by the folding. The mi- 
gration recrystallization is evidenced by large c-axis 
misorientations, as much as 90” across the bound- 
aries as well as irregular grain shape. Size and 
aspect ratio of the recrystallized grains are larger 
and lower, respectively, in the migration than in ro- 
tation recrystallization regime, which also supports 
the operation of two different regimes of recrystalli- 
zation in the quartz vein. 
As dissolution microstructures are ubiquitous in the 
quartz vein, the grain-boundary migration respon- 
sible for the development of the X-maximum c-axis 
fabric was perhaps assisted by diffusion through 
intergranular fluid. The weak c-axis fabric develop- 
ment, and lack of grain shape fabric, suggests the 
dominance of solution-precipitation creep in the 
fluid-assisted grain-boundary migration regime. 
Hence, it is inferred that the transition from ro- 
tation to migration recrystallization regime was 
caused by a local decrease of differential stress in 
the buckled quartz vein. 
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