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Abstract--Measurements of the size, shape and orientation of K-feldspar and plagioclase grains within a granitic 
mylonite in the Kashio shear zone, central Honshu, Japan, revealed that grain size was the most effective 
parameter controlling development of intragranular fracturing during mylonitization. Intragranular fractures are 
dominantly located near the centre of each grain and form preferentially along the (001) cleavage. The grain size 
distribution of both feldspars is log-normal with an average of 760/~m. The proportion of fractured grains 
expands dramatically to 100% as the grain size increases, whereas few feldspar grains smaller than 300/~m have 
been fractured during the mylonitization, indicating that the fractures have preferentially developed in coarser 
grains. Furthermore, the shape and shape-preferred orientation of feldspar grains also affects the development of 
fractures. The proportion of fractured grains not only increases up to 20% towards the extension direction, but 
also rises slightly as the aspect ratio of feldspar grains increases. It is, therefore, suggested that feldspar grains 
lying perpendicular to the extension direction may resist fracturing regardless of grain size, unless their shape- 
preferred orientations became sub-parallel to the extension direction due to rotation or modification of their 
grain shapes during mylonitization. The development of intragranular fractures could be statistically explained in 
terms of a fibre-loading model, although individual fractures may result from various fracture mechanisms. 

INTRODUCTION 

During the development of mylonitic microstructure in 
polymineralic rocks, some minerals (e.g. quartz) may 
deform plastically while others (e.g. feldspar) may be- 
have in a brittle manner, resulting in the formation of 
porphyroclasts. The shape and distribution of such por- 
phyroclasts can provide kinematic information on shear 
sense (e.g. Berth6 et al. 1979, Simpson & Schmid 1983, 
Passchier & Simpson 1986, Takagi & Ito 1988, Hippertt 
1993) and non-coaxiality (e.g. Passchier 1987, Hanmer 
1990, Masuda et al. 1995) in many shear zones. 

In low- to medium-grade mylonitic rocks, porphyro- 
clasts are often fractured into segments within a plasti- 
cally deformed matrix (intragranular fractures; see Fitz- 
Gerald & Stunitz 1993 for review), where fractures are 
commonly tensile (O'Hara 1990, Michibayashi & 
Masuda 1993, Bailey et al. 1994). Tensile fracturing is 
theoretically considered to occur when the tensile stress 
exceeds the tensile fracture strength of the grain during 
stress transfer (i.e. the fibre-loading model; Cox 1952, 
Lloyd et al. 1982, Masuda et al. 1989, Ji & Zhao 1993). 
However, these theoretical models are essentially for 
coaxial deformation, whereas the kinematic frame dur- 
ing mylonitization is generally non-coaxial (Passchier 
1987, Hanmer 1990, Masuda et al. 1995). Lack of data 
from natural mylonites also makes it difficult to expand 
the theoretical models into general non-coaxial defor- 
mations (Ji & Zhao 1993). 

*Present address: Institute of Geosciences, Shizuoka University, 
Shizuoka 422, Japan. 

Intragranular fractures in mylonite are associated 
with other deformation mechanisms such as intracrystal- 
line plasticity and diffusive mass transfer (Lloyd & 
Knipe 1992, Bailey et al. 1994), resulting in a range of 
different microstructures. The process of fracturing 
tends to be obscured because fracture walls may be 
subsequently recrystallized or chemically replaced by 
other minerals during progressive shearing (Fitzgerald 
& Stunitz 1993). Alternatively, sub-critical fracturing 
may also occur during mylonitization (Atkinson 1982, 
1984, White & White 1983, Hanmer 1981, Prior 1993). 

This paper presents a series of data collected in 
feldspar porphyroclasts of a granitic mylonite from the 
Kashio shear zone, Japan. In this mylonite, intragranu- 
lar fractures in feldspar are well preserved, and neither 
chemical replacement nor recrystallization occurred 
along the fracture walls. These features made it possible 
to study the development of intragranular fracturing in 
this natural shear zone. 

GEOLOGICAL SETTING 

The granitic mylonite described here was sampled in 
the Kashio shear zone within the Ryoke metamorphic 
belt in the Chubu district, Japan (Hara et al. 1977, 1980, 
Takagi 1986, Michibayashi & Masuda 1993, Michi- 
bayashi 1993, Ohtomo 1993, Yamamoto 1994). This 
shear zone developed within the southeastern margin of 
the Ryoke Cretaceous plutonic complex that intrudes 
the Ryoke high temperature/low pressure metamorphic 
rocks (Ryoke Research Group 1972, Kano 1978) along 
the Median Tectonic Line. 

The sample in this study was collected from 
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(a) type I intragranular fracture 

C) 
(b) type II intragranular fracture 

Fig. I. (a) Type I intragranular fracture. (b) Type II intragranular 
fracture. 

hornblende-biotite granite along Yanazawa Creek (i.e. 
YG8 in fig. 2b of Michibayashi & Masuda 1993), where 
the mylonitic foliation strikes from 040 ° to 020 ° and dips 
at approximately 50°NW. The foliation contains a strong 
stretching lineation trending 010°-030 ° and plunging 
between 10 ° and 30 ° (Michibayashi & Masuda 1993). 

Microstructural studies show that feldspars were plas- 
tically deformed at amphibolite facies metamorphic con- 
ditions, resulting in dynamic recrystallization along 
grain boundaries and myrmekite replacement from rim 
to core in K-feldspar porphyroclasts (Michibayashi & 
Masuda 1993). Mylonitic fabrics such as S-C fabrics 
(Berth6 et al. 1979) and asymmetric strain shadows 
(Simpson and Schmid 1983) also are well developed 
within this mylonite, indicating a regional sinistral 
strike-slip or top-to-the-south sense of shear (cf. Takagi 
1986, Michibayashi & Masuda 1993, Yamamoto 1994). 

Michibayashi & Masuda (1993) have shown that pro- 
gressive retrogression led to strain localization during 
shearing, such that only a narrow zone (width: ca 400 m) 
along the margins of the plutons was further deformed 
during later stages of mylonitization. Furthermore, this 
narrow zone appears to have developed a steady-state 
grain size (i.e. ca 40/~m; cf. Twiss 1977, Etheridge & 
Wilkie 1979) in dynamically recrystallized quartz aggre- 
gates (Michibayashi 1993). The granitic mylonite was 
sampled from this narrow zone. Therefore, intragran- 
ular fractures discussed in this paper formed at low-T 
conditions, probably during the latest stage of myloniti- 
zation (cf. Michibayashi & Masuda 1993). 

INTRAGRANULAR FRACTURES 

Although fractures locally affect amphiboles, they 
predominantly occur in feldspar and hence only the 
latter are examined in detail. The fractures are intra- 
granular (see Atkinson 1987 for terminology) and can be 
morphologically subdivided into two sub-types: type I, 
cutting from one side of a grain to the other (Fig. la), 
and type II, lying within the grain (Fig. lb). Type I 
intragranular fractures are by far the more common. 

Fractures in K-feldspar 

K-feldspar shows weak undulose extinction due to 
internal ductile deformation prior to fracturing. In 
larger porphyroclasts, intragranular fractures tend to 
transect each grain close to the centre, and their walls 
show local syntaxial K-feldspar overgrowth (Fig. 2a). 
Segments of fractured porphyroclasts are pulled apart 
and/or displaced in the fine-grained matrix and the 
quartz infill has been strongly recrystallized into fine 
grains (Fig. 2a). The fracture surfaces are not always 
parallel to one another. This suggests that these seg- 
ments have been rotated. Also, a deviation from a true 
extension fracture origin would account for the non- 
parallelism of the adjacent fracture surfaces (Geoff 
Lloyd, written communication 1994). 

Frequently, intragranular fractures follow along (001) 
cleavages (Fig. 2a). Twin boundaries have also locally 
parted and contain quartz infill. Their surfaces are very 
sharp and few syntaxial overgrowth rims form. Extinc- 
tion under crossed polars of the porphyroclast shows no 
conspicuous variation across these cleavage-parallel 
fractures. These features show that fracture along the 
cleavage (types I, II and III) was the mechanism largely 
responsible for intragranular fracturing (Lloyd and 
Knipe 1992). 

Although K-feldspar porphyroclasts are commonly 
enclosed by myrmekite rims, the fractures generally do 
not cut through these rims even where fragmented 
porphyroclasts have been pulled apart over some dis- 
tance (Fig. 2b). Locally, several cleavage-parallel frac- 
tures occur in a single grain. The gaps are slightly wider 
near the core, but usually terminate towards the rim. 
This suggests that the fractures are penny-shaped. 

Locally, fluorite forms together with quartz in the 
gaps (Fig. 2b), suggesting that hydrothermal alteration 
of biotite and/or amphibole along the mylonitic foliation 
may have occurred (M. Rubenach, personal communi- 
cation 1992), as biotite and amphibole are commonly 
altered to secondary minerals such as chlorite. None the 
less, the existence of fluorite as well as the massive 
quartz infills in the gaps indicates that the separation of 
the segments occurred simultaneously with the 
(dissolution-)precipitation process during the myloniti- 
zation (Lloyd & Knipe 1992, Hippertt 1993). 

Fractures in plagioclase 

Porphyroclastic feldspar is strongly controlled by its 
crystallography, tending to show semi-rectangular 
shapes (Fig. 3a). Otherwise, they are rather similar to an 
ellipsoid. The intragranular fractures in plagioclase tend 
to occur near the centre of the grain and frequently 
follow along the (001) cleavage (Fig. 3b). This indicates 
that fracturing of plagioclase may also be controlled by 
the cleavage (types I, II and III; e.g. Lloyd and Knipe 
1992), although this is not a universal relationship, as 
illustrated in Fig. 3(a). 

The fracture space is commonly filled with quartz that 
has been locally dynamically recrystallized. Syntaxial 
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Fig. 2. (a) Fractures in an 'augen' K-feldspar porphyroclast. The fracture at the centre of this grain contains dynamically 
recrystallized quartz infill. A number of the cleavage-parallel fractures are present plus a fracture along a twin boundary. 
Crossed polars. Width of base, 16 mm. (b) The intragranular fracture in a K-feldspar porphyroclast occurs near the middle 
of the grain. This grain is partly surrounded by myrmekite. The gaps are filled with quartz (qz) and fluorite (F). Crossed 

polars. Width of base 2.25 mm. 
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Fig. 3. (a) Intragranular fracture through a plagioclase porphyroclast. The quartz infill (qz) has been dynamically 
recrystallized to some extent. Syntaxial growth of plagioclase occurs along the walls (arrows). One small fracture is almost 
completely sealed by syntaxial growth of plagioclase (arrow on left). Width of base 7 mm. (b) Extensional cleavage-parallel 
fracture in a plagioclase porphyroclast. The gap is bounded by a chlorite folia (chl) and is filled with a single quartz crystal. 

Width of base 0.75 mm. 
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Fig. 4. Schematic diagram to illustrate parameters for a statistical 
analysis. The clockwise orientation of the long axis with respect to the 

shear plane is regarded as negative in this paper. 

growth of plagioclase occurs on the fracture walls and 
almost completely seals minor intragranular fractures. 
Quartz infill is commonly bounded by chlorite foliae, 
allowing distinction of recrystallized quartz infill from 
the matrix. Although Bailey et al. (1994) suggested that 
the chlorite foliae around porphyroclasts results from 
dissolution of the porphyroclast, this is not demon- 
strable in this mylonite. 

Type II intragranular fractures are more common in 
plagioclase than in K-feldspar. They taper from the 
grain boundary towards the core, resulting in a v-shaped 
gape (Hippertt 1993) filled by quartz that is only partly 
recrystallized, or contains a single crystal. This suggests 
that the fractures initiated at grain boundaries and 
propagated inwards. Alternatively, they could be half- 
penny shaped cracks (Geoff Lloyd, written communi- 
cation 1994). 

METHODS TO QUANTIFY INTRAGRANULAR 
FRACTURES 

Figure 4 illustrates parameters used to study develop- 
ment of the intragranular fractures within this mylonite. 
Thin sections were made in a plane parallel to the 
mylonitic lineation and perpendicular to the mylonitic 
foliation. Measurements were made using a microscope 
with a micrometric ocular. Where intragranular frac- 
tures occur in feldspar, separation components between 
fragments that occur during fracturing were also 
measured (Fig. 4). The size of an individual grain (d) was 
determined by: 

d - -~ -EW,  (1) 

where L is the length of the grain and W is the width 
perpendicular to L (Fig. 4; e.g. Masuda 1982). The 

shapes of individual grains can be approximated by 
ellipses with an aspect ratio (R) that was determined by: 

L R : ~ .  (2) 

The feldspar porphyroclasts in this mylonite were 
divided into two categories: unbroken grains and broken 
grains. Unbroken grains are those that have not been 
fractured, or that contain only type II intragranular 
fractures terminating within the grain. Broken grains are 
those that can be restored from two fragments. 
Although the broken grains do not exist as single grains, 
their reconstruction is necessary to determine how intra- 
granular fracturing occurred in feldspar. 

Fragments resulting from fracturing in broken grains 
should be classified as unbroken grains, since they are 
considered to be stable in that stage of mylonitization. 
Some feldspar grains were fractured progressively dur- 
ing the mylonitization, and older segments were split 
again. In this case, I counted the older segments as 
broken grains (cf. Masuda et al. 1989). 

Where an original broken grain was fractured succes- 
sively in the same direction, the lengths were always 
measured in the one direction, even if the fracturing of 
one grain into two segments caused its length in this 
direction to become shorter than its width. Thus, the 
aspect ratio of the segments can be less than one (i.e. W 
> L). This procedure is necessary to calculate the aspect 
ratio of the original grain (Ferguson 1981, 1987). 

RESULTS 

Grain size 

The grain size distribution is log-normal (Fig. 5a), and 
the average grain size is 760 #m (log d = 2.88). The 
proportion of fractured grains increases remarkably as 
the grain size increases (Fig. 5b). Few feldspar grains 
smaller than ca 320 #m (i.e. log d = 2.5) have fractured 
during the mylonitization (Fig. 5b). The mean size of the 
broken grains alone is 1270/~m (log d = 3.1), which is 
distinctly coarser than that of the unbroken grains (i.e. 
690/~m; log d = 2.83). 

Grain shape (aspect ratio) 

The distribution (Fig. 6a) shows that most feldspar 
grains have aspect ratios less than three, with an average 
of 1.78. The proportion of fractured grains rises slightly 
as the aspect ratio increases to four (Fig. 6b). No 
fractures occurred within grains with aspect ratios 
greater than four (Fig. 6b), but this may not be statisti- 
cally significant because of the small number of grains in 
this range. The mean aspect of the broken grains alone is 
1.91, which is larger than that of the unbroken grains 
(i.e. 1.76). 
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Fig. 5. (a) Frequency of unbroken and broken grains vs logarithmic 
grain size. The average grain size is 690 # m  for unbroken grains and 
1270/~m for broken grains, respectively, with a total average of 760 
/~m. (b) Proportion of broken grains in the grain population with 
respect to logarithmic grain size. Solid circles show the proportions for 
more than 20 grains, whereas open circles indicate those for less than 

20 grains. 

o• '80  O n < 2 0  

(~ 60 - • n 2 2 0  

1= 
O 4 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

o o 
O.. 

20 ................... D... . . . . o . i l . • . .  Q •  .............................. O .......................... 

o e ;  
A~. I I I L I [ I 0 ,t.~ I .ek  ~'~ I .,.'~ 

0 v v  

-80 -60 -40 -20 0 20 40 60 80 

o r i e n t a t i o n  ( ° )  

Fig. 7. (a) Frequency of unbroken and broken grains vs orientations 
of the long axis with respect to the shear plane. The average orien- 
tation is - 6 . 9  ° for unbroken grains and -11 .8  ° for broken grains, 
respectively, with a total average of - 7 . 6  °. (b) The proportion of 
broken grains in the grain pollution with respect to orientations of the 
long axis. Solid circles show the proportions for more than 20 grains, 

whereas open circles indicate those for less than 20 grains. 

(a )  ,50 i , i ,  i , i ,  i , i  , i , l , i ,  I , [ ,  1 , 1 , 1 ,  

F . . . . . . . . . . .  
l - - - I  u n b r o k e n  

II /L , g ra i n  

>~ 100 ................... II ......................................... l 1  b r o k e n  {o 

~ 50 I 

0 I | m  ~ i ~ , i¢,~ k,,= i , i , i , i , i ~  

0 1 2 3 4 5 6 7 

a s p e c t  ra t io  
(b)  loo .........., "l 

o~ 80 ...................................................................... [ 0 n < 2 0  

(~ 60 . . . . . . . . . . . .  O • n _> 20  

• -" O 
0 
Ca_ 40 .......................................................................... 
£ • 
t"} 

2 0  ............................... 0 ............................................. 
i l l •  • 

0 , O I  , I ~ I , L , , . k ~  ~ , I . ..~ 
v v  v 

1 2 3 4 5 6 7 8 

a s p e c t  ra t io  
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grains, whereas open circles indicate those for less than 20 grains. 

Shape-preferred orientation 

The long axes (lengths) of feldspar grains are strongly 
oriented at negative angles with respect to the shear 
plane (Fig. 7a). The mean orientation of whole grains is 
- 7 . 6  ° and 80% of the feldspar grains are preferentially 
oriented between - 4 0  ° and 20 ° (Fig. 7a). The pro- 
portion of grains that are fractured increases from 10% 
in grains at - 7 0  ° to - 6 0  ° orientation to 20% at - 1 0  ° to 
- 0  ° and decreases abruptly to less than 10% at positive 
angles (Fig. 7b). The mean orientation of broken grains 
alone is - 11.8 °, which is more oblique to the shear plane 
than that of the unbroken grains (i.e. -6.9°) .  

DISCUSSION 

Interpretation of the statistical data 

Grain abundance increases and the proportion of the 
broken grains markedly decreases as grain size de- 
creases (Fig. 5). This indicates that the fractures have 
preferentially developed in coarser grains during the 
mylonitization. However, the statistical data show that 
the grain shape and its preferred orientation also have 
some effects on intragranular fracturing (Figs. 6 and 7). 
Therefore, we need to compare these two parameters 
with the grain size. 

The relationship between grain size and aspect ratio 
for unbroken grains is shown in Fig. 8(a), whereas that 
for broken grains and their final segments is presented in 
Fig. 8(b). In order to trace a sequence of fractures in 
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Fig. 9. Rose diagram showing proportions of broken grains with 
respect to the kinematic frame during the mylonitization. Open arrows 
indicate the compression field, solid arrows show the extension field. 
The shape-preferred orientations of feldspars in this mylonite are also 

marked in this diagram. See text for discussion. 

log (grain size, pm) 
Fig. 8. Grain size (logarithmic scale) vs aspect ratio, (a) for unbroken 
grains; (b) for broken grains and lheir final segments. Each curved 
dashed line shows a constant width regardless of grain size. See the text 

for details. 

originally coarse grains, Fig. 8(b) presents a series of 
curves where each one follows a single width for differ- 
ent grain sizes. Most fractures tend to occur perpendicu- 
lar to the length of a grain, so that the width of grains 
changes only a little after fracturing. Thus, if a grain has 
a rectangular shape, the plots of its fractured segments 
exactly follow a single curve in Fig. 8(b) (see also Fig. 
10). In contrast, if a grain shape is irregular, its segments 
depart from this curve. The fracture sequence of six 
original grains is traced in Fig. 8(b). Each sequence is 
labelled A ~ B ~ C and 1 -~ 2 ~ 3, etc. 

Two originally coarse grains (labelled A and 1, re- 
spectively) have been repeatedly fractured (labelled B, 
C and 2, 3, 4, respectively) until the aspect ratios of their 
segments became less than one (Fig. 8b). Similarly, few 
fractures occurred in feldspars with an aspect ratio less 
than one, although the grains are still large enough to be 
fractured (compare Fig. 8b with Fig. 5). This suggests 
that grain size was not the only factor controlling the 
development of fractures. 

Notice that where aspect ratios of segments became 
less than one, their 'true' longest axes were actually 
placed perpendicular to the extension direction. This is 
because most of the broken grains were originally 
arrayed sub-parallel to the extension direction (Fig. 7). 
Figure 7 shows that fractures are mainly extensional 
rather than shear fractures (Boullier, written communi- 
cation 1994). Therefore, the development of intragranu- 
lar fractures in these grains resulted in a change of shape- 
preferred orientation, by which fractured segments 
would be prevented from further fracturing (Fig. 9). As 
a consequence, the probability of fracturing would be- 

come remarkably small in these grains, although their 
grain size is still large enough to allow fracturing. This is 
principally due to the effect of shape preferred orien- 
tation control on fracturing in conjunction with the grain 
shape. 

Possibility of a stable grain size for fracturing 

Few fractures occurred within the smaller grains (Fig. 
8b), although their aspect ratios are higher than those of 
larger grains. This suggests that the fracture process 
becomes less effective with grain size reduction. More- 
over, the average grain size of all feldspar grains 
changed only a little before and after fracturing (776-691 
~tm; Fig. 5). This may indicate that a diameter of ca 700 
/~m represents an equilibrium size for feldspar grains at 
that stage of mylonitization. It would be interesting now 
to measure feldspars in other samples showing different 
states of finite strain to verify if this equilibrium grain 
size varies across the low-T shear zone. 

A similar tendency to that described above has been 
reported for a complete shear zone: Boullier (1980) has 
shown for the Pan-African mobile belt of Iforas that the 
average grain size of feldspars decreased markedly as a 
result of fracturing, becoming stable with increasing 
strain. This clearly indicates that grain size reduction 
due to fracturing became less effective during progres- 
sive shearing. Consequently, the development of intra- 
granular fracturing could not occur within grains with 
sizes below a critical value. 

With respect to the average aspect ratio in feldspar, 
the grain shape of the feldspar porphyroclasts appears to 
be relatively stable during mylonitization. Boullier 
(1980, fig. 11) showed that the average aspect ratio of 
feldspars was fairly constant, in a range between 1.3 and 
1.7 from the margin to the centre of the shear zone, even 
though their grain size decreased. Takagi (1984) showed 
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a similar tendency for the average aspect ratio of thirty 
plagioclase porphyroclasts in each sample across the 
Kashio Shear Zone in the vicinity of Takato-Ichinose, 
Japan. These aspect ratios slightly decreased, from 1.8 
to 1.5, across the shear zone (fig. 10 in Takagi, 1984). 
The data presented in this study show that aspect ratios 
are dominantly in the range between 1.0 and 2.0 with an 
average of 1.56 (Fig. 6). Thus, the aspect ratio of 
porphyroclasts in mylonite may be generally regarded to 
be approximately constant at around 1.5. 

Grain size reduction due to fracture-rotation-reshaping 
processes: a model 

In Fig. 8(b), sequences of fracturing in grains were 
traced in which fracturing has ceased where aspect ratios 
became less than one. However, I suggest that, since in 
these sequences grain size is still larger than the maxi- 
mum stable size of 700 pm, two possible processes could 
enable feldspars to reduce their grain size further during 
the mylonitization. 

In Fig. 10, aspect ratios are justified with respect to the 
extension field in the range between -45  ° and 20 ° . If the 
long axis of a grain is oriented in this range, the aspect 
ratio is defined as L/W. However, if the long axis is not 
oriented in this range, the aspect ratio is determined as 
W/L,  where its width is judged to be the length. This 
results in an aspect ratio smaller than one (Fig. 10a). In 
this way, when a grain is rotated towards the extension 
field, the justified aspect ratio in Fig. 10(a) changes. For 
instance, if the justified aspect ratio changed from 1/2 to 
2 as a result of rotation into the extension field, the point 
moves vertically from D to D* in Fig. 10(a) (see also Fig. 
10c). This means that the final fragment, D, is shifted 
from one fracture sequence to the start of the other 
fracture sequence, at D* (Fig. 10a). This could result in 
D* having a higher probability of being fractured. This 
fracture-rotation process could continue until the 
broken grains eventually reach relatively stable grain 
sizes (the shaded area in Fig. 10a). It may be interesting 
to note that if a coarse grain underwent the cyclic 
fracture-rotation process and a fracture occurred at the 
mid-point of a grain (Fig. 10b), the aspect ratio of the 
broken grains will always be between one and two, 
independent of the original aspect ratio. 

Alternatively, the justified aspect ratio can change by 
re-shaping of the grain (Fig. 10d). Unlike rigid minerals 
such as tourmaline and garnet, felspars deform plasti- 
cally or brittley depending on temperature (Tullis & 
Yund 1985, 1987). Therefore, fracture walls could be 
subsequently deformed or modified during progressive 
shearing. If the broken grain (2) in Fig. 10(a) were 
internally deformed to lose parts of its volume due to 
recrystallization, dissolution, or minor fracturing along 
grain boundaries, it may shift gradually from (2) to (3) 
(see also Fig. 10d). This fracture re-shaping process is 
quite suitable for grain size reduction in feldspar. The re- 
shaped grain, (3), could again be fractured to reduce its 
grain size unless it reached a relatively stable size (the 
shaded area in Fig. 10a). 

) ' 7 t  
x ° - "  

1 \ z o n e  O! no~'%'~'~----7'OE-. ] : - ~ C  . . . . . . . . .  ] --- 
 fracturing'x.  '  / I ¢  / 

• . . .  ~/ JD #F 

°2 J J 
log (grain size, pm) 

"mid-point" intragranular 
fracturing 

(C) D'e [Z] 

I~ R*=I 

rigid rotation 

(d) 
o 2 

R*=I 
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Fig. 10. (a) Schematic diagram of grain size vs aspect ratio showing 
processes of the grain size reduction in feldspar. A justified aspect ratio 
is determined by the length of a grain with respect to the extension 
field. The labels in the diagram (e.g. A and 1, etc.) correspond with 
rectangular grains in (b) and (c). The zone of no intragranular 
fracturing is marked as cross-hatched area, where the microfracturing 
in feldspar could cease during the mylonitization. (b) Grain size 
reduction due to 'mid-point '  intragranular fracturing. A sequence of 
microfracturing is indicated as A - B - C - D .  (c) Justified aspect ratio 
changed from ½ to 2 as a result of rigid rotation into the extension field, 
so that the grain D moved vertically to D*. (d) Grain size reduction 
due to a reshaping process. The sequence (2)-(3) is connected by 
reshaping the grain of (2) as a result of abrasion, recrystallization or 
dissolution. The broken grain labelled (2) reaches the zone of no 

fracturing by the reshaping process. See text for discussion. 

Natural deformations can be more complicated so 
that fracturing, rotation and re-shaping may occur sim- 
ultaneously, resulting in a cyclic grain size reduction. 
However, although fracturing is the most effective way 
to reduce grain size, further grain size reduction would 
result only from re-shaping processes if a feldspar grain 
has reached the stable grain size for fracturing. More- 
over, if this re-shaping process ceases, the grain remains 
stable. 

Deformation mechanism of  microfracturing 

Tensile intragranular fractures occurred near the 
centre of grains, breaking them into two halves. The 
fractured segments were subsequently separated (e.g. 
Figs. 2 and 3). These features are compatible with the 
fibre-loading mechanism in brittle minerals (see also 
Boullier 1980, White et al. 1980, Lloyd et al. 1982). It 
should be noted that the kinematic flame for the mech- 
anism is essentially considered to be coaxial (Masuda et 
al. 1989, Ji and Zhao 1993). This assumption seems to 
counteract the fact that the kinematic flame for mylonite 
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is g e n e r a l l y  c o n s i d e r e d  to  be  n o n - c o a x i a l .  H o w e v e r ,  
s ince  i n t r a g r a n u l a r  f r a c t u r e s  d o m i n a n t l y  o c c u r r e d  in t h e  
e x t e n s i o n  d i r e c t i o n  (Fig.  9),  t h e  d e v e l o p m e n t  o f  in t ra -  
g r a n u l a r  f r a c t u r i n g  in this  m y l o n i t e  c o u l d  o c c u r  ana l -  
o g o u s l y  by  a s imi la r  k i n e m a t i c  f r a m e  to  f i b r e - l o a d i n g  in a 
coax ia l  d i r ec t i on .  

C O N C L U S I O N S  

G r a i n  s ize was  a p p a r e n t l y  t h e  m o s t  i m p o r t a n t  p a r a m -  
e t e r  fo r  f r a c t u r i n g  in f e l d s p a r  f r o m  the  K a s h i o  s h e a r  
z o n e ,  s ince  a cr i t ica l  g ra in  size (ca  700 ~ m )  d e v e l o p e d  
d u r i n g  the  m y l o n i t i z a t i o n  b e l o w  wh ich  l i t t le  f r a c t u r i n g  
o c c u r r e d .  Th i s  m e a n s  tha t  g ra in  s ize r e d u c t i o n  in fe ld-  
spa r  d u e  to  f r a c t u r i n g  is p r e d o m i n a n t l y  in c o a r s e  p o r -  
p h y r o c l a s t s ,  and  tha t  t h e  f r a c t u r i n g  cease s  wi th  g ra in  s ize 
r e d u c t i o n .  T h e  g ra in  s h a p e  ( a spec t  r a t io )  a n d  the  s h a p e -  
p r e f e r r e d  o r i e n t a t i o n  a lso  a f fec t  t h e  d e v e l o p m e n t  o f  
f r ac tu r ing .  T h e  f r a g m e n t s  t ha t  l ie s u b - p e r p e n d i c u l a r  to  
t h e  e x t e n s i o n  d i r e c t i o n  m a y  res is t  f r a c t u r i n g  r e g a r d l e s s  
o f  g ra in  size,  un les s  t h e y  r o t a t e  t o w a r d s  t h e  e x t e n s i o n  
f ie ld  o r  t h e i r  s h a p e  is m o d i f i e d  to  be  e l o n g a t e d  pa ra l l e l  to  
t h e  e x t e n s i o n  d i r e c t i o n .  I t  s h o u l d  be  s t r e s sed  tha t  t h e  
m e a s u r e m e n t s  h a v e  b e e n  p e r f o r m e d  on  o n e  s a m p l e  a n d  
tha t  t h e  7 0 0 / ~ m  v a l u e  is o n l y  va l id  fo r  t he  s t age  o f  
m y l o n i t i z a t i o n  e x p e r i e n c e d  by this  s a m p l e .  
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