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AsstrACT: Quartz subfabrics of the conglomerate schist consisting of rhyolite pebbles and psammitic
matrix of the Oboke district, Shikoku, Southwest Japan, have been described and discussed in detail, with
special reference to deformation mechanisms of quartz taking place under metamorphic conditions. Quartz
grains in the deformed rhyolite pebbles and the psammitic matrix occur generally in two distinctly separated
sizes, that is, porphyritic grains of phenocryst quartz in rhyolite and clastic megacryst in psammitic matrix,
and fine-grained quartz smaller than one tenth of the former in size, derived from glassy or cryptocrystalline
miaterial of the ground-mass of rhyolite and from very fine-grained material of psammitic matrix. The
fine-grained quartz grains, except for those surrounding the porphyritic quartz grains, show clearly preferred
Jattice and dimensional orientation in such a fashion as are symmetrically consistent with the mesoscopic
structures of the conglomerate schist of the district. The patterns of lattice' and dimensional subfabrics of
the fine-grained quartz are essentially the same as those of calcite in the rhyolite pebbles, and the former is
symmetrically consistent with the latter. While, for the porphyritic quartz in the rhyolite pebbles and
psammitic matrix no preferred lattice orientation has been recognized. The pattern of dimensional orienta-
tion of those grains is quite different from that of the fine-grained quartz. The significance of difference in
pattern of lattice and dimensional subfabrics between the fine-grained quartz and the porphyritic quartz has
been discussed. It is assumed that, when metamorphic deformation induced preferred lattice and dimensional
orientations to the fine-grained quartz, deformation of the porphyritic quartz occurred by translation gliding
on a certain crystallographic plane, accompanied with the formation of kink bands and recrystallization in
those bands and grain-boundaries, though no preferred lattice and dimensional orientations were induced to
those coarse-grained quartz grains. Obtained data inclines our mind to such a view that for the deformation
of quartz taking place under metamorphic conditions diffusion mechanisms, including nucleation, grain-
boundary migration and Riecke diffusion, play the more predominant role than translation gliding on some
particular crystallographic planes does. In the Sambagawa crystalline schists of the higher metamorphic grade
(e.g., the zone IV in the Kétsu-Bizan district after Iwasaki, 1963) than that for those of the Oboke district
(corresponding to the zone II in the Kétsu-Bizan district), quartz grains with the average size, which is nearly
equal to that of the porphyritic quartz grains in question (no preferred lattice orientation), show a preferred
lattice orientation, whose pattern is essentially the same as that of the c-axis subfabric of the fine-grained
quartz in question. The average size of quartz grains, which show preferred lattice orientation, increases with
increase in the metamophic grade, giving an equilibrium size under any metamorphic deformation condition.
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I. InTrRODUCTION

Since the summer of 1964, the authors have examined the quartz subfabric of
the conglomerate schist, consisting of rhyolite pebbles and psammitic matrix, of
the Oboke district, Shikoku, Southwest Japan. Preliminary study of the deformed
rhyolite pebble indicated marked differnce in pattern of the lattice subfabric between
coarse-grained quartz, originally quartz phenocryst, and fine-grained quartz, gener-
ally smaller than onc tenth of the former in size, derived from glassy or cryptocrys-
talline ground-mass of rhyolite. The former shows no preferred lattice orientaition,
while the latter shows definitic pattern of lattice orientation, which is symmetrically
consistent with mesoscopic fabrics of the conglomerate schist. In order to assess
more accurately the difference in question, detailed statistical studies of both lattice
and dimensional subfabrics of quartz in the rhyolite pebbles and psammitic matrix
have been undertaken. In this paper will be described and discussed the results ob-
tained, with special reference to the deformation mechanism of quartz taking place
under the physical condition where metamorphism occurs.

Acknowledgements: The authors are especially indebted to Prof. G. Kojmma for his
critical review of the manuscript. The field work for this study was supported in
part by the Grant in Aid for Scientific Rescarches from the Ministry of Education.

II. GEeoLocIicAL SETTING

The conglomerate schist in question belongs stratigraphically to the lower forma-
tion, the Oboke formation, of the crystalline schist system of the Sambagawa meta-
morphic belt in Shikoku (Kojma, 1951; Kojima, Hipe and Yosuino, 1956). It is
impossible to estimate the total thickness of the sediments overlain on the conglom-
erate schist of the Oboke district at the time of the Sambagawa metamorphic defor-
mation. Kojma (1958) estimated the total thickness of the Sambagawa schist for-
mations to attain 5,320 to 11,460 m.

The metamorphism of the Sambagawa belt in Shikoku belongs to the high-pres-
sure intermediate group of the metamorphic facies serics (or the glaucophanitic
metamorphism) after Mrvasairo (1965). The metamorphic grade of the conglom-
crate schist of the Oboke district corresponds to that of the zone II of the Kotsu-
Bizan district, cast of Oboke, studied by Iwasakr (1963), according to his personal
communication (1965). Psammitic schist, including the conglomerate schist of the
Oboke district, was studied petrographically by Kojma and Mrrsuno (1950). They
found such kinds of relict clastic minerals as orthoclase, microcline, augite, brown or
green common hornblend, tourmaline (brownish), garnet, allanite, cpidote, titanite,
and zircon.

The geologic structure of the Oboke district is characterized by an anticline, the
Oboke anticline in Fig. 1. The conglomerate schist is distributed at the crest and
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[ Petitic schist
Psammitic schist
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Fic. 1 Geological map of the Oboke district after KojiMa and Mirsuno (1966).
O: Oboke K: Kunimi-yama: N: Nemuri-dani
1,2, 3,4, 5 and 6: Localities of the specimens I, II, III, IV, V and VI, respectively, of the
rhyolite pebbles and psammitic matrix, whose calcite and quartz subfabrics have been ex-
amined. . :
A Axis of the Oboke anticline.

the southern limb of the anticline.

The structure of the conglomerate schist and surrounding psammitic schist is gen-
crally characterized by two types of planar structure and a linear structure. One of
the planar structures is schistosity (here termed S,), defined by preferred orientation
of flaky minerals, which is parallel to the bedding surface and the other is strain-slip
cleavage in the sense of KniLL (1960), (here termed S;), which traverses the schist-
osity surface at high angles, —- the S;-cleavage includes the S;-cleavage and S;-
cleavage by Nakacawa (1965). The linear structure (here termed L,_;) is display-
ed as the line of intersection of the S;-schistosity and S,-cleavage. The S;-cleavage
is roughly parallel to the axial plane of the anticline, and the L;_,-lineation is par-
allel to its axis (NAKAGAWA, 1965). Generally, deformed pebbles of the conglom-
erate schist show remarkable lensoid form clongated parallel to the S,-schistosity
(Plate 7-1). The S;-cleavage is much less developed in the deformed pebbles than
in the psammitic matrix.

On the basis of analysis of mesoscopic structures, the tectonic history of the Sam-
bagawa crystallinc schists of the Oboke district can be illustrated in the order of
younging as follows: 1) the deformation rclated to S;-schistosity and to the forma-
tion of marked lensoid form of pebbles in the conglomerate schist, which are prefer-
ably clongated parallel to the S;-surface, (here termed the S;-deformation). 2) the
deformation related to the Sp-cleavage (here termed the S-deformation). And 3)
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jointing and faulting.

III.  Anavysis oF CALCITE AND QUARTZ SUBFABRICS
oF THE OBOKE CONGLOMERATE SCHIST

A. GENERAL STATEMENT

Calcitc and quartz subfabrics have been studied on three mutually perpendicular
thin sections cut from four specimens of rhyolite pebbles and from two specimens of
psammitic matrix (only quartz subfabrics). Of these thin scctions, the first is cut
perpendicular to the L;_z-lincation (ac-section), the second parallel to L;_; and per-
pendicular to §; (be-section), and the third parallel to S; (ab-section). The localities
of the six specimens of the conglomerate schist are shown in Fig. 1.

The rhyolite pebbles examined consist mainly of quartz, plagioclase, calcite, white
mica, chlorite and pumpellyite, among which quartz is the most abundance. It is
rather casy to distinguish original phenocrysts from original ground-mass. In the
ground-mass, however, grains of quartz, calcite, white mica and pumpellyite do not
occure as a mixture, but they tend to form pools or bands of respective mineral
species.  Quartz-rich pools and bands are commonly found, in which quartz attains
to more than 90 per cent. For convenience’ sake, quartz grains in those pools or
bands of the ground-mass are named Q ,, (Plate 7-2). Quartz is the most abundant
one of minerals porphyritically developed in the rhyolite pebbles. In quartz phe-
nocrysts (here termed Q ..) are commonly developed clearly defined small subgrains
(here termed Q,,) (Plate 9-1 and 2). It is interesting that pressure-shadow-like
fine-grained feather quartzs (here termed Q 1) and white mica arc frequently devel-
oped around quartz phenocrysts (Plate 8-2).

The psammitic matrix consists chiefly of quartz, plagioclase and white mica.
Quartz of the psammitic matrix can be grouped roughly into two groups after its
grain-size, that is, coarse-grained quartz which is originally coarse-grained clastic
quartz, and finc-grained quartz, probably derived from the very fine-grained mate-
rials of the ground-mass. The quartz grains of the former type will be named Q .,
and those of the latter type Q ;. Around the Q,.-grains are commonly found pres-
surc-shadow-like feather quartzs (here termed Q..) and white mica (Plate 8-1). In
the Q .~grains clealy defined small subgrains (here termed Q.,,) are commonly de-
veloped.

In the conglomerate schist quartz veins are frequently found. They are classified
into two types after microscopic features, that is, the first type consists of fine-graind
subgrains (here termed Q,.) derived from the coarse-grained vein-quartz (Plate 9-
3), and the second type consists of quartz grains without granulation texture.
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Symboles . Materials

Q Coarse-grained quartz porphyritically developed in rhyolite pebbles, orxgmally phcnocryst
re
quartz.

o Fine-grained quartz in quartz-rich pools of the ground-mass of rhyolite pebbles, derived
8 from the very fine-grained materials of the ground-mass by recrystallization.

Qs Clearly defined small subgrains in Q ,c-grains.

Qe Feather quartz in pressure-shadows around Q ,-grains.

Qe Coarse(—igr]au:ed qua:tz porphyritically developed in psammitic matrix, originally coarse-
. grained clastic quartz ,

Q Finc-grained quartz in psammitic matrix, derived from the very fine-grained materials of
8 the ground-mass by recrystallization,

Qe Clearly dcﬁqed small subgrains in Q ,.-grains,

Qe Feather quartz in pressure-shadows around Q ,.-grains.

Qs Clearly defined small subgrains in coarse-grained vein-quartz.

B. Caccrre SusraBrics or RuvoLiTe PEBBLES

1) Distribution of apparent grain size of calcite.

Method of estimating real size of grain in crystalline aggregate based on micro-
scopic examination of a plane section has been discussed by many authors (e.g.,
ScHEIL, 1935; RutHERFORD, ABORN and Bamv, 1937; GaLwey and JonEes, 1963).
However, these methods will not be used in estimating the grain size of calcite and
quartz in the rhyolite pebbles and psammitic matrix. In this paper will be describ-
cd only distribution of the apparent size of calcite and quartz observed on the ac-
section, that is, the diameter of cross-scctional area of individual grains. The ap-
parent grain size X for cach grain is given by the following equation X =4yAB,
when A is the lcngth of grain in the dircction of the least projection and B is the
length of grain in the direction perpendicular to the former. :

Fig. 2 shows the distribution of the apparent size of 200 calcite grains observed
on the ac-sections, 50 from each of four ac-sections cut from four specimens of rhyo-

o T Lo 4 R A

—
0 0,05 010 L 0.8 0.20 0.25"™

Fio.2 Distribution of the apparent size of 200 calcite grains in the rhyolite pebbles as
measured on the ac-sections. . The frequency is given by the number of grains.
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lite pebbles (specimens I, II, IIT and IV). The apparent size of calcite grain is be-
tween 0.02mm and 0.25 mm, with single maximum between 0.04 mm and 0.05 mm.

2) Dimensional orientation of calcite

In order to define the orientation of calcite and quartz grains on the section, the
following method of analysis is used in this paper. The oricntation of cach grain
is measured as the direction in which the two most closely spaced parallel lines can
be drawn tangent to the outline of the grain. Grains are measured without selcc-
tion; in cach section all the grains in a series of ficlds of view were measured until a
total of 50 was reached. As a means of statistical expression of the direction and
the degree of preferred orientation of the grains, a simple two-dimensional scheme
of vector analysis is employed, according to Curray (1959). As the final criterion
for the significance of preferred orientation, the Rayleigh test of significance
(Curray, 1956) is adopted. No distribution is accepted as being significantly dif-
ferent from uniformity, unless the probability is less than 0.05.

The results are shown in Tables 1 to 4. On the ac-section and bc-section of the
specimen 1V, the direction of preferred dimensional orientation (vector mean) is ap-
proximately parallel to the trace of the S;-surface, that is, the direction of elonga-
tion of lensoid rhyolite pebbles. While, on the ab-section for the specimen IV, the
direction of vector mean is approximately parallel to the L;_.-lineation. Thercfore,
it can be inferred that most calcite grains in the rhyolite pebble of the specimen IV
tend to orient with the longest axis in the direction parallel to the L;_.-lineation,
the intermediate axis in the direction parallel to the S;-surface and perpendicular to
the L;_,-lineation, and the shortest axis in the direction perpendicular to the S;-
surface. Unfortunately, on the bec-sections of the specimens I and II and on the
ab-sections of the specimens II and III, the numbers of calcite grains are too small to
determine statistically their dimensional oricntation. On the be-section of the speci-
men III, the direction of preferred dimensional orientation of calcite is approximate-
ly parallel to the trace of S;-surface, like in the case of the specimen IV. On the
ab-section of the specimen I, the direction of vector mean is approximatelly parallel
to the L,_;-lineation, like in the case of the specimen IV. The pattern of the di-
mensional subfabrics of calcite grains of the specimens I, II and III may be similar
to that of the specimen IV.

3) c-axis subfabric of calcite

" The c-axis subfabric diagrams for calcite in the rhyolitc pebbles arc shown in
Figs. 3 to 6. Each diagram is based on 200 calcite c-axes measured on the ac-sec-
tion for ecach of four rhyolite pebbles. All the diagrams show a distinct cleft-girdie
with maxima and submaxima on a small circle at ca. 60° to 75° to the girdle axis.
In Fig. 4 (the specimen II) the girdle is broken near the direction of vector mean for
the calcite diménsional orientation, subparallel to the trace of S;-surface, on the
ac-section. The girdle axis coincides with the direction of grain clongation statisti-
cally determined in the previous section and with the Ly ;-lincation.

Analogous pattern of calcite c-axis fabric was interpreted in terms of stress by
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Fic. 3 The c-axis subfabric of 200 calcite grains Fic. 4 The c-axis subfabric of 200 calcite grains
in the rhyolite pebble (specimen I). ) in the rhyolite pebble (specimen II).
Contours: 3-2-1 %. b: the direction of Contours: 5-4-3-2-1 %.

the L,_,-lineation. dash line: the S;-
surface.”  broken line: the direction of
vector mean.

F10. 5 The c-axis subfabric of 200 calcite grains F1c. 6 The c-axis subfabric of 200 caicite grains
in the rhyolite pebble (specimen III). in the rhyolite pebble (specimen IV).
Contours: 4-3-2-1 %. Contours: 4-3-2-1 %.

TURNER e¢ al. (1963) on the basis of experimental evidences: “a cleft-girdle pattern
of c-axes, with maxima on a small circle at 60° to 70° to the girdle axis (=direction
of grain clongation) is consistent with axially symmetric extension parallel to the
axis of minimal principal stress. This corresponds to what SANDER has called Ein-
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engung....” (p.413). 'This intcrpretation may also be valid for the calcite subfabric
of the rhyolite pebbles in question. It is assumed on the basis of experimental evi-
dences (Turner and Cu’m, 1951; TurNER, Grices, CLArRk and Dixon, 1956;
Grices, TURNER, and HEARD, 1960; HeEArD, 1963; FERREIRA and TuRNER, 1964)
that the pattern of calcite c-axis fabric, for which syntectonic recrystallization is
responsible, is different from that produced by direct componental movement such
as translation gliding and twin gliding. For the calcite subfabrics of the rhyolite
pebbles, it can be pointed out that the orienting process of the latter type played the
predominant role.

C. QuArTz Susrasrics or Ruvorrte PEssLES

1) c-axis subfabric of quartz

a) c-axis subfabric for quartz phenocrysts (Q...): The c-axis subfabric diagrams
for Q .-grains (Figs. 7 to 10) of rhyolite pebbles (the specimens I, II, III and IV) arc
based on the measurment of 200 axes on cach ac-section. It appears that no prefer-
red orientation is shown in the diagram.

b) c-axis subfabric for quartz in quartz-rich pools of the ground-mass (Q .,):
The c-axis subfabric diagrams for Q .,-grains arc given in Figs. 11 to 16, showing
marked preferred orientation, unlike the casc of Q .-grains. Figs. 11, 13, 14, 15
and 16 are respectively based on the measurment of 200 c-axes on each of the ac-
sections cut from the specimens I, II, III and IV, while Fig. 12 is based on 200 axes
measured on the ab-section of the specimen I.  Figs. 15 and 16 show the c-axis sub-
fabric for Q ,,~grains in separate pools in the pebble of the specimen IV.

As is obvious in Figs. 11 to 14, the pattern of the fabric diagrams for Q ,,-grains

Fic. 7 The c-axis subfabric of 200 Q -grains F16. 8 The c-axis subfabric of 200 Q ,.-grains
in the rhyolite pebble (specimen I). in the rhyolite pebble (specimen II).
Contours: 4-3-2-1 %. Contours: 3-2-1 2.
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F16. 9 The c-axis subfabric of 200 Q ,.-grains F16. 10 The c-axis subfabric of 200 Q ,-grains '
in the rhyolite pebble (specimen III). in the rhyolite pebble (specimen IV).
Contours: 3-2-19%. = = ) Contours: 3-2-1 %.

F16. 11 The c-axis subfabric of 200 Q ,4-grains F16. 12 The c-axis subfabric of 200 Q ,;-grains
in the rhyolite pebble (specimen I). in the rhyolite pebble (ab-section cut
Contours: 4-3-2-1 %. from the specimen I).

Contours: 3-2-1 %.

in the specimens I, II and III is characterized by a distinct cleft-girdle with maxima
and submaxima on a small circle at 60° to the girdle axis, though, in Fig. 13. (for
the specimen II), the girdle is clearly broken near the direction parallel to the trace
of the S;-surface on the ac-section. The girdle axis coincides with the L;_;-linea-
tion and with the direction of grain clongation, which will be statistically examined
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Frc. 13 The c-axis subfabric of 200 Q ,4-grains Fio. 14 The c-axis subfabric of 200 Q .,-grains
in the rhyolite pebble (specimen II). in the rhyolite pebble (specimen III).
Contours: 4-3-2-19%. Contours: 3-2-1 %.

F1a. 15 The c-axis subfabric of 200 Q ,-grains Fi0. 16 The c-axis subfabric of 200 Q .;-grains
in the rhyolite pebble (specimen IV). in the rhyolitc pebble (specimen IV),
Contours: 6-5-4-3-2-1 %. . Contours: 4-3-2-1 %.

in the following pages. The cleft-girdle pattern of c-axes for Q ,,-grains in the spe-
cimens I, Il and IIL is quite similar to that for calcite grains described in the preced-
ing pages, as is obvious when Figs. 11, 13 arid 14 are compared with Figs. 3, 4 and
5, respectively.

Figs. 15 and 16 for the specimen IV are characterized by a great circle girdle
with maxima and submaxima, unlike the cases of Figs. 11 to 14 for the specimens I,
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Il and III. The girdle axis coincides with the L;_z-lincation and with the direction
of grain clongation. In the specimen IV, the fabric pattern for Q .,-grains (a great
circle girdle) is different from that for calcite grains (a small circle girdle), unlike
the cases of the specimens I, IT and IIL

It has been shown that for the lattice and dimensional subfabrics of calcite and
quartz in the rhyolite pebbles the symmetry axis (=the girdle axis=the direction of
grain clongation) coincides with that of the mesoscopic rock structure (=the L;_»--

Fics. 17 t0 30 The c-axis subfabric of Q ,-grains which show the mode of occurrence of
the first type.  crosses: the c-axis of host Q ,c-grain. Solid straight line: the
trend of band on the plane of ac-section,

F1c. 17 Fic. 18

as

Fic. 19 Frc. 20
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lincation). According to the symmetry principle claborated by SANDER (1948) and
PaTERSON and WEiss (1961), it can be assumed that the lattice and dimensional sub-
fabrics of calcite grains and Q ..-grains in question are related to the deformation
responsible for the formation of mesoscopic rock structures (S; and S;) as well as of
major structure (Oboke anticline).

¢) c-axis subfabric for subgrains in quartz phenocrysts (Q.): The mode of oc-
currence of subgrains in quartz phenocrysts of rhyolite pebbles can be divided into
two types: In the first type, subgrains occur in a band, straightly traversing the
phenocryst (Q ) and terminating within the grain-boundaries, (Plate, 9-1), and in
the second 'type, subgrains occur in marginal to internal parts of the phenocryst,
showing no band structure (Plate 9-2).

190



On the Difference in Deformation Behaviour Between Phenocryst

The characteristic features of the c-axis subfabric for the subgrains of the first
type, shown in Fig. 17, are enumerated as follows: 1) The c-axes are distributed
on two girdles, that is, girdle I and girdle II in Fig. 17. The great circle girdle I
comprises the c-axis of the host crystal. While the small circle girdle II lies at ca.
70° to the L;_,-lincation. 2) The girdle I is incomplete, and most c-axes are dis-
tributed on this girdle from the point C (the c-axis of the host grain), through A, to
B, and between C and B the girdle is completely broken. Similar patterns have
been obtained for the subgrains of-the first type in other quartz phenocrysts, whose
c-axis lie at low to moderate angles to the L;_.-lineation (Figs. 17 to 23). It can be
noticed that, in these figures, the concentration of c-axes on the girdle I is quite as-
ymmetric across the projection point of the c-axis of the host grain, showing a ten-

191



Ikuo HArA, Yijiro NisuiMura and Tsugio Isax

- dency for the girdle to break in such a fashion as the case of Fig. 17. Genecrally,
the c-axis is less concentrated on the girdle II than on the girdle L.

When the c-axis of the host grain (Q ,.) lies at high angles to the L, .-lincation,
the c-axis fabric pattern of the subgrains (Q ,,) of the first type is characterized by a
cleft-girdle, showing a concentration of c-axes on a small circle at ca. 60° to 70° to
the L,_,-lincation. For convenience’ sake, it is named the girdle II.  The girdle II’
(Figs. 24 to 30) is generally incomplete. In Fig. 24, for cxample, the concentration
- of c-axes on the girdle II’ is quite asymmetric across the projection point of c-axis of
the host grain, showing that most c-axes are distributed from the point C, through

F1c. 29 Fic. 30

Fios. 31 and 32 The c-axis subfabric of Q ,,-grains which show the mode of occurrence
of the sccond type. cross: the c-axis of host Q ,-grain.
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A, to B on the girdle and between C and B the girdle is completely broken. Also
the other diagrams show similar pattern of incomplete girdle, as the case of Fig. 24.
The presence of a break on the girdle II’ can be compared with the feature of the
girdle I for the subgrains whose host crystal is oriented with the c-axis at low to
moderate angles to the L;_,-lincation.

Figs. 31 and 32 illustrate the c-axis subfabric for the subgrains which show the
mode of occurrence of the second type. The fabric pattern is characterized by a
cleft-girdle on a small-circle at ca. 65° to the L;_,-lincation. The small circle girdle
of Figs. 31 and 32 docs not show the break characteristically developed in the c-axis
subfabric diagrams for the subgrains which show the mode of occurrence of the first
type. :

d) c-axis subfabric for subgrains in vein-quartz (Q..): The c-axis subfabric for
Q...-grains is illustrated in Figs. 33 and 34. The diagrams have been obtained by
measuring Q) ,.-grains in a quartz vein observed on the ac-section cut from the speci-
men I. In Fig. 33 there is a distinct girdle with maxima and submaxima on a small
circle at ca. 70° to the girdle axis, though the girdle is broken near the direction of
the trace of the S;-surface. The girdle axis coincides with the L;_,-lineation. On
the other hand, Fig. 34 shows complete great circle girdle with the girdle axis near-
ly normal to the S;-surface. Maximum and submaximum on the girdle are located
near the projection points of c-axes of host grains. In Fig. 34, the girdle axis does
not coincide with the L;_,-lineation, unlike the case of Fig. 33. Therefore, it can
be said that the preferred lattice orientation of Q .-grains and Q ,.-grains is incon-
sistent with the mesoscopic rock structure from the viewpoint of symmetry.

Fics. 33 and 34 The c-axis subfabric of Q ,.-grains (specimen I).  crosses: the c-axis of
host grains. )
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2) Dimensional orientation of quartz

a) Dimensional orientation of quartz phenocryst (Q ..): Quartz phenocrysts in
rhyolite pebbles of the specimens I, II and IV do not show any statistically signifi-
cant grain orientation on the ac-section, bc-section and ab-section (Tables 1, 2 and
4), unlike the case of calcite grains. For the specimen III, the grain orientation on
the ac-section is not significant statistically, while on the be-section and ab-section it
is significant statistically (Table 3). On the bc-section the direction of preferred
orientation is approximately parallel to the trace of the S;-surface. On the ab-sec-
tion it lies at an angle of ca. 32° to the L,_;-lincation. Therefore, quartz pheno-
crysts in" the specimen III show a tendency to orient with the longest axis at an
angle of ca. 32° to the L;_,-lincation and parallel to the S;-surface, but this direction
of grain oricntation does not coincide with that for calcite grains which is approxi-
mately parallel to the L;_;-lincation. '

b) Dimensional orientation of quartz grains in quartz-rich pools of the ground-
mass (Q.): Results of analysis of dimensional orientation for Q ,.-grains on the
ac-section, be-section and ab-section cut from each of the specimens I, II, IIT and IV
are shown in Tables 1, 2,3 and 4, respectively. For all the specimens, the direc-
tions of preferred grain orientation on the ac-section and bc-section are commonly
subparallel to the trace of the S;-surface, while those on the ab-section are common-
ly subparallel to the L;_.-lineation. Therefore, many Q ..-grains show a tendency
to orient with the longest axis in the direction parallel to the L,;_j-lineation, the in-
termediate axis in the direction parallel to the S;-surface and perpendicular to the
L,_,-lincation, and the shortest axis in the direction perpendicular to the S;-surface,
like the case for calcite grains. '

c) Dimensional orientation of subgrains in quartz phenocryst (Q ,.): Dimension-
al orientation of Q -grains, which show the mode of occurrence of the first type
(band) in the individual Q .-grains, has been analysed only on the ac-section cut
from each of the specimens I, Il and IV. The results arc shown in Table 5. The
patterns of grain oricntation of () ,,-grains can be divided into three types. In the
first type, the grain orientation is not statistically significant. In the sccond type,
the direction of preferred dimensional orientation is approximately parallel to the
trace of the S;-surface, and in the third type, it is approximately perpendicular to
the trace of the S;-surface and parallel to the S;-surface.

Dimensional orientation of Q ,,-grains, which show the mode of occurrence of the
second type in the individual Q ,.-grains, has been analysed only on the ac-section
cut from cach of the specimens I, II, TIT and IV. The patterns of grain orientation
are essentially the same as those of Q ,.-grains which show the mode of occurrence
of the first type, and the former can also be divided into three types, cach of which
corresponds to respective type of the latter mentioned above.

d) Dimensional orientation of subgrains in vein-quartz (Q ,,): Dimensional ori-
cntation of Q ,,~grains in a quartz vein developed in the specimen 1 has been ana-
lysed on the ac-section, be-section and ab-section. The result is shown in Table 1.
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The dircction of preferred dimentional oricntation on the ac-section is approximate-
ly parallel to the trace of the Sy-surface. On the be-section, it is approximately
perpendicular to the trace of the Sy-surface, and, on the ab-section, it is subparallel
to the L;_»-lincation. Thercfore, many Q ,.-grains show a tendency to orient with
the longest axis in the direction parallel to the S;-surface and perpendicular to the
L,_,-lineation, the intermediate axis in the dircction parallel to the L;_;-lineation
and the shortest axis in the direction perpendicular to the S;-surface, unlike the case
of Q ,,-grains of the ground-mass.

3) Distribution of apparent size of quartz

a) Apparent size of quartz phenocryst (Q ..): Fig. 35 shows the distribution of
the apparent size of 200 Q .-grains, 50 from cach of four ac-sections cut from the
specimens I, II, IIl and IV. The apparent size of Q .-grains is betwcen 0.2mm and
3.2mm, with a maximum between 0.3 mm and 0.4 mm.

b) Apparent size of quartz grains in quartz-rich pools of the ground-mass (Q .):
Fig. 36 shows the distribution of apparent size of 200 Q .,-grains, which are a part
of the Q ,,~grains used for c-axis subfabric diagrams shown in Figs. 11, 13, 14 and
15, 50 from each of four specimens. Q .-grains having the apparent sizes as shown
in Fig. 36 occupy more than 90 per cent of total number of Q .-grains in the
quartz-rich pools of the ground-mass where the c-axis subfabric diagrams shown in
Figs. 11, 13, 14, 15 and 16 were obtained. The apparent size in question is between

- 0.006 mm and 0.03 mm, with a marked maximum between 0.01 mm and 0.015 mm.
The Q ,,-grains of apparent size of 0.03 mm correspond approximately to those of
the maximum apparent size observed in the quartz-rich pools in question. The ap-
parent size of Q ,-grains is commonly smaller than one tenth of that of Q ..-grains.

¢) Apparent size of subgrains in quartz phenocrysts (Q..): Fig. 37 shows the
distribution of apparent size of 300 Q .-grains in the specimens I, II and IV, which
arc present in bands (the mode of occurrence of the first type) in which the Q.-
grains are preferably oriented subparallel to the trace of the S;-surface on the ac-
scction. The apparent size of Q ,,-grains in question is smaller than 0.09 mm, with
a maximum between 0.02 mm and 0.03 mm. Therefore, the most frequent apparent
size of Q ,,~grains is twice as large as that of Q,,g grains shown in Fig. 36.

Fig. 38 shows the distribution of apparent sizc of 300 Q .,-grains in the specimens
I, II, III and IV, which are present in marginal to intcrnal parts of Q ,.-grains (the
mode of occurrence of the second type), where Q .,-grains are préferably oriented
subparallel to the trace of the Sj-surfacc on the ac-scction. The apparent size of
Q ..-grains in question is smaller than 0.1 mm, with a maximum between 0.02 mm
and 0.03 mm. The character of apparent grain size distribution shown in Fig. 38
is closely similar to that shown in Fig. 37.

The textural features (c-axis subfabric, dimensional subfabric and apparent grain
size) of Q ,~-grains in the psammitic matrix arc cssentially the same as those of Q .-
grains in the rhyolite pebble examined above.

d) Apparent size of subgrains in vein-quartz (Q,,.): Fig. 39 shown the distribu-
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Fic. 35 Distribution of the apparent size of 200 Q -grains in the rhyolite pebble as
measured on the ac-sections.  The frequency is given by number of grains.
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grains for the c-axis subfabric diagrams which those grains are preferably ori-
shown in Figs. 11, 13, 14 and 15. The ented subparallel to the trace of the S,-
frequency is given by number of grains. surface on the ac-scctions. The frequen-

cy is given by number of grains.

100=4 100~

mem

0 0.05 [T v 0.05 0.10
F1c. 38 Distribution of the apparent size of 300 F16. 39 Distribution of the apparent size of 300
Q,,,-grax.ns (in the specimens I, .H and Q \.-grains (in the specimen I) as meas-
1V), which are present in marginal to ured on the ac-section. The frequency

internal parts of Q ,.-grains (the mode
of occurrence of the second type) in
which those grains are preferably ori-
ented subparallel to the trace of the S;-
surface on the ac-sections. The frequen-
cy is given by number of grains.

is given by number of grains,

196 -



On the Difference in Deformation Behaviour Between Phenocryst

tion of apparent size of 300 Q ,,-grains in a quartz vein in the specimen I, measured
on the ac-section. The apparent size is smaller than 0.10 mm, with a maximum be-
tween 0.03 mm and 0.04 mm. The value (0.03 mm to 0.04 mm) is larger than that
of the apparent size of Q) ~grains showing the maximum frequency.

D. QuarTz SuBrABRICS OF PsaMmiTic MATRIX

1) c-axis subfabric of quartz

a) c-axis subfabric of coarse-grained clastic quartz (Q...): .The c-axis subfabric
diagrams shown in Figs. 40 and 41 are based on the measurement of 200 grains on
the ac-section for cach of the specimens V and VI. No preferred orientation is de-
tectable in the diagrams. .

b) c-axis subfabric of fine-grained quartz (Q.;): The c-axis subfabric for 200
grains observed on the ac-section cut from cach of the specimens V and VI is illus-
trated in Figs. 42 and 43, respectively. In both diagrams there is a distinct cleft-
girdle with maxima and submaxima on a small circle at ca. 60° to the girdle axis,
which coincides with the L,_;-lineation and with the direction of grain elongation
which will be statistically examined in the later pages. The pattern of fabric dia-
grams shown in Figs. 42 and 43 is essentially the same as that for Q ,,-grains and
calcite grains in the rhyolite pebbles (specimens I, IT and III). "

¢) c-axis subfabric of quartz of pressure-shadows (Q .c): Figs. 44 to 47 show the
c-axis orientation of measurable Q) ..-grains found in four pressure-shadows on the
ab-sections of specimens V and VI; respectively. The number of the measurable
Q -grains is less than 70 per cent of the total number of Q «-grains observed in
any single shadow. In each diagram the solid line indicates the trace of quartz face

Fic. 40 The c-axis subfabric of 200 Q ,.-grains F10. 41 The c-axis subfabric of 200 Q ,-grains
in the psammitic matrix (specimen V). in the psammitic matrix (specimen VI).
Contours: 3-2-1 %. Contours: 4-3-2-1 %.

197



Ikuo Hara, Ydjiro NisuiMura and Tsugio Isar

for pressure-shadow on the ab-section. Although the c-axes of Q ,-grains tend to
be preferably oriented in each diagram, any regular relationship can not be found
between the diagrams (Figs. 44, 45, 46 and 47) with respect to the position of c-axis
concentration. Therefore, it may be said that for the lattice oricntation of quartz
grains in the pressure-shadows there is no constant relation. This conclusion coin-
cides with that of Pabst (1931), but not with the conclusion of Fisher (1926) that the

- F16. 42 The c-axis subfabric of 200 Q .-grains F16. 43 The c-axis subfabric of 200 Q ¢-grains

in the psammitic matrix (specimen V). in the psammitic matrix (specimen VI),
Contours: 3-2-1 %. Contours: 4-3-2-1 ¢,

F16s. 44 t0 47 The c-axis orientation of measurable Q ,¢-grains found in the pressure-shadow
on the ab-section (from the specimens V and VI),  solid line: the trend of controll-
ing quartz face.  cross: the c-axis of controlling Q ,c-grain.

'.b

Fic. 44 F10. 45
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F1. 46 Frc. 47

c-axis of quartz in the pressure-shadow shows a tendency to be oriented perpendicu-
lar to the controlling crystal face. As is obvious in Figs. 44 to 47, there is no con-
stant relation between the clongation direction and the c-axis for Q ,~-grains,

2) Dimensional orientation of quarty o

a) Dimensional orientation of coarsc-gramcd clastic quartz Q.): For Q.-
grains of the specimens V and VI, the directions of preferred dimensional orientation
on the ac-section and bc-section are subparallel to the trace of the S,-surface (Tables
1 and 4), while on the ab-section they are not significant statistically. . Therefore, it
can be concluded that many Q ,.~grains in the psammitic matrix tend to orient with
the shortest axis perpendicular to the S;-surface and with the longest axis in random
directions within the S;-surface. » S ‘

b) Dimensional orientation of fine-grained quartz (Q.,): The results of analysis
of dimensional orientation of Q) ,.-grains observed on the ac-section, bc-section and
ab-section cut from the specimens V and VI are shown in Tables 1 and 4, respective-
ly. The directions of preferred dimensional orientation on the ab-section and be-sec-
tion are subparallel to the trace of the S;-surface, while those on .the ab-section are
subparallel to the L,_;-lincation. Therefore, it can be concluded that many Q .-
grains tend to orient with the longest axis in the direction parallel to the L;_,-linea-
tion, the intermediate axis in the direction parallel to the S;-surface and perpendic-
ular to the L,_,-lineation and the shortest axis in the dircction perpendicular to the
S;-surface, unlike the case of Q -grains. The pattern of dimensional orientation of
Q .,-grains is identical with that of calcite and Q ,,-grains in the rhyolite pebbles.

¢) Dimensional orientation of quartz of pressure-shadows (Q .): As observed on
the ac-scction and be-section, growth of pressure-shadows surrounding Q ..-grains
appears to be maximum in the dircction parallel to the S;-surface and minimum
(generally absent) in the direction perpendicular to the S;-surface. However, devel-
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opment of pressure-shadows is more clearly observed on the ab-section than on the
ac-section and bc-section.  When observed on the ab-scction, pressure-shadows grow
radially in all direction around Q ,.-grains (Plate 2-2), but their growth tends to be
maximum in the direction parallel to the L;_,-lincation and minimum in the direc-
tion perpendicular to the L, _.-lincation.

The results of analysis of dimensional orientation of quartz grains in four pressure-
shadows, whose c-axis subfabric was examined in.the preceding page (Figs. 44 to
47), are shown in Table 6. The orientations of the longest axis of Q ,,~grains on the’
ab-section are commonly significant statistically with high probability. The orien-
tation directions are inclined at moderate to high angles to the controlling quartz
face. The dimensional orientations of Q) ,-grains in other pressure-shadows obscrv-
.ed on the ab-sections cut from the specimen V and VI are so striking that they
hardly require any statistical mcasurement, and the assumed orientation directions of
Q .c-grains arc generally inclined at moderate to high angles to the controlling
quartz face.

3) Distribution of apparent size of quariz

a) Apparent size of coarse-grained clastic quartz (Q..): Fig. 48 shows the dis-
tribution of apparent size of 100 Q ,.-grains, 50 from cach of two ac-sections cut
from the specimens V and VI. The apparent size of Q ,.-grains is between 0.16 mm
and 1.00 mm, with 2 maximum between 0.3 mm and 0.4 mm.

b) Apparent size of fine-grained quartz (Q.;): Fig. 49 shows the distribution of
apparent size of 200 Q ,.-grains measured on the ac-section cut from the specimen
V, whose c-axis subfabric was examined in the preceding page (Fig. 42). The ap-
parent size is smaller than 0.02 mm, showing a maximum frequency between 0.005
mm and 0.01 mm. The number of the Q ,,-grains having the apparent size corre-
sponding to Fig. 49 occupy more than 90 per cent of the total number of Q ,.-grains
observed in the part of ground-mass, where the c-axis subfabric and the apparent

150=

o
‘0 0.5 nom™ Juo~]
F1c, 48 Distribution of the apparent size of 100
Q (-grains in the psammitic matrix as
measured on the ac-sections. The fre-
quency is given by number grains. 50—
Fic. 49 Distribution of the apparent size of 200
Q g-grains obscrved on the ac-section
cut from the specimen V, whose c-axis
subfabric is shown in Fig. 42. The fre-

quency is given by number of grains.
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F1c. 50 Distribution of the apparent size
of 350 Q .-grains measured on
the ab-scction for the specimen
V. The frequency is given by
number of grains.

0.05™m

size distribution for Q ,,-grains shown in Fig. 42 and 49 were examined. The value
of the most frequent apparent size of Q ,-grains is smaller than that of Q ,-grains
in the ground—mass of rhyolite pebbles.

c) Apparent size of quartz of pressure-shadows (Q.): Fig. 50 shows the distri-
bution of apparent size of 350 Q ,c-grains measured on the ab-section for the speci-
men V. The apparent size is smaller than 0.055 mm, showing a maximum frequen-
cy of Q .-grains having the apparent size smaller than 0.005 mm, whose value is
smaller than that for Q .-grains. '

The textural features (c-axis subfabric, dimensional subfabric and apparent grain
size) of feather quartz of pressure-shadows surrounding Q .-grains in the rhyolite
pebbles are essentially the same as those surrounding Q ..-grains in the psammitic
matrix described above. -

IV. CONSIDERATIONS

Quartz phenocrysts (Q ) in rhyolite pebbles and coarse-grained clastic quartz
(Q.,.) in psammitic matrix of the conglomerate do not show any preferred lattice
orientation (Figs. 7 to 10 and Figs. 40 and 41), while quartz grains (Q..,) in quartz-
rich pools of the ground-mass of rhyolite pebbles and fine-grained quartz grains Q.
in psammitic matrix show marked preferred orientation (Figs. 11 to 16 and Figs. 42
and 43). The single symmetry axis of the c-axis subfabric diagrams of the latter
coincides, in general, with that of mesoscopic rock structure, i.e. the Li- »~lineation,
as well as with the fold axis of the major anticlinal structure. It would safely be
assumed that the c-axis subfabric for these fine-grained quartz (Q .,-grains and Q -
grains) originated during the deformation responsible for the formation of mesosc-
opic rock structurc and major structure, that is, the S;-deformation and the Sp-de-
formation.

What causes arc related to the discrcpancies between the fabric pattern for Q .-
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grains and that for Q ..-grains in the rhyolite pebbles and between that for Q .-
grains and that for Q ,;-grains in the psammitic matrix? The mechanism by which
preferred lattice orientation for Q .,-grains and that for Q ,.-grains were developed
did not affected the random lattice orientation of Q .~grains and Q ,.-grains inherit-
cd from their original rocks. There are some types of mechanisms by which pre-
ferred orientation of mineral lattice characteristically developed in metamorphic
tectonites can develop dircctly or indirectly as result of stress, as many authors (c.g.
FrLinN, 1965) has pointed out. Which of those mechanisms is related to the develop-
ment of preferred lattice orientation of Q ,,-grains and Q_,g-grams?

In syntcctonically recrystallized quartz aggregates produced experimentally has
been produced a high degree of preferred orientation of quartz lattice (Gricas, et
al., 1960; DELITSIN, 1962; CARTER, ¢ al., 1964; RaLeicn, 1965). The problem on
the preferred orientation of mincral lattice due to recrystallization under non-hydro-
static stress field has been considered from the thermodynamic viewpoint by many
authors (Kams, 1959 and 1961; MacDonALD, 1957, 1960 and 1961; BRrAck, 1960;
Kumazawa, 1963). It scems to be generally agreed that clastic property of quartz
is sufficiently anisotropic to induce a thermodynamically stable preferred lattice ori-
entation for quartz aggregate recrystallized under non-hydrostatic stress field, There
are two types of mechanisms, which may give risc to a thermodynamically stable
orientation during recrystallization of crystallinc material, that is, nucleation which
creates new grains in a thermodynamically favoured attitude, and grain-boundary
migration which eliminates grains in an unfavoured attitude, as previously consider-
ed by many authors. If it is assumed that the preferred lattice orientation of Q-
grains and Q,,-grains was developed by those diffusion mechanisms, then the sig-
nificance of discrepancy between the pattern of c-axis subfabric for Q .,-grains and
- Q.g-grains and that for Q .-grains and Q .-grains seems to be more reasonablly il-
lustrated than it is done by the application of other orienting mechanism.

The apparent size of Q ,-grains and that of Q ,-grains (Figs. 36 and 49), which
were derived from the very finc-grained materials of ground-mass of the rhyolite
pebbles and psammitic matrix respectively, are generally smaller than one tenth of
that of Q -grains and Q ..-grains which correspond orlgmally to quartz phenocrysts
in the rhyolite pebbles and coarse-grained clastic quartz in the psammitic matrix,
respcctwcly It is clear that, at the beginning of S,-deformation, the original quartz
grains of the ground-mass were smaller in size than Q ,-grains and Q,E-grams. Ac-
cording to the results of syntectonic recrystallization of flint and quartzite experimen-
tally given by CARTER ef al. (1964), under the conditions in which the original flint
consisting of very finc-grained quartz was completely replaced by a quartzitc con-
sisting of coarser-graind quartz induced by recrystallization, the original quartzite
consisting of relatively coarsc-gramcd quartz was not entirly replaced by new grains
but the formation of new grains were generally restricted to domains near the bound-
aries of deformation bands and grains (only to highly strained domain). And “the

amount of grain-boundary energy in the cryptocrystalline flint seems to be sufficiently
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large to promote recrystallization under hydrostatic stress at 1,000° C. 'In the rela-
tively coarse-grained quartzite, however, additional free energy derived from strain
induced in the grains seems to be required for recrystallization to take place under
these conditions” (CARTER, ¢t al., 1964, pp. 727-728). It would be assumed that, dur-
ing the S,-deformation and S-deformation, the total amount of grain-boundary en-
crgy and strain encrgy for the very fine-grained quartz grains of the ground-mass
of the rhyolite pebbles and psammitic matrix was sufficiently large for those grains
to be completely replaced by new grains (Q..,-grains and Q .,-grains) by recrystalli-
zation, while these cnergics for the coarse-grained quartz phenocrysts and clastic
quartz grains were not sufficiently large for thosc grains to be completely replaced
by new grains.

Q .-grains in the rhyolite pebbles and Q .,-grains in the psammitic matrix show
commonly a preferred dimensional orientation symmetrically consistent with the
mcsoscopic rock structure in such a fashion as many of them tend to orient with the -
longest axis in the direction parallel to the L;_;-lineation, the intermediate axis in
the direction parallcl to the S;-surface and perpendicular to the L;_;-lineation and
the shortest axis in the direction perpendicular to the S;-surface. ‘This pattern of
dimensional orientation of Q ,-grains and Q .~grains is essentially the same as that
of calcite grains in the rhyolite pebbles, but it is quite different from ‘that of Q.-
grains and Q ..-grains. Q .-grains in three rhyolite pebbes show no preferred dimen-
sional orientation, and those in-one rhyolite pebble show an orientation with the di-
rection of vector mean oblique (32°) to ‘the L;-»-lineation, being asymmetric to the
mesoscopic rock structure. In the psammitic matrix, many Q ..-grains show a:tend-
ency to orient with the shortest axis in the direction perpendicular to the S;-surface
and with the longest axis in random directions within the S;-surface. i

In his investigation on the deformation of the Funzie conglomerate, FLiNN (1965)
has revealed that individual quartz grains have a form similar to that of their par-
ent pebble and that the major form axes of the grains are oriented similarly to the
pebble axes. - Analogous relationship between the form of deformed pebble and that
of constituent quartz grain was observed also in the quartzite pebblés of Central
Vermont by Brack (1955). -+ The strain in the deformed pebble may be regarded as
statistically homogencous, the mean strain of the system concerned being represented
by an cllipsoid. The from of deformed pebble itself may be regarded -as strain el-
lipsoid (c.g., OFTEDAHL, 1948; FLiNN, 1956). Deformation by diffusion processes, say
the Riecke diffusion, would result in grains of the same shape as the strain ellipsoid
corresponding to the mean strain of the system concerned, if they ‘were originally
cqidimensional. On this assumption, FLINN (1956, p. 493) says, “the shapes ‘of the
grain arc best explained on Riecke Principle.” On the basis of analogous assump-
tion, the scnior author (HARA; 1966 a and b, in press) interpreted the dimensional
subfabric of ‘quartz in flexural folds, giving thc results consistent with informations
concerning mechanisms of flexural folding bascd on the theoretical and expenmcntal

investigations.
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FArBAIRN (1950) has shown experimentally that the quartz grains in a synthetic
quartzite developed forms with their longest axis perpendicular to the compression
axis and the shortest axis parallel to it. Analogous obscrvations were made for
quartz grains in the syntectonically recrystallized flint and quartzite experimentally
given by CARTER et al. (1964). " ,

According to the knowledge of experimental studies on metalic and non-metalic
minerals (cf., Dorn, 1961; KiNGERY, 1960), under physical conditions where recry-
stallization can occur, mechanisms contributing to creep deformation include climb-
ing of dislocations, Nabarro-Herring diffusion and flow of grain boundarics, in ad-
dition to translation gliding and twinning. Under analogous physical conditions
Riecke diffusion is likely to take placc as deformation process of silicate minerals
(RAMBERG, 1952; FLINN, 1965). Generally, the mechanisms, by which deformed
grains would develop the same form as the strain cllipsoid corresponding to the mean-
strain of the system concerned, if they were originally equiaxial, include translation
gliding, Nabarro-Herring diffusion, Riccke diffusion and grain-boundary migration
(FLinn, 1965). Which of those mechanisms is related to the formation of preferred
dimensional orientation of Q,,,-grains and Q ,,-grains?

Q ,,-grains show a tendency to orient with the longest axis in the direction parallel
to the S,-cleavage and perpendicular to the L;_,-lineation, the intermediate axis in
the direction parallel to the L;_z-lineation and the shortest axis in the direction per-
pendicular to the S;-cleavage, unlike the case of Q ,,-grains and Q ,,-grains. Analo-
gous pattern of dimensional orientation of Q ,,-grains appears to be developed also
in some other quartz veins in the crystalline schists of the Oboke district (Plate 10-1
and 2). The geometric relationship between the Sp-cleavage and the dimensional
orientaiton of Q) ,,-grains mentioned above is quite similar to that between the cleav-
age and the dimensional oricntation of deformed doides described by Croos (1947).
In the latter case, the form of deformed &oide itself may be regarded as a strain elli-
psoid.

Q ,.-grains are subgrains in coarse-grained quartz of quartz veins. There are two
types of mechanisms, by which subgrains can be developed in a single grain, that is,
polygonization and nucleation-grain growth. The orientation of subgrain-boundary
due to polygonization is generally dependent upon the orientation of glide direction
on active glide plane in the grain, following to the knowledge of experimental stud-
ies on metals (CanN, 1950; McLEAN, 1951 and 1952). It is unlikely that subgrains
of quartz produced by polygonization develop the same form as the strain ellipsoid
corresponding to the mean strain of the system concerned. During syntectonic re-
crystallization, recovery including polygonization may be also taking place within
the strained grains. It may be therefore said that most Q ,.-grains originated by
nucleation and subscquent grain growth in the vein-quartz, accompanied with defor-
mation of the grain shape, that is responsible for the formation of dimensional sub-
fabric, during the Sz-deformation, though some Q ,,-grains were produced as result
of polygonization.
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Q ..-grains in cach Q .-grain and Q ,,-grains in each Q .-grain show either one
of following three types of dimensional orientation as examined on the ac-section,
that is, 1) the preferred dimensional orientation in the direction parallel to the S;-
surface, 2) the preferred oricntation in the direction parallel to the S;-surface, 3)
random orientation. The former two suggest that the subgrains (Q,.-grains and
Q...-grains) were formed due to the mechanisms of nucleation and subsequent grain
growth during the S;-deformation and the S;-deformation respectively, accompanied
with deformation of the grain shape. The fact that these subgrains are present only
within narrow bands in some Q.-grains (or Q ,-grains), terminating within the
grain-boundaries (the first type of mode of occurrence), would suggest that the de-
formation of those Q ..-grains (or Q,,.-grains) were concentrated within those bands,
presumably kink bands, during the S;-deformation and S:-deformation, and the
strain enegy stored in those parts would have contributed to polygonization and/or
nucleation-grain growth.

The character of the girdle I in the c-axis subfabric diagrams for Q ,-grains in
Q ..~grain, whose c-axis is inclined at low to moderate angles to the L,_,-lineation,
appears to be consistent with the assumption that the bands consisting of Q ..-grains
originated from kink bands in the host crystals. The distribution of c-axes on the
girdle I is quite asymmetric across the projection point of the c-axis of the host Q .-
grain, showing a tendency to develop a distinct break in such a fashion as clearly
shown in Fig. 17. X-ray studies on naturally deformed quartz, which shows undula-
tory extinction, deformation lamellae, marginal granulation and fracturing, have re-
vealed that the axis of lattice bending coincides with either one of the a-axis and
a"-axis (Herrrscu and PaurrtschH, 1954; Bawey, BELL and Pene, 1958; PAuLiTscH
and Awmss, 1963). It is considered that attitude of the girdle I reflects the original
change in orientation of c-axis from the host crystal to the kink band, and that the
sence of rotation from the projection point of c-axis of the host Q ..-grain to the por-
tion of c-axis concentration on the girdle I would indicate the original sense of rota-
tion of c-axis from the host crystal to kink band.

The axis of the gridle II coincides generally with the symmetry axis of mesoscopic
rock structure, the L,_p-lineation. In static recrystallization of strained grains,
nuclei may develop with a preferred lattice orientation closely related to the host
lattice (Grias et al., 1960), while in syntectonic recrystallization, nuclei may devel-
op with their lattice in an attitude symmetrically consistent with the stress system
acting on the system concerned, regardless of the orientation of host lattice (Grices
et al., 1960; HEARD, 1963 ; FERREIRA ¢t al., 1964). On the basis of above described
characteristics of the girdle I and girdle II, therefore, one might suppose that Q .-
grains showing c-axis distribution on the girdle I were produced within the original
kink bands by static recrystallization, while Q ,.-grains showing c-axes for the girdle
II were induced by syntectonic recrystallization. During static or syntectonic re-
crystallization, gencrally, recovery including polygonization may be also taking place
within the strained grains, forming a network of subgrain-boundarics which separate
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clearly subgrains with different lattice orientation. It has been stated that lattice
orientation of subgrains produced as result of polygonization is generally dependent
upon the orientation of active glide plane in the host grain, on studies of metals.
Alternatively, therefore, onc might assume that Q -grains having c-axes for the
girdle I were produced as result of polygonization by syntectonic recovery, while
Q .-grains having c-axes for the girdle IT were produced by syntectonic nucleation
and subscquent grain growth. In the c-axis subfabric diagrams of Figs. 18 and 19,
only a single girdle, the girdle I, is discernible. However, Q ,,-grains for Fig. 18 show
a preferred dimensional orientation with their long axes subparallel to the trace of the
S;-surface, and those for Fig. 19 show a preferred dimensional orientation with their
long axes subparallel to the trace of the S;-surface, as measured on the ac-scction. It
has been assumed that Q ,,-grains showing the dimensional subfabric of the former
type originated during the S;-deformation and Q ,.-grains showing the dimensional
subfabric of the latter type originated during the S;-deformation commonly due to
nucleation and subsequent grain growth. Therefore, it scems most probable to con-
clude that Q .,-grains having c-axes for the girdle I as well as those for the girdle II
were commonly produced within the kink bands in Q .-grains by syntectonic ‘recry-
stallization. The formation of kink bands in Q ,.~grains suggests that the process of de-
formation of them involve generally translation gliding on a special crystallographic
plane which is inclined at high angles to the bands (cf. BARRETT, 1952; TURNER, et
al., 1954; CHRISTIE, ¢! al., 1964). This conclusion would be valid to the formation of
Q ,.-grains in Q ;,-grains, whose c-axes are inclined at high angles to the L;_,-linea-
tion, and also to the formation of Q) ,,~grains which show the mode of occurrence of
the second type. Therefore, it may be said that the deformation of Q .-grains oc-
curred by the translation gliding on a particular ¢rystallographic plane, accompanied
with syntectonic recrystallization in highly strained parts (the formation of ncw
grains = Q ,,-grains). Like phenomenon occurred also in the dcformatxon of‘ Q_
grains during the S;-deformation and'S,-deformation. s

There are pressure-shadows of feather quartz and white mica surrounding’ coarsc-
grained Q) -grains and Q ,.-grains. The pressure-shadows are gencrally clongated
in a plane parallel to the S;-schistosity. - As observed on the ab-section, pressurc-shad-
ows appear to develop in all directions around Q ,.-grains (or Q ,~-grains).  Broadly
speaking, the distribution of the maximum diameter of the pressure-shadow (pre-
sumably=direction of maximum growth =direction of maximum extension) around
individual Q ,.-grains and Q ,.-grains tend to be parallel to the L;_;-lincation. It has
been stated that the development of pressure-shadows is controlled by the extension
acting parallel to the planc of their growth, which pulls the matrix from the sides of
the porphyritic crystals (PaBst, 1931; MUGGE, 1928; TURNER ¢ al., 1963). Accord-
ing to this belicf, the strain picture for pressurc-shadows in question is quite consist-
ent with that for the dimensional subfabric of Q ,;-grains and Q ,,-grains. It can be
assumed that the deformation related to the formation of the pressurc-shadows was
resposible for the formation of the S;-schistosity.
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Fio. 51 Schematic diagram 'showing' the average grain sizes of quartz in siliceous schists of
various metamorphic grades in the Kétsu-Bizan district (after Iwasakr, 1963).

The grain size of quartz in the Sambagawa crystalline schists (siliceous schist) of
various metamorphic grades was examined by Iwasaxr (1963) in the Koétsu-Bizan
district, giving the result reproduced in Fig. 51. “It is seen from the figure that the
grain size of quartz in quartz schists generally increase with increasing grade of
metamorphism, and that the difference of the grain size is conspicuous between zones
II and III. In zone III, the grain size of quartz becomes about ten times as large as
that of zone II” (Iwasaki, 1963, p. 36). In the crystalline schsits of the zones III and
IV are commonly found porphyroblasts of sodic plagioclase. The boundary between
zones II and III in which the average grain size of quartz begins to increase abruptly
is also that in which porphyroblasts of sodic plagioclase begin to be abruptly found.
In the crystalline schists of the zones III and IV are not found porphyroblasts of
quartz. Quartz grains in the siliceous schists of the zone III and IV show preferred
lattice orientation (NAKAYAMA, 1964), whose pattern is essentially the same as that
of the c-axis subfabric for Q ,,-grains and Q ,,-grains of the Oboke conglomerate
schist. The average size of quartz grains in the zone IV is nearly equal to that of
Q...-grains, whose c-axis subfabric shows no preferred orientation. The metamor-
phic grade of the conglomerate schist of the Oboke district corresponds to that of the
zone II of the Kétsu-Bizan district. The average size of Q .,-grains and -Q .,-grains
is approximately equal to that of quartz grains of siliceous schists showing the meta-
morphic grade of the lower part of zone I in the Kotsu-Bizan district. The textural
features of the recrystallized ground-mass consisting of Q .,-grains (or Q ..-grains)
(plate 7-2) appear to be correlated with those produced as result of primary re-
crystallization and subsegent grain growth in cxpcrimental annealing of metals.

On the basis of above descriptions and considerations, it is assumed that, when
mctamorphic deformation induced preferred lattice and dimensional orientations to
the fine-grained quartz (Q .,-grains and Q ,,-grains), deformation of the porphyritic
quartz (Q ..-grains and Q ,.-grains) occurred by translation gliding on a certain crys-
tallographic plane, accompanicd with the formation of kink bands and recrystalliza-

207



Tkuo HARA, Yijiro NisumMura and Tsugio Isar

tion of those bands and grain-boundaries, though no preferred lattice and dimensional
orientations were induced to those coarse-grained quartz grains. Obtained data in-
clines our mind to such a view that for the deformation of quartz taking place under
metamorphic conditions diffusion mechanisms, including nucleation, grain-boundary
migration and Riecke diffusion, play the more predominant role than translation glid-
ing on some particular crystallographic planes does, though CHRIsTIE ¢f al. (1964) and
- CHrisTiE and GREEN (1964) found several slip mechanisms in quartz and GRIGGs
and Bracic (1964 and 1965) found that the strength of quartz drops to very low
stress levels in the presence of small amount of HO. The problem on the deforma-
tion mechanisms of quartz taking place under metamorphic conditions seems to have
mainly so far been considered in such a way to clarify orientation patterns of quartz
lattice in metamorphic tectonites and orienting mechanisms responsible for the orien-
tation patterns, with regard to homogeneity, symmetry and detail of pattern such as
maxima, minima and girdles in the individual diagrams. The view that under met-
amorphic conditions deformation of quartz occurs mainly by translation gliding and
fracturing on some particular crystallographic planes was popular for a long time
(c.g., SANDER, 1930 and 1950; ScumMIDT, 1932; KNoPF and INGERSON, 1938; FAIRBAIRN,
1949; KojiMa and Hipg, 1958). Recently, FLiNN (1965) discussed in detail possible
deformation mechanisms of rocks and minerals taking place under metamorphic con-
-ditions. The popular view that under metamorphic conditions deformation of rocks
takes generally place by translation gliding and twinning in constituent minerals was
questioned. He (p. 69) says, “the special conditions necessary for silicate rocks to
deform in this way seem to be so extrem, especially quartzites, that it is unlikely to
occur other than locally in the crust. It scems likely that under physical conditions
where metamorphism is possible rocks deform by metamorphic processes as a result
of non-hydrostatic pressure. Diffusion is common to all these processes and controls
the rates at which they operate. The rocks deform because the shapes of the indi-
vidual grains are changed by diffusion of atoms and allow the grains to slide over
one another. At the same time, as a result of diffusion, nucleation can occur, and
grain-boundary migration leads to grain growth and dissolution and change of shape
of grains. ---” The present data described and discussed in the preceding pages ap-
pears to support FLINN’s ideca. '
The c-axis subfabric of Q ,-grains and that of calcitc grains in the specimens I, I
-and III, and that of Q ..-grains in the specimens V and VI are commonly character-
ized by a cleft-girdle pattern, with maxima and submaxima on a small circle at 60°
to 75° to the girdle axis (=the dircction of grain clongation=the L,_.-lincation). It
-~ can be pointed out that in the specimens I, II and III the pattern of the c-axis sub-
fabric of quartz is essentially the same as that of calcite, like in the case of deformed
calcite-quartz vein described by the senior author (1961). While, in the specimen
1V, the c-axis subfabric of Q .-grains is characterized by a great circle girdle with
maxima and submaxima, whose axis coincides with the direction of grain clongation
-(=the L;_»-lineation), but that of calcite grains is characterized by a small circle
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girdle with maxima and submaxima whosc angular radius is ca. 60° and whose axis
coincides with the direction of grain elongation (=the L;_,-lineation). The latter
has the same property as the c-axis subfabric of calcite grains in the other specimens.
It can be said on the basis of experimental evidence that the pattern of calcite c-axis
subfabrics in question is consistent with axially symmetric extension parallel to the
axis of minimal principal stress which coincides with the girdle axis (cf., TURNER et
al., 1963). Now, relationship between above-described two types of quartz c-axis
subfabric and the stress-strain picture for the calcite c-axis subfabric comes into ques-
tion. On the basis of correlation between the calcite fabrics and quartz fabrics in a
calcite-quartz vein deformed naturally by axial compression, the senior author (1961
and 1963) pointed out that in the metamorphic deformation of quartz aggregate,
generally, c-axis of quartz may stably be oriented at an angle ca. 30° to the greatest
contraction axis in the system concerned and at an angle ca. 60° to the greatest ex-
tension axis, this rclation causing the concentration of c-axes in a plane contaning
the former and the latter axis. According to this assumption, in the specimens I, II
and III the stress-strain picture for the c-axis subfabric of Q ,.-grains is consistent
with that for calcite c-axis subfabric, while in the specimen IV the former is not con-
sistent with the latter. In order to understand kinematically the two types of quartz
c-axis fabric (great-cirle girdle, and small-circle girdle with angular radius of ca. 60°)
in question, which are most frequently found in metamorphic tectonites, therefore,
further work on the more favourable specimens is required.
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Table 1 Summary of dimensional orientation data for the specimens I and V

Nos. | . Vector Azimuth - Vector .
of Minerals | Sections Magnitude Probability Significant
Specimen ‘ (degrees) (per cent)
ac VS 55.2 <10-5 Yes
©
O
< % be VS 51.6 <1078 Yes
FR »
5 ab Vol 3.3 >0.90 No
% ac Vi 68.5 C<1070 | Yes
5, L '
z 2 be Vi 75.4 <10-1 Yes
7 ‘ L —
ab Vb 66.8 <1073 Yes
ac Vit 220 |- >0.05 No
: "be Vr o | vmo >0.05 ~ | No
N . :
ab - Vel 1 6 | >0.0 No e
e
£ ac var 49.1 <10-5 Yes
& ©
L]
3 3 be V- 48.7 <10 * Yes
& E
& 5
el N
ab Vil 29,2 <0.02 Yes
o ac Vi 49,2 <10~ Yes
a,
& ab VoLi-a 56.3 <10-3 Yes
- ac Vi 42.8 <10-3 Yes
g L
3 2 be Ve 37.3 <1078 Yos
P 5
g, g
2 ab Vop-t 78.°1 <1010 Yes

V: Vector mean
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Table 2 Summary of dimensional orientation data for the specimen 11

No . Vector
of Minerals |Sections Vec;g: A:égmh Magnitude Probability - Significant
Specimen gr (per cent) .
ac Vi 17.4 >0.20 No
)9 .
o
4 be Vi 13.1 >0.50 No
5 :
N
= ab Vili-a 22.3 >0.05 No
5
s
? ac Vf‘ 49.1 <10~ Yes
3 L
o =
£ P be V- 51.7 <10-3 Yes
i §
=3
N
ab Vola-e 85.3 <10-% Yes
Calcite | ac Vi 54.5 <10~ Yes
V: Vector mean
Table 3 Summary of dimensional orientationndata for the specimen III
No . Vector ‘
of Minerals |Sections Vcc;gz A::;)Nth Magnitude Probability Significant
specimen : ‘ gr (per cent) :
ac Vo 12.3 >0.50 No
L :
ié be Vi 44,5 <10-4 Yes
g
- ab Voda- 36.7 <0.01 Yes
s ac Vs 35.0 <0.01 Yes
S .
= P ‘
3 3 be Vo 73.7 <10-10 - Yes
= §
<a
& ] V.L
ab 8 1-2 35.4 <0.01 Yes
ac V- 42.9 <10-2 Yes
5
(2]
& be VoS 73.3 <10-10 Yes

V: vector mean
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Table 4 Summary of dimensional orientation data for the specimens IV and VI

Nos. . Vector
of Minerals |Sections | YeCtor Azimuth |y oty de Probabitity Significant
A (degrees)
specimen (per cent)
ac V-5 42.4 <10-3 Yes
©
< ’E be VS 33.0 <0.01 Yes
7 ] V.L
ab L 19.0 >0.10 No
: 47
g' ac Vi 29.5 <0.02 Yes
L ¢
) .g be V- 42.1 <10-3 Yes
=
N
ab Viame 79.9 <10-10 Yes
ac Vi 16.5 >0.20 No
©
a be Vo 9.3 >0.60 No
£ ,
N
ab Vea-a 20.2 >0.10 No
)
< ac VS 55.7 <10-5 Yes
g | e
S ® . .
= 2 be VS 52.6 <103 Yes
R 2
N
g ab Vi 41.7 <10-3 Yes
z
ac v 38. 2 <10-3 Yes
;§ be VS, 28.2 <0.02 Yes
a
ab Voli-a 28.6 <0.02 Yes

V: Vector mean
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Table 5 Summary of dimensional orientation data for Q ,,-quartz grains which show the mode

of occurrence of the first type, as measured on the ac-section..

Nos. of Vector Azimuth | Vector Azimuth Vector - L
text-Figs. (dcg;ele 9 (dc\;lgcs) l\(/[p:; En cl ;;l:)c Probability Significant
17 23.0 >0.05 No
18 8 55 26.0 <0.04 Yes
19 81 32 58.5 <10-5 Yes
20 13 67 41.1 <104 Yes
21 20.0 >0.10 No
22 12.8 >0.50 No
23 16 45 41.1 <10-3 Yes
24 21 51 49.3 <103 Yes
25 22.6 >0.10 No
26 16.5 >0.20 No
27 5 53 53.7 <105 Yes
28 90 57 41.8 <103 Yes
29 22.8 >0.06 No
30 9 28 30. 4 <0.02 Yes
V: Vectormean B: Trend of band cons;isting of Q ,.-grains on the ac-section
Table 6 Summary of dimensional orientation data for Q ¢-quartz grains
* as measured on the ab-section.
tg“t’fi,?;_ Vector fgimuch Vec‘(";cf}‘caei‘:;'“de Probability Significant
(degrees) :
44 80 89.4 <10~ Yes
45 72 58.4 <103 Yes
46 47 96.7 <10~ Yes
47 88 79.5 <l10-10 Yes

V: Vector mean
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ExpraNATION OF PLATE VII

Fic. 1 The conglomerate schist (Psammitic matrix and remarkablly elongated rhyolite pebbles).
Fic. 2 Quartz grains (Q ,;-grains) in the recrystallized ground-mass of rhyolite pebble (specimen II).

Crossed nicols.
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ExpraNaTION OF PrAaTE VIII

Fic. 1 Feather quartz (Q ,-grains) and white mica in the pressure-shadow surrounding Q ,-grain in
the psammitic schist, observed on the ab-section. Crossed nicols.
Fic. 2 Feather quartz (QQ ,¢-grains) and white mica in the pressure-shadow surrounding Q ,-grain in

the rhyolite pebble, observed on the ab-section. Crossed nicols.
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ExprANATION OF PrATE IX

F1c. 1 Q ,~grains which show the mode of occurrence of the first type (band). Crossed nicols.
Fic. 2 Q.,-grains which show the mode of occurrence of the second type. Crossed nicols.

Fic. 3 Q,.-grains in the rhyolite pebble (specimen I). Crossed nicols. X
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ExpraNATION OF PrAaTE X

Fre. 1 Q,,-grains in the pelitic schist of the Oboke district. Crossed nicols.

F16. 2 Q,,-grains in the basic schist of the Oboke district. Crossed nicols.
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