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AnsTrRACT: Structural features on various scales of the Ryoke metamorphic rocks of the Kasagi district,
Southwest Japan, were described and discussed, and the genetic history of geologic structure of the dis-
trict was examined in connection with the plutonic and metamorphic history.
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Ikuo Hara
I. InTrRODUCTION

The Kasagi district occupies the southern part of Kyoto Pref. and the northern
part of Nara Pref., Southwest Japan. The district consists of the Ryoke metamorphic
and granitic rocks, which belong to the Ryoke metamorphic zone. Within a few
kilometers beyond the northern limit of the mapped area, the Ryoke metamorphic
rocks arc gradually changed to non-metamorphic rocks.

The basement geology of Southwest Japan is characterized by the zonal arrange-
ment of older formations and their metamorphic equivalents, the latter divided into
three metamorphic zones, i.e., the Sangun, the Ryoke and the Sambagawa metamor-
phic zone. The Ryoke metamorphic zone is situated between the Sangun metamor-
phic zone to the north and the Sambagawa metamorphic zone to the south (Fig. 1).
Between the Sangun and the Ryoke metamorphic zone lies a zone consisting mainly
of non-metmorphic rocks of Palacozoic groups, which suffered neither the Sangun
nor the Ryoke metamorphism. This zone was named the intermediate non-meta-
morphic zone by G. Kojima (1953). In Kinki and Chubu province, however, the
zone was named the Tamba zone by S. MaTsusurra (1950) and N. YamasaITa (1957).

In 1941, T. KoBayasur summarized the Palacozoic and Mesozoic geology of Japan,
and introduced a hypothesis that two great orogenic cycles can be distinguished: the
older onec is the Akiyoshi orogenic cycle (Late Palacozoic~Early Mesozoic) and the
younger onc the Sakawa orogenic cycle (Middle~Late Mesozoic). After him, the
Sangun metamorphic zone and the Hida zone represent the axial metamorphism of
the Akiyoshi orogenic cycle, and the Ryoke and the Sambagawa metamorphic zone
were formed during the Sakawa orogenic cycle. In 1952, M. Gorar discussed the
origin of the Japanese Islands, and pointed out that the Ryoke and the Sambagawa
metamorphic zone were also formed during the orogenesis of the Late Palacozoic or
the Early Mesozoic. Gorar's view has been supported by most of Japanese geolog-
ists, e.g., Koymma (1953), Yamastita (1957) and K. Icmikawa (1958). Recently,
data on the absolute age of granitic rocks in the Ryoke metamorphic zone and crys-
talline schist in the Sambagawa metamorphic zone have been reported by S. Banno
and J. MiLLer (K-A method) (1961), and Y. Karakipa and D. Gorrrriep (Lead-
alpha method) (1961). All of those data gave the rocks in question the absolute
ages corresponding to the Late Mesozoic. On the basis of this evidence, BANNo and
MiLLer claimed that the Ryoke and the Sambagawa metamorphic zone were form-
cd during the orogenesis of the Late Mesozoic (cf. H. Kuno, 1961). In some places,
the Upper Triassic system overlies unconformably the Sangun metamorphic rocks,
that indicating without doubt the formation of Sangun metamorphic rocks during
the orogenesis of the Late Paleozoic or the Early Mesozoic.

Therefore, it is very important to research the geology of the intermediate non-
mctamorphic zone which lies between the Ryoke and the Sangun metamorphic zone
and to analyze the structural relation between the Ryoke metamorphic zone and the
intermediate non-metamorphic zone.
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Fic. 1 Sketch map of zonal arrangement of older formations and their metamorphic equivalents
in Southwestern Japan (after G. Kojima 1953).
HG: Hida gneiss complex, SM: Sangun metamorphic zone, INM: intermediate non-
metamorphic zone, RM: Ryoke metamorphic zone, SBM: Sambagawa metamorphic
zone. [l : Area investigated. ‘

The geology of the Ryoke zone in Kinki province has been known poorly so far.
Recently, W. Nakaziva (1960) published the geological outline map of the Ryoke
zone in the Yamato Plateau, Central Kinki province. After his map (Fig. 2), the
Ryoke metamorphic and granitic rocks have the east-west regional trend in the south-
ern and northern margin of the Ryoke zone in the Yamato Plateau, subparallel to
that of the Ryoke zone in Kinki and Chugoku province. While, in the central part
- of the Ryoke zone in the Yamato Plateau, principal schistosity and gneissosity sur-
faces of the Ryoke metamorphic and granitic rocks seem to form dome- and basin-like
structures. The Kasagi district is situated on the transitional part between the north-
ern and the central part with different regional trend of geologic structure as read
from Fig. 2.

In this paper, the first purpose of the author is to study the structures on various
scales of the Ryoke metamorphic rocks and further to determine the genetic history
of the geologic structure in the Kasagi district.

The Ryoke zone is composed of metamorphic and granitic rocks, though in some
places are developed igneous and sedimentary rocks which was formed after the
Ryoke metamorphism had been ceased. Kojma (1953) said, “the Ryoke metamor-
phism is characterized by the prevalence of thermal and metasomatic effect closely
related to intense plutonism. Metamorphic zones, commonly found in metamorphic
regions of the normal regional metamorphic types such as chlorite, almandine, stau-
rolite, and cyanite zones, are entirely absent in the Ryoke metamorphic zone. The
metamorphic rocks are characterized by the minerals of thermal-metamorphic type
such as andalusite, cordierite, sillimanite, etc.” H. Koipe (1949, 1958) studied the
Ryoke metamorphic and plutonic rocks in the Dando district, Aichi Pref., especially
from the petrochemical viewpoint. He discriminated between the older and the
younger granodioritic intrusions and the associated metamorphism. He pointed out
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that the older granodioritic intrusives were intruded successively after the older Ryoke
metamorphism of regional extension had been completed. The main metamorphic
area of the Dando district was classified by KorpE into the following successive zones -
in relation to the older metamorphism, that is, the zone of schistose hornfels, the
zone of transitional rocks, and the zone of banded gneiss. The younger metamor-
phic rocks seem to develop within narrow zone along the younger intrusives. Aft-
erwards, similar relation with reference to the plutonism and metamorphism has
been sct forth in other districts of the Ryoke zone, e.g., in the Yanai district by
Kojma and Oxamura (1951), and Oxkamura (1957), in the Kasagi destrict by T.
AriTa (1949), in the Kiso Mountain Range by Y. Oxr (1958) and M. KaTapa ct al,,
(1959), and in the Komagane district by Y. Havama (1960), ctc, that suggesting the
prevalence of these types of plutonisms and metamorphisms throughout the Ryoke
zone. The second purpose of the author is to define those two phases of plutonisms
and associated metamorphism in terms of tectonic movement of the metamorphic
field in the]Kasagi district. ' '

Microfabric patterns of quartz of the metamorphic rocks in the district have been
classified by the author into four types. The significance of those types of the quartz
fabric will also be discussed in this paper.

Acknowledgements: The author is extremely grateful to Professor G. Kojima for his
constant guidance and encouragement kindly given to the author’s ficld and labora-
tory works, and for reading the manuscript. The author also wishes to express his
gratitude to Professors Y. Kinosaki, S. Imamura, and Y. Umecaxr for their contin-
wous guidance and encouragement. Acknowledgements are duc to Dr. K. Hipk for
his suggestions and criticisms to the study. Thanks are also due to the members of
the Petrologist Club of the Hiroshima University for their valuable discussions.
Finally the author acknowledges with gratitude that a part of the expense for this
research was defrayed by the Grant in Aid for Scientific Rescarches from the Min-
istry of Education, Japan.

II. OurtLINE oF GEOLOGY

The Kasagi district consists of the Ryoke metamorphic and granitic rocks. As will
be described in later pages, the sequence of tectonic movement in the district during
the Ryoke phase has been divided into two main stages, i.e., the older Ryoke defor-
mation and the younger Ryoke deformation. With reference to those two stages of
deformation the granitic rocks in the district are divided into three types as follows:
1) the Sakawa granodioritic rocks, which were intruded during the older Ryoke de-
formation, 2) the Yagyu granite which was intruded probably during and after the
younger Ryoke deformation, and 3) the Koya granodioritic rocks which were intrud-
ed after the younger Ryoke deformation.

The Yagyu granite and the Koya granodioritc rocks effected thermal metamor-
phism in the rocks within narrower zones along them, though in the southern half
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F16. 2. Geological outline map of the Yamato
Plateau of Central Kinki Province.
(after W. Nakazima (1960), but par-
tially modified by the present author)

Post-Ryoke formations :

Sambagawa metamorphic rocks

Mylonitic rocks )

Fine-grained granitic rocks

Younger granitic rocks (massive)

Younger granitic rocks (gneissose)

Older granitic rocks

Metamorphic derivatives from basic rocks

Biotite-bearing slates

Schistose hornfelses and gneisses
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younger granite” in the sense of KoIpE.

of the district the thermal effect seems
not so obvious as that in the northern
half. The metamorphic rocks in the
district, which has not suffered the
thermal metamorphism by the Yagyu
granite and the Koya granodioritic
rocks, represent the products of the
older Ryoke metamorphism. Broadly
speaking, the older Ryoke metamor-
phic terrain of the district can be
divided into three zones from the north
to the south, i.e., the zone of biotite-
bearing slate (developing in subareas
A, B and C in Fig. 4), the zone of
schistose hornfels (developing mainly
in subarea D) and the zone of gneiss
(developing mainly in subareas E, F,
G,H, 1, J and K). Strictly speaking,
however, in the zone of gneiss (subar-
eas E, F, G, H and I) occurs schistose
hornfels in pocket-like fashion, that
being commonly away from the Saka-
wa granodioritic rocks. The zone of
schistose hornfels is characterized by
andalusite in the rocks of appropriate
chemical composition, and the zone of
gneiss by sillimanite. In the northern
half of subarea E, both andalusite and
sillimanite coexist. The Sakawa gran-
odioritic rocks were intruded during
the older Ryoke metamorphism. The -
Yagyu granite and the Koya gran-
odioritic rocks correspond to “the

The original rocks of the metamorphic rocks consist mainly of pelite, semi-pelite,
and banded chert, accompanied by subordinate sandstone, calcareous rock and basic
volcanic rocks. In this district there can be found no palacontological evidences for
the age of those original rocks, but it seems probable that they may be of the Permo-
Carboniferous age from their lithological natures which are remarkable similar to
those of the Permo-Carboniferous rocks in the Tamba zone north of the district.
Although the stratigraphy of original rocks has not yet been decided in detail, it
may safely be said that pelite is predominant in the lower horizon (developing
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F16. 3 Geological map of the Kasagi district.
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mainly in subareas C, D and G) and
that in addition to pelite banded chert
becomes predominant in the upper
horizons (developing mainly in suba-
reas A,B,E,F,H,I, J and K), especially
in the apparently uppermost horizon
(subarea K), which consists mostly of
banded chert, as W. NakajiMA point-
ed out.

The Sakawa granodioritc rocks,
which were intruded during the older
Ryoke deformation, can be divided
into two subtypes: 1) the Sakawa
granodiorite—medium-grained biotite-
granodiorite occurring as a large elon-
gate mass in the southern half of the.
district (see geological map), and 2)
the Sakawa fine-grained granodioritic
rocks occurring as small masses, which
vary petrographically from biotite-
quartz-diorite to muscovite-biotite-
granite. Boundaries between those
rock masses cannot be drawn as sharp lines, but they seem to grade petrographically

as well as structurally each other. :

Most of the Sakawa granodioritic rocks are characterized by marked linear and
planar structures. The lineation is defined by remarkably elongated grains of quartz
and feldspar (mainly plagioclase), and by parallel arrangement of biotite flakes. The
planar structure develops rather weakly. The observed planar structure is a type of
gneissosity defined by the preferred orientation of biotite flakes and by the elonga-
tion of grains of quartz and feldspar. Broadly speaking, the gneissosity surfaces
trend parallel to the contact between the Sakawa granodioritic rocks and the meta-
morphic rocks, and also the trend of the lineation of the former having horizontal
or gentle plunge is parallel or subparallel to that of the principal lineation (designat-
ed as L,_3; see the later pages) of the latter. Generally, the contact relation is con-
formable.

In some places, however, the Sakawa granodioritic rocks cut discordantly across
the principal schistosity surfaces of the surrounding metamorphic rocks, and also, in
some places of subarea K, the lineation of the Sakawa granodioritic rocks is remark-

" ably oblique to the principal lineation (L;.s) of the surrounding metamorphic rocks.
These evidences suggest that the Sakawa granodioritic rocks must be of the intrusive
origin. _

The gneissosity surfaces of the Sakawa granodioritic rocks cut generally across

]
)

F1c. 4 Index map showing 11 subareas.
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aplitic and pegmatitic veins, and' sometimes across “basic xenoliths” and xenoliths
from the surrounding mectamorphic rocks which generally show markedly elongate
form parallel to the gneissosity surfaces. These facts suggest that the planar and
linear structures of the Sakawa granodioritic rocks are not the structure of liquid
flow, but that they are the “struture of the transition phase” in the sense of H. R.
Gaurt (1945) and M. R. BrLuings (1942).

The Yagyu granite is widely exposed in the eastern area of the district. It is
coarse-grained, hornblende-bearing biotite-granite. The structural features of the
Yagyu granite change gradually from the south to the north. In the southern half
of the mass of the Yagyu granite, there develops a gneissose feature defined by the
parallel arrangement of mineral grains such as quartz, feldspar and biotite. This
gneissose feature becomes gradually weak towards the north, and it becomes unrec-
ognizable at Ariichi. Between Ariichi and Obane, the contact between the Yagyu
granite and the metamorphic rocks is parallel or subparallel to the principal schis-
tosity surfaces of the latter and to the gneissosity surfaces of the former. The meta-
morphic rocks within ‘a narrow zone along the Yagyu granite between Ariichi and
Obane show the slip cleavage which traverses the principal schistocity surface and
is parallel or subparallel to the contact. The spacing of the slip cleavage tends to
become narrow towards the contact. The slip cleavages is interpreted as formed by
the forcible intrusion of the Yagyu granite. At about 500m to the north of Ariichi,
where the Yagyu granite shows no gnessose feature, the contact relation changes
suddenly to the discordant one.

The Koya granodioritic rocks, which were intruded subscquently to the younger
Ryoke deformation, can be divided into two subtypes: 1) the Koya granodiorite—
medium-grained biotite-granodiorite occurring as a large mass in the central area of
the district (see geological map), and 2) the Koya find-grained granodioritic rocks.
occurring as small masses in the metamorphic rocks and the Sakawa granodioritic
rocks. They vary petrographically from biotite-quartz-diorite to muscovite-biotite-
granite. The Koya granodioitic rocks were intruded, in general, discordantly into
the surrounding rocks, and arc free from planar and linear structures.

III. MEsoscorIC STRUCTURES

A. FLexure FoLpING oF THE BEDDING SURFACE, AND THE PRINCIPAL SCHISTOSITY SURFACE
1. General Statement

Most of the metamorphic rocks (biotite-bearing slate to sillimanite-gneiss) within
the district show a distinct schistosity surface, and are characterized by schistose
feature. Especially, in those derived from pelitic and semi-pelitic rocks it is pro-
nounced. Generally, the schistosity is defined by preferred orientation of mineral
grains such as muscovite, biotite and amphibole, and by compositional banding as a
result of metamorphic differentiation in some examples of gneiss, accordingly it in
them corresponding to the foliation in the sense of A. HARKER (1932). In many of
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F16.5 Relation between B,-fold (banded chert) F16.6 B,-folds with décollement of banded
and principal schistosity surface S;_,. chert (from subarea A)

F1c. 7 Structure of sandstone (stippled) and F16.8 Tectonic inclusions of sandstone (stip-
chert (lined) in incompetent pelite pled) in incompetent pelite and prin-
(from northern end of subarea A) cipal schistosity surfaces S;_; (from

northern end of subarea A)

the rocks the schistosity surface is running. parallel to the bedding surface, and sili-
ceous gneisses derived from banded chert show a marked gneissic appearance com-
posed of alternating bands of melanocratic and leucocratic compositions, reflecting
original sedimentary variations. However, the schistosity surface is not always par-
allel to the bedding surface. As shown in Fig. 5 (cf. Plate 18-3), the former clearly
cuts across the latter in many places. In such case, parallel arrangement of platy
minerals along the bedding surface is not generally observed, or, if develops, weakly
in gneiss. In many places, the schistosity surface cuts across the minor fold of the
bedding surface, as shown in an example of Fig. 5, it suggesting that the latter had
existed before the former was formed. .

Now we will ask as follows: 1) What style was the deformation related to the
folding of the bedding surface prior to the formation of the schistosity? 2) What
relation between the former and the latter was there? and 3) Had the deformation
related to the folding of bedding surface been accompanied with any recrystalliza-
tion of mineral grains in the rocks concerned, accordingly also with the older Ryoke
metamorphism, which was responsible for the formation of the older metamorphic
rocks (biotite-bearing slate to sillimanite gneiss)?

On the basis of detailed examination of mesoscopic and microscopic structures of
the rocks of the northern end of the district (corresponding to the zone of biotite-
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S
F16.9 Axes of the B,-folds (of banded chert) .F16. 10 Axes of the B,-folds (of the competent
in subareas A and B Contours: 30-20- beds in the pelitic and semi-pelitic
10-6-2% : rocks) in subareas A and B. Contours:

18-12-6-3-1.4%

bearing slatc) and of the non-metamorphic rocks of the Tamba zone (in the vicinity
of Uji, Kyoto Pref.) north of the district, it has been clarified that, prior to the older
Ryoke metamorphism, the minor folding of the bedding surface had been produced
with associated very slight recrystallization of mincral grains in the rocks concerned,
and that the movement which produced the minor fold was that responsible for the
formation of the schistosity mentioned above, but that the schistosity had been pro-
duced as S-surfaces (S;- and S{-surface) without associated available recrystallization
of mincral grain along it in this deformation stage prior to the older Ryoke meta-
morphism, and that the parallel arrangement of mineral grains such as muscovite,
biotite and amphibole defining the present schistosity owed to superposed shear
movement on the S-surfaces during the Ryoke metamorphism. The evidence for
those conclusions will be now discussed.

2. By-folds of metamorphic derivatives from banded chert in subareas A and B.

As a whole, the geologic structure of subarecas A and B is for thick strata, which
incline steeply towards NNE. In many places, however, the bedding surfaces of the
rocks in those subareas are markedly folded on small-scale. Especially in banded
chert, the degree of the small-scale folding is spectacular. In some places, tens of
small-scale folds of banded chert (average wavelength 50cm) are laterally superpos-
cd in fashion of the close-packed. The small-scale folds of bedding surfaces of band-
ed chert which were cut by the schistosity surface are designated as B,-fold (Geome-
trical relation between the B;-fold and schistosity surface will be described in later
pages.) :

The trends of the axes of B;-folds are statistically illustrated in Fig. 9. Although
it shows respectable variations, it can be pointed out that many of the fold-axes have
the azimuth and plunge of ca. N48°W and 30° respectively. In some exposures, the

172



Studies on the Structure of the Ryoke Metamorphic Rocks of the Kasagi District, Southwest Japan

B;-folds with various pluging axes coexist. In some of those exposures, they appear
to surround large massive body of chert. * And also in some places, the B;-folds hav-
ing the steeply plunging axes are refolded about an axis gently plunging towards
NW. However, the diagram of Fig. 9 indicates that most of those fold-axes tend to
spread on a great circle.

The attitude of the axial surfaces of folds is fairly regular and many of them seem
to show trend approximately parallel to the great circle containing most of the fold-
axes in the diagram of Fig. 9. However, the axial surfaces of folds are not always
plane but often visibly curved. '

In profile, the Bj-folds in question are commonly hardly curved, the turnover at
the axis being sudded in acute angle, and rarely they show a moderate form. Pelitic
material alternating with chert beds in the folds is commonly squeezed from their
limbs into their axial zone, that suggesting flexural slipping involved in the beddmg
surfaces of competent chert. Some of the B;-folds indicate a disharmonic style im-
plying usually a certain amount of décollement (Fig. 6.) In those folds, generally,
the one of limbs is straight and has markedly thinner thickness than other folded
limb, as shown in Fig. 6 (cf. Plate 18-1). The surfaces of décollement generally de-
velop in parallel along the former limb as shown in Fig. 6 and are controlled by the
same tectonic axes as the folds. Most of B;-folds show monoclinic symmetry, but
some of them triclinic. : _ K

All folds described above are not associated by mylonite. Thus, the style of folds
suggests that they had been formed in highly plastic condition of rocks concerned.
The style of folds is not disimilar to that of the Ord Ban quartzite described by D. B.
McInTyER (1951). McINTYER said, “it is evident that quartzite can fold in thls
manner only if the quartz crystals are able to grow during the deformation ......... >
recrystallization would give an effective plasticity to the mass as a whole.” However,
quite similar type of fold is frequently observed in the non-metamorphic banded
chert in the Tamba zone north of the district. The B-folds in the district had been
produced prior to the older Ryoke metamorphism, as will be discusseed in later pages.
Therefore, the deformation related to the formation of the fold in question seems to
have taken place in the unconsolidated soft condition of the rocks concerned

3. Geametmal relation betwem the By-folds and schistosity surfaces in the banded chert in subareas A and B. -

The schistosity surfaces in question arc running through the B;-folds approxima-
tely parallel to their axial surfaces in many places. In this case, strictly speaking,
they show fan-like arrangement with reference to the core of fold. However, in the
B,-folds implying décollement the schistosity surfaces are commonly parallel to the
surfaces of décollement and to the straight thinner limb of folds. In the refolded
folds as shown in Fig. 5, they are commonly approximately parallel to the axial
surfaces of the fold in the later stage. Broadly speaking, the schistosity surfaces
seem to show trend approximately parallel to the great circle containing most of the
fold-axes in the diagram of Fig. 9. - '
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From conformable geometrical relation between the Bj-folds and schistosity sur-
faces mentioned above, it may be concluded that the latter had been produced in
close connection with the formation of the former and accordingly that the latter
had been produced subscquently to the B;-folding of bedding surfaces, though there
are some problems which will be disucessed in later pages.

4. Folds and associated structures of the “competent” beds intercalated in the pelitic and semi-pelitic rocks in subareas
Aand B.

The rocks, which behaved as competent beds with respect to the pelitic and semi-
pelitic rocks surrounding them, are sandstone, chert and basic volcanic rocks. The
principal rocks to be dealt with are the former one.

Broadly speaking, the sandstones appear to be intercalated as isolated tabular bodies
on various scales rather than as extensive beds. At first sight, they appcar to be
scattered at random through pelitic and semi-pelitic rocks, though their long dimen-
tions are generally oriented parellel to the general trend of strata indicated in the
geological map. However, in many of profiles parallel to NNE, small-scale folds of
the competent beds and folded orientation of their isolated bodies have been observed.
The style of deformation of the competent beds (prior to the formation of the schis-
tosity) will be discussed with reference to careful examination of those profiles.

The structures of competent beds in question are folding of bedding surface and
structures such as mullion, boudin and tectonic inclusion. They indicate composite
effects of those various styles of deformation. The development of those structures
may be collectively interpreted as follows: in the earlier stage of deformation, com-
petent beds are mullioned and boudinaged. In the more advanced stage, their con-
tinuities are destroyed into tectonic inclusions swimming in the incompetent matrix.
Also the deforming process from mullioning and boudinage to the production of
tectonic inclusions seems to have taken place contemporancously during flexure fold-
ing of the beds, as suggested from example of Fig. 7. In some profiles, deforming
process from flexure folding with boudins of competent beds, through folded orienta-
tion of their tectonic inclusions, to random orientation of these has been traced out.
Most of observed folds show monoclinic symmetry, but some of them triclinic.

The style of the folds and associated structures described above suggests that they
had been formed in highly plastic condition of rocks concerned. Similar structures
have been observed also in the Tamba zone (in the vicinity of Uji, Kyoto Pref.)
north of the district. They had been formed prior to the Ryoke metamorphism, as
will be discussed in later pages. Therefore, the deformation related to the formation
of the folds and associated structures of competent beds in question seems to have
taken place in the unconsolidated soft condition of the rocks concerned.

Since the folds are complicated, it is often difficult to measure their axial trends
and axial surfaces. The trends of all measured fold-axes are statistically illustrated
in Fig. 10. Many of them show the azimuth and plunge of ca. N54°W and 28°
respectively. Those values are approximately equal to them for many of B;-folds
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of banded chert. Superposition of Fig. 9 on Fig. 10 shows that the great circle girdle
containing most of the folds of competent beds coincides approximately with that
for the B;-folds of banded chert. The attitude of the axial surfaces of folds in ques-
tion is fairly regular, and many of them show trend approximately parallel to the
great circle in the diagram of Fig. 10. Thus, it is pointed out that the axial trends
and axial surfaces of the folds in question show quite similar attitude to those of the
B;-folds of banded chert described in preceding pages.

Therefore, the B;-folds of banded chert must be safely correlated with the above
described folds and associated structures of the competent beds intercalated in the
incompetent pelitic and semi-pelitic rocks. Thus, the small-scale folds of bedding
surfaces in question (which are cut by the schistosity surface) are collectively des-
ignated as B,-fold. '

Apart from the structures described :
above, turbid laminations of the sands- ,_‘_////W_/%%{Z/ M%/‘/Z—L
tone and semi-pelitic rocks in the pe- S
hflc rocks as shown Il? an example of inae of the pelitic (lined) and semi-
Fig. 11 are observed in many places. pelitic rocks (from subarea A). S;_;—
They show no associated shear cleav- —S8,.;: showing the direction of the
age, and are cut irregularly by the S;-g-surfaces.
schistosity surfaces. They must be
doubtlessly sedimentary structure, which indicates turbxdlty current of sediments
concerned during sedimentation. In many places, however, the author could not
always sharply distinguish between the B,-folds and associated structures and those
sedimentary structures. In the northern end of the district has been observed devel-
opment of pelitic fragments incorporated as separate pieces in sandstone beds, which
can ben doubtlessly attributed to turbidity current of sediments concerned during
sedimentation.

Fic. 11 An example of turbidity of the lam-

5. Geometrical relation between the Bi~folds of intercalated competent beds and schistosity surfaces in the pelitic and
semi-pelitic rocks in subareas A and B.

Generally, the schistosity surfaces in question tend to run in approximately parallel
to the axial surfaces of the B,-folds of competent beds. They only weakly develop
in the competent rocks. Especially, the development of the schistosity is insignificant
in these rocks of subareca A. While, the schistosity surfaces well develop in the
incompetent pelitic and semi-pelitic rocks. About the development of them in these
rocks of subarea A, however, following evidences have been recognized: where the
form of the B;-folds of competent beds well remains, the development of the schis-
tosity is relatively weak to that in places, where the competent beds are disrupted to
such extent that it becomes difficult to trace out the form of the fold. In some of the
former cases, the schistosity surfaces are recognized only along the zones of separa-
tion of the boudins and run in approximate parallel to those zones in such fashion as
shown in example of Fig. 8. Those schistosity surfaces seem to be controlled by the
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same tectonic axes as the Bj-folds. Rocks of remaining parts are rather massive,
and flaky minerals such as muscovite and biotie scem to be oriented on sedimentary
liminae rather than are parallel to the axial surface of the fold concerned.
Mesoscopic structures, which have been described in preceding pages, were traced
out in quite similar fashion from subarea A to Uji, Kyoto Pref., in the Tamba zone
north of the district. Only the schistosity surfaces are gradually changed to S-
surfaces (followingly designated as S{ and S7) in the Tamba non-metamorphic zone,
which show scarcely parallel orientation of mineral grain along them. The rocks
in the Tamba zone show a planar structure defined by parallel arrangement of very
fine matters, one of which is very fine grained recrystallized white mica, that repre-
senting slight recrystallization of the rocks concerned. The planar structure is not
always parallel to the bedding surface. This is designated as S{. In the structurc
of style as shown in Fig. 8, the S{-surfaces are parallel to displacement zones. The
rocks in the Tamba zone have another distinct planar structure running parallel to
or subparallel to the S{-surfaces. This planar structure is swarm of shear cleavages
with length of order of milimeter (here termed S7). Slip movement along the Si-
surfaces scem to have been commonly negligible. Therefore, swimming of tectonic
inclusions of competent rocks in the incompetent matrix seems to be attributable to
highly plastic flow of the matrix with respect to Sj, but not to slip movement with
respect to the S{-shear cleavages. However, the S{-shear cleavages seem to be con-
trolled by the same tectonic axes as the folds of competent beds. Thus, it seems
probable that the movement, which produced the B;-folds and associated structures
for the competent beds, was that responsible for the formation of the S{-shear cleav-
age. The formation of Si-shear cleavage may be ascribed to decrease of plasticity
of the rocks concerned in the later stage of deformation, probably owing to cscape
of water from the rocks concerned with progress of deformation (WunDERLICH,
1959). Fig. 12 shows the c-axes fabric of quartz in the psamitic rock with the Si-

® O

F1c. 12 400 c-axes of quartz in psamitic rock collected from Uji; contours 3-2-19
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and Si-surfaces (S1//S]) collected from Uji in the Tamba zone. Random orientation
of quartz axes is demonstrated. It is safely pointed out that the deformation related
to the formation of the S{ and S{-surfaces had not induced lattice translation of
quartz, and in the plastic flow of the rock concerned with respect to the S{-surfaces
the quartz grains floated in matrix. Those conclusions may be valid also for the
structures in question in subarea A.

6. Concluding remarks

On the basis of examination of deformation style, it may be concluded that the
deformation, which produced the minor flexure folds (B,-fold) and associated struc-
tures of the banded chert and the competent beds intercalated in the pelitic and
semi-pelitic rocks, had taken place in unconsolidated soft condition of sediments con-
cerned. Those structures are markedly similar to structures attributed to movement -
during sedimentation, such as intraformational folds and slumps. They may be
sedimentary structure, which indicates turbidity current of sediments concerned dur-
ing sedimentation, as well as the development of pelitic fragments incorporated as
separate pieces in sandstone beds and other structures such as the example of Fig. 11.
However. many of the structures in question seem not to be sedimentary structure,
judging from conformable geometrical relation between theém and schistosity surfaces
and the evidences discussed in other chapter. Above described relationship between
the Sj-and Sj-surfaces in the rocks of the Tamba zone seems to confirm this conclus-
ion. In subareas A and B, as a whole, the b-kinematic axis in the deformation related
to the formation of the structures in question have azimuth and plunge of ca. N48°—
54°W and 30-28° respectively, as suggested from Figs. 9 and 10. .

Analogous minor folds of bedding surface and associated structures and also anal-
ogous geometrical relation between the folds and schistosity surfaces have been rec-
ognized in many places of other subareas, especially in derivatives from the banded
chert. They generally show complicated style, because of superposition of deforma-
tions accompanied with intense thermal and metasomatic effects. It is obvious that,
prior to the formation of the schistosity surfaces, the rocks in those subareas had
been deformed in the same manner as those in subareas A and B.

The evidences for the conclusions mentioned in the section of General statement
will be further discussed in other sections and chapters.

‘In this paper, the bedding surface is designated as S;. The schistosity surface in
question is designated as S;_, (or principal schistosity), on the basis of geometrical
relation of it to S, described in preceding pages. The axis of the B;-fold is designat-
ed as Ly, and the line of intersection of S, and S;._; as L;_,. Generally L, is parallel
to L, :

B. AxIAL STRUCTURE
1. L, and the principal lineation L,_,.

. Most of the metamorphic rocks within the district show a distinct lineation defined
by parallel arrangement of mineral grains such as micas and amphibole on the
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S, Ly

Fi1o. 13 200 [001] of micas of slightly metamorphosed banded chert (from Kamatsuka)
Contours: 15-13-9-7-1%

schistosity surface S;.,. In subarea A, the northern part of the district, however,
developmerit of the lineation is insignificant, though it becomes progressively distinct
~ towards the south. The lineation is designated as the principal lineation or L;_s,
since it coincides with the line of intersection of S;_, and subordinate transversal-
schistosity surfaces S; and Sy, as will be discussed in later pages. ’

The L_s-lineation is first direct expression of the b-kinematic axis with respect to
shear movement on S,.;.  Transposition of S, by silp on S,_; is observed in many
places. However, L;_, (the line of intersection of S; and §,_5) is the fabric b in the
symmetrological system. Broadly speaking, L, is oblique to L,_; with an average
angle of ca. 25° on S,_;. Generally L;_; is parallel to L;. In the preceding pages,
it has been pointed out that the movement which produced the B,-folds (flexure fold)
was probably that responsible for the formation of S;_;, from the examination of
geometrical relation between both structures in subarcas A and B. Thus, problem
about the relation between the flexure folding of bedding surfaces (the formation
of the B;~folds) and formation of S;_;-schistosity secms to be remarkably intricate.
The problem will be discussed in the chapter IV.

Where L;_3 runs obliquely to L;.,, generally, arrangement of mineral grains such
as muscovite and biotite parallel to L;_, on S;_; has been not megascopically ob-
served. Fig. 13 shows the [001)-fabric of muscovitc and biotite in the B;-fold of
banded chert in Kamatsuka of subarea A. In this specimen, L; is parallel to L;_o,
and L, is oblique to L,_; with angles of ca. 30° on S;.;. [001]-Axes of muscovite and
biotite have been measured in thin section perpendicular to L, and L;_,. Fig. 13 is
characterized by an incomplete girdle perpendicular to L;_; and one maximum which
corresponds to S;... Marked flexure folding of S, can not be traced out by the mica-
fabric. Analogous pattern of mica-fabric with reference to L.z and L,_; is equally
obvious in examples from other places. In the example of Fig. 13, the S;_;-surfaces
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retain fan-like arrangement with reference to the core of fold, and the L;_s-lineation
is faint. In subarea A, as a whole, the S;_,-surfaces are rotated about L,, as will be
described in the chapter IV. On the basis of those considerations, it seems to be
safely concluded that muscovite and biotite in the metamorphic rocks within the
district had originated first in the stage of deformation related to the formation of
the principal lineation L;_3, and therefore that the movement which produced the
B,-folds and associated structures described in preceding pages had taken place in
non-metamorphic condition, that is, prior to the Ryoke metamorphism. The move-
ment (prior to the Ryoke metamorphism) is named Tamba deformation in such points
of view as will be discussed in the later pages (Flara, 1959, 1960).

2. Minor folds of the S,._,-surfaces having their axis parallel to Ly_,.

In subareas A and B, as a whole, the S;_s-surfaces are plane or weakly wavy.
However, they often show visibly wavy form arround tectonic inclusions of compe-
tent rocks in the pelitic and semi-pelitic rocks. Analogous attitude of the Sj_o-
surfaces has been more or less observed all over the district.

In subareas C and D, the S,_;-surfaces show commonly gentle waves, in some
places accompanied with minor flexure folding in obtuse angle. Those folds show
trend parallel to L,_s.

While, in subareas E to K the S;_,-surfaces are folded on every scale rather than
are plane. The folds in those subareas are classified into three groups with reference
to the attitude of their axes to L;_3; and named as follows in the order of younging:
1) Bs-folds trending in parallel to Lp_3, 2) Bs-folds trending slightly obliquely to
L,_s, and 3) Be-folds having their axes plunging at high angles (accordingly, per-
pendicular or subperpendicular to Lz_3). The most frequently observed folds are
the Bs-folds. Some of the important mesoscopic features of the Bs-folds will be de-
scribed.

The B;-folds are concentric rather than similar (in the sense of De SiTTER, 1956)
They show various styles ranging from gentle or moderate form with orthorhombic
or monoclinic symmetry to isoclinal-disharmonic, ptygmatic form with monoclinic
symmetry. Most of the folds show monoclinic symmetry, but some of them show
triclinic symmetry, owing to overprinting of the Bs-folds or Be-folds. The attitude
of the axial surfaces of Bs-folds is variable. However, its variation seems to be
closely connected with that in the style of the Bs-folds. The axial surfaces of the
B;-folds showing gentle or moderate form tend to dip steeply with their subparallel
arrangement within small area. On the other hand, the attitude of the axial surfaces
of B;-folds showing acute form is rather variable, as well as those of disharmonic
style. All types of the Bs-folds occur all over subareas E to K. However, the Bs-
folds showing moderate form are found most frequently in subareas F, H, I, and ]J.
The Bs-folds showing isoclinal-disharmonic style are found most frequently in sub--
area K, and in the peripheral zones of the Sakawa granodioritic rocks.
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3. Axial structures trending slightly obliquely to L,_,.

In some places of subareas C and D, other lineation oblique to L,_; at angles vary-
ing from 10° to 40° has been observed on S,_, (Fig. 18). This is represented by faint
parallel striations or grooves. This type of lineation has not been observed in sub-
area A. It cannot be directly determined whether the striations and grooves on S,
in question correspond to the b-kinematic axis or not. They are designated as Ls.
Azimuths of Ls-lineations deviate commonly towards the north with small angles to
L._s.

In subareas E to K, the folds of the S;_,-surfaces trending slightly obliquely to
L3, namely the Bs-folds, occur sporadically on small-scale. Most of them are found
in the peripheral zones of the Sakawa granodioritic rocks.

The Bs-folds are concentric rather than similar in type (in the sense of De SITTER,
1956). The Bs-folds show various styles ranging from moderate form to isoclinal-
disharmonic, ptygmatic form, Most of them show monoclinic symmetry, but others

orthorhombic or triclinic symmetry. The style of Bs-folds is similar to that of the
B;-folds.

Some of the Bs-folds are accompanied by the lineation parallel to their axis in the
axial zones, it defined by the parallel arrangement of mineral grains such as mus-
covite and biotite or by parallel striations. From tectonic sequence printed on S;_5,
the Bs-folds and the lineation seem to be correlated with Ls in subareas C and D..
Ls may be regarded as the b-kinematic axis with respect to superposed shear move-
ment on the S, p-surfaces, which in subareas C and D had taken place during the
deformation stage, when the Bs-folds were formed in subareas E to K.  On the basis
of these considerations, in this paper, all those lineations described above are collec-
tively designated as Ls.

Broadly speaking, however, the development of L; and the Bs-folds is insignificant.
This fact suggests that the shear movement on the S;_,-surfaces related to the forma-
tion of Ls and the Bs-folds had taken place sporadically within the district, or that
the shear movement had taken place with the -kinematic axis parallel to L,_; in
other many places within the district where Ls and Bs-fold have not been recognized.

The latter inference seems to be more probable, judging from the evidence described
in the later pages.

4. Axial structures plunging at high angles.

Axial structures in question are the Bg-folds and the steeply plunging lineation
defined by the parallel arrangement of mineral grains such as muscovite, biotite and
amphibole on S, ;. The lineation is designated as Lg. The Bg-folds and Lg have
been mainly observed on the S,.-surface inclining at angles of between 40° and 90°
in subareas F to K. Generally their trends coincide approximately with the direction
of dip of Si.;. Accordingly, they tend to run perpendicular to L,_s, though not
strictly perpendicular to L,_j.

The style of most of the Be-folds is that of the “drag fold” on small-scale. In
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many places, L¢ develops in close association with the Bg-folds. In places, however,
where no Bg-folds can be seen, Lg persists. In subareas F, G and H, and the norther
half of subarea J, the Bs-folds occur generally in the derivatives from the pelitic and
semi-pelitic rocks. In the derivatives from banded chert of those subareas, L¢ has
been recognized. ‘ '

The development of the Bg-folds as drag fold suggests that shear movement on
the S,_s-surfaces with respect to the horizontal or gently plunging a-kinematic axis
had taken place in rocks of subareas F to K. Lg corresponds also to the b-kinematic
axis with respect to the shear movement in question. In subareas G, H and I, the
sense of shear movement on the S;_,-surfaces determined from careful examination
of the form of Bs-folds, as a whole, is what the eastern side moves towards the north
relatively to the western side.

C. Mzesoscoric SUBORDINATE TRANSVERSAL SURFACE

In some places of the closely peripheral zones of the Sakawa granodioritic rocks,
planar structural surfaces which traverse the S;_,-surfaces and are generally dis-
played as one set of transversal surface with spacing of 3cm+ have been observed.
Especially, they are found most frepuently in subarea K. The development of the
transversal surfaces in question, however, as a whole, is insignificant.

The transversal surfaces in question are commonly defined by parallel orientation
of platy minerals such as micas and lensoid forms of quartz grains. Accordingly,
they correspond to the schistosity in the sense of HARKER. Generally, the transversal
surfaces are recognized as a zone with width of between 1mm and 2cm, in which the
Si-z-surfaces disappear completely, as shown in Plate 20-2. In some of the trans-
versal surfaces rotation of platy minerals from S;_, to them is incomplete. Those

F1c. 14 100 c-axes of sillimanite in the zone of F1c. 15 100 c-axes of sillimanite in the zone of
Ss-surfaces (from Sakawahigashi); con- Sy-surfaces (from Sakawahigashi); con-
tours 30-25-15-7-3-1% tours 15-13-11-9-7-5-3-2-19;
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transversal surfaces are collectively designated as Ss.

The presence of Ss-schistosity surfaces developing in zones with wide width sug-
gests considerable shear movement on them. On the Ss-surfaces of those zones, a
distinct lincation is generally recognized. The lineation is defined by parallel ar-
rangement of mineral grains such as muscovite and biotite commonly, and sillimanite
sometimes. In some specimens, another microscopic planar structural surfaces, which
traverse Ss and are represented by parallel sets of slip zones, have been recognized.
The linc of intersection of the Ss-surfaces and the microscopic transversal surfaces
coincides with the lincation defined by parallel arrangement of mineral grains such
as micas and sillimanite (Figs. 14 & 15). Those lincations are parallel to the line of
intersection of S;_, and Ss. Those lincations are collectively designated as L;. Where
the Ss-surfaces and Bs-folds coexist, L{ scems to be parallel to the axes of Bs-folds.

The movement which produced the Bs-folds may have been that responsible for
the formation of S;, and the S;-surfaces may have been subsequently produced in
the later stage of the deformation related to the Bs-folds.

Figs. 14 and 15 show the c-axis fabric of sillimanite in the zone of Ss-surfaces.
Both diagrams are characterized by a single marked maximum, representing that
the c-axes of sillimanite are preferably oriented in parallel to the fabric axis & (L{).

IV. MAcroscoriC STRUCTURES

A. THE STrUCTURE RELATED TO THE TAMBA DEFORMATION

In subareas A and B, as a whole, the S;_,-surfaces tend to dip at high angles to-
wards NNE. In subarea C, the S,_,-surfaces change gradually their inclination to-
wards SSW, but generally, they seem to have steep inclination. In subareas D they
tend to dip with various angles towards SSW. The variation in the inclination of
Sy_z-surfaces within subarca C scems, however, not to be attributed to the presence
of anticlinal form with respect to S,_,. Passing from the north to the south, they
seem to change their inclination gradually from high angles towards NNE, through
vertical position, to high angles towards SSW.

The trend of the S;_.-surfaces in the pelitic and semi-pelitic rocks within subarcas
A to D is shown in Fig. 16. The n-diagram for S,_, has been constructed by project-
ing poles of S;_; on the lower hemisphere of equal-arca-projection. The diagram
is characterized by two prominent maxima and a single great circle girdle contain-
ing one of those maxima. It can safely be said that, as a whole, the structure of the
S;_z-surfaces within subareas A to D shows triclinic symmetry. The Maximum
(M, in Fig. 16), which is situated away from the great circle girdle, indicates the
constancy in the trend of S,_; in the pelitic and semi-pelitic rocks in subareas A and
B.

Fig. 19-a is the B-diagram for S;_; in the pelitic and semi-pelitic rocks in subarea
A. The diagram has been constructed after the method of B. SANDER (1948). The
diagram is characterized by a single marked maximum, though the B-axes show
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considerable dispersion on a great circle. Accordingly, it may be pointed out that,
on macroscopic scale, the structure of the S;_,-surfaces in subarea A has a monoclinic
symmetry with a single symmetry plane normal to the 8-maximum, on the basis of -
consideration about the attitude of S;_, described in preceding pages. The azimuth
and plunge of the B-maximum are N48°W and 30°, respectively. L,_s-lineations in
subarea A, plotted in Fig. 19-b, show a distinct maximum. The azimuth and plunge
of the maximum are N55°W and 5°, respectively. Therefore, the trend of L,_; does
not coincide with that of the 8-maximum. While, the general trend of the axes of
the B;-folds in subareas A and B described in preceding pages coincides approximate-
ly with that of the B-maximum in question. This fact is quite harmonic with the
conclusion deduced from the analysis of the mesoscopic structures in the chapter III,
that the movement which produced the B;-folds might have been that responsible
for the formation of the S;_,-surfaces. ,

Figs. 21-a and 22-a are the B-diagram for S,_; in the pelitic and semi-pelitic rocks
in subareas C and D, respectively. Those diagrams are characterized by a single
marked maximum in common. Especially, it is pronounced in the B-diagram for
subarea D. The trend of the B-maximum is constant with the azimuth and plunge
of N73°W and 0° in subarea C, and those of N75°W and 0° in subarea D. L,_s-
lineation measured in those subareas have been plotted in Figs. 21-b and 22-b, both
. showing a single distinct maximum having quite similar trend. The azimuth and
plunge of the maximum in both diagrams are N74°W and 0° respectively. There-
fore, in those subareas, the trend of L,_; coincides with that of the B-maximum.
Accordingly, it is safely concluded that, on macroscopic scale, the structure of the
S, _z-surfaces in subareas C and D shows monoclinic symmetry with a single symme-
try plane normal to the B-maximum, on the basis of consideration about the attitude
of S;_.-surfaces within those subareas described in preceding pages, and that it is
attributed to the deformation related to the formation of the lineation L,_s.

Fig. 20-a is the B-diagram for S;_ in the pelitic and semi-pelitic rocks in subarea
B. The diagram is characterized by two prominent maxima. The azimuth and
plunge of the one of them (M;) are N50°W and 32° respectively, and the direction
coincides well with that of L, in subareas A and B shown in Fig. 10. The azimuth
and plunge of the other 8-maximum (M,) are N70°E and 3° respectively. Preferred
-orientation of L,_j in subarea B is illustrated in Fig. 20-b. A distinct maximum in
the diagram shows the azimuth and plunge of N66°W and 3° respectively. The
trend of the B-maximum (M) coincides approximately with that of the 8-maximum
and that of L,_; in subareas C and D, but does not coincide with the trend of L,_3
in the same subarea B. We can say, however, that the 8-maximum (M;) and L,_3

in subarea B have fairly identical trend.

"~ On the basis of evidence described above, the structure of the S;_,-surfaces in
subareas A to D will be interpreted as follows. The formation of the structure: of
the S;_,-surfaces in subarea A, which is characterized by their steep inclination to-
wards NNE, may be ascribed to the deformation, which produced the B;-folds and

183



Ikuo Hara

associated structures of the banded chert and the competent beds intercalated in the
pelitic and semi-pelitic rocks described in the chapter III.  Accordingly, it may be
safely concluded that main rock-structures and geologic structure in subarea A were
produced during the Tamba deformation. The development of L,_; on the S,_,-
surfaces suggests, however, the superposition of deformation produced the preferred
orientation of mineral grains such as muscovite and biotite on S;_, as shown in Fig.
13, though it seems to have been not so significant with respect to the destruction of
mesoscopic and macroscopic structures in subarea A, which had been produced dur-
ing the Tamba deformation.

As mentioned in the chapter III, mesoscopic structures related to the Tamba defor-
mation have been recognized in many places within the district.  This fact suggests
that the Tamba deformation took place widely throughout the district. Structural
features on various scales observed in subarea A can be traced in quite similar fash-
ion from the subarea A to Uji, Kyoto Pref., in the Tamba zonc north of the district,
although the S;_;-surfaces in the Tamba zone show features of Sj-and S7-surfaces
described above, practically scarcely accompanied by the parallel arrangement of
mineral grains on them. As analysed in the chapter III, the rocks within the district
too scem not to have experienced noticcable recrystallization of constituent mineral
grains during the Tamba deformation. Therefore, it is concluded that the S;_,-
surfaces within the district, which at present are characterized by marked parallel
arrangement of mincral grains such as muscovite and biotite, were produced as S}-
and S{-surfaces during the Tamba deformation, just as shown in the Tamba zone,
on the basis of considerations about geometrical relations between S;_, and B,-folds
described in preceding pages. The b-kinematic axis with respect to the formation
of the incipient S,_;-surfaces (=S{-and S{-surface) during the Tamba deformation
must coincide wiht L, and L,_,. L;_j-lineation on S,_s-surfaces must be correlated
with the b-kinematic axis with respect to the superposed shear movement on S;._,
during the older Ryoke metamorphism. Thus, it may be concluded that similar
rock- and geologic structures, to what are observed in the vicinity of Uji in the
‘Tamba zone at present, developed all over the district prior to the Ryoke metamor-
phism.

The cffect of superposition of the deformation related to the formation of L,_s
becomes progressively distinct, passing from subarca A to subarca D, and the struc-
ture of subarea C and D, especially that of the latter, is homogeneous with respect
to B-axis parallel to Lo_3. This fact indicates that the structure of the S, _,-surfaces
in these subareas had been completely reconstructed by the deformation related to
the formation of L;_s-lincation during the Ryoke metamorphism, as in the case for
subareas E to K that will be described in later pages.

. W. Nakajma (1960) assumed a large anticlinal fold with reference to the attitude
of the S,_;-surfaces in subarea C, and named the Wazuke anticline. He described
a large anticlinal fold shown by thick beds of banded chert near Mt. Oyake west-
‘north-west of subarea C (parallel to the direction of strike of S,.2) in his geological
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Fi1c. 16 m-diagram for S,._; of biotite-bearing F1e. 17 L,_;of bictite-bearing slate and schis-

slate and schistose hornfelses in sub- :
areas A, B, C and D Contours: 12-10— tose hornfelses in subareas A, B, C and
8-6-4-2-0. 6 % D Contours: 35-27-17-10-3-0. 77 %

N

F1c. 18 L; of schistose hornfelses in subareas C and D

S
Fi1g. 19 a) g-diagram for S,_, of biotite-bear- Fia. 19 b) L,_;of biotite-bearing slate in sub-
ing slate in subarea A Contours: area A Contours: 40-30-20-10-3. 3
16-12-10-8-6-4-2-1/2. 5% % -
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Fic. 20 a) g-diagram for S,._; of biotite-bear-
ing slate in subarca B Contours:
10-8-6-4-2-1/2.5%

N

D
C

S

F1a. 21 a) p-diagram for S;_, .of schistose
hornfelses in subarea C Contours:
40-30-20-10-3-1/2.5%

N

N

S

Fic. 22 a) g-diagram for S;., of schistose
hornfelses in subarea D Contours:
50-38-28-12-3-0. 421 %

S
Fi1c. 20.b) L,_, of biotite-bearing slatc in sub-
arca B Contours: 35—22-13-9-4.5
%

F1c. 21 b) L,_, of schistose hornfelses in sub-
arca C Contours: 40-30-20-10-6. 5
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map, which corresponds to his Wazuka anticline. If the large anticlinal fold of
banded chert near Mt. Oyake is present in fact, it must be inferred that the S;_,-
surfaces in subarea C were produced as slaty cleavage subparallel to the axial surface
of the large-scale fold of the banded chert, on the basis of consideration about the
structure of the S;_j-surfaces in subareas A to D mentioned in preceding pages.
However, at the boundaries between the banded chert and the pelitic and semi-
pelitic rocks in subareas A and B, the S;_;-surfaces run commonly parallel to them.
Unlike subareas A and B, where the banded chert develops fairly abundantly, in
subareas C and D the pelitic and semi-pelitic rocks are predominant. Accordingly
in places scarcely influenced by movement of neighbouring competent beds, it may
be concluded that during the Tamba deformation the S;_,-surfaces (S{-and Si-sur-
faces) in the incompetent rocks tended to develop rather parallel to the axial surface
of the large-scale fold of competent beds (and probably perpendicular to the max-
imum compression). )

B. THE STRUCTURE RELATED TO THE DEFORMATION DURING THE RYOKE METAMORPHIC PHASE

The trends of L._3, Ls, Bs-f'old and B;s-fold in subareas E to K are variable, unlike
those in subareas A to D. However, they are not distributed at random.

Subarea E consists mainly of metamorphic derivatives from the pelitic and semi-
pelitic rocks. Data for Fig. 23-a and b were measured from those rocks. Fig. 23-a
is the m-diagram for S,_, in subarea E. Poles of S;_; (#-S;.2) form a single incom-
plete girdle on a great circle, containing a marked maximum. The presence of a
single marked maximum shows the constancy in the trend of S,_;, that is the strike
N64°W and the dip 53° to SSW, though in many places the S;_z-surfaces are folded
on small-scale.

The pole of the great circle glrdle (ﬂ-axm) in Fig. 23-a is clearly to be determm-
ed on the diagram. Therefore, it is concluded that, on macroscopic scale, the struc-
ture of the S;_j-surfaces in subarea E shows monoclinic symmetry with a single
symmetry planc normal to the w-axis. The azimuth and plunge of the =-axis are
N64°W and 0° respectively. L._z-lineations measured in subarea E have been plotted
in Fig. 23-b, showing a marked maximum. The azimuth and plunge of the max-
imum are N64°W and 0° respectively. The trend of L,_; coincides with that of the
m-axis for S;_,. Accordingly, the structure of the S,_,-surfaces in subarea E can
safely be ascribed to the deformation related to the formation of L;_; during the
Ryoke metamorphic phase, and furthermore, it is safely concluded that the defor-
mation related to the formation of Ls and Bs-folds was not so strong as to give the
structure of the S;_,-surfaces in subarea E a remarkable triclinicity.

In subareca F, most of exposures are of mectamorphic derivatives from banded
chert. Data for Fig. 24-a and b have been measured from those exposures. In the

“wastern part of subarca I the trend of L;_3 shows WNW-ESE, but in the eastern
part it changes gradually to SSE. Also the trend of the S,_,-surfaces changes in
close connection with the variation in the trend of L,_; mentioned above. = In the
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eastern part of subarea F, anticlinal and synclinal structures of the S;_j-surfaces
having the fold-axes gently plunging towards SSE occur on moderate-scale, as read
from the geological map. In the axial zones of those moderate-scale folds, the axial
surfaces of the Bj-folds cut by the S;_,-surfaces show approximately flat-lying at-
titude. While, the axial surfaces of the moderate-scale folds in question are dipping
at high angles. Therefore, it seems probable that the movement which produced
the moderate-scale anticlinal and synclinal structures in the eastern part of subarea
F was not that responsible for the formation of the B,-folds, that is, the Tamba
deformation.

Fig. 24-a is the w-diagram for S;.; in subarea F. The orientation pattern of z-
S;-2 is decidedly triclinic. Diagram for L;_; shows a maximum with considerable
spreading (Fig. 24-b). The meaning of those diagrams will be discussed in later
pages. o
In subarea I, most of exposures are of metamorphic derivatives from banded
chert. Data for I'ig. 27-a and b have becn mcasured from those exposures.

In the western part of subarea I the S;_-surfaces are generally steeply dipping,
but in the eastern part they form moderate-scale anticlinal and synclinal structures
having the fold-axes gently plunging towards SSE, as rcad from the geological map.
In the axial zones of those moderate-scale folds having their axial surfaces dipping
at high angles, those surfaces of the B,-folds cut by the S;_,-surfaces show approx-
imately flat-lying attitude.

The 7-diagram for S;_ in subarea I is shown in Fig. 27-a. Poles of S;_; (#-S;.2)
form a single complete girdle with maximum and submaxima on a great circle,
reflecting the moderate-scale folds mentioned above. The pole of the great circle
girdle (7-axis) is clearly to be determined on the diagram, that representing the
constant trend of the axes of those folds. Thus, it is safely concluded, on macro-
scopic scale, the structure of the S;_z-surfaces in subarca I shows monoclinic sym-
metry with a single symmetry plane normal to the z-axis. The azimuth and plunge
of the =-axis are S28°E and 34° respectively. L._s-lincations in subarca I have been
plotted in Fig. 27-b, which shows a marked maximum. The azimuth and plunge
of the maximum are approximately S30°E and 34° respectively. The trend of L,_;
coincides with that of the z-axis for S;_,. Accordingly, the structure of the S;_,-
surfaces in subarea I can be correlated with the deformation related to the formation
of L;-3 during the Ryoke metamorphic phase, as is the case for subarea E, though
the z-axis for S;_; in both subareas show quite different trend. In this case it is also
shown that the deformation related to Ls and Bs-folds is not so strong as to give the
structure of the S;_,-surfaces in subarea I a remarkable triclinicity, as is the case for
subarea L. ,

Subarea H consists mainly of metamorphic derivatives from the pelitic and semi-
pelitic rocks. Data for Fig. 26-a and b have been measured from those rocks.

The S,_2-surfaces in subarea H form anticlinal and synclinal structures correspond-
ing to those in subareas F and I described in preceding pages. The w-diagram for
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S;_z in subarea H is shown in Fig. 26-a.. Apparently, this diagram does not rep-
resent the distribution of =-S,_, corresponding to the anticlinal and synclinal struc-
tures mentioned above. It is due to the reason that most of exposures in subarea
H, from which the data in question were measured, are situated along the river
Uchitaki running approximately parallel to the direction of strike of the S;_,-sur-
faces. m-S;., forms a distinct great circle girdle. The =-axis for the great circle
girdle can be clearly determined on the diagram. The azimuth and plunge of the
w-axis are S28°E and 34° respectively, showing the same trend as that in subarea I.
L,_s-lineations measured in subarea H have been plotted in Fig. 26-b, which shows
a marked maximum with considerable spreading. The azimuth and plunge of the
maximum are S29°E and 34° respectively. The trend of L,_; coincides with that of
the m-axis for S;.,, that giving the same conclusions as for subareas E and I mean-
tioned in preceding pages with respect to the geometry of the structure of S;_-sur-
faces. ,
Subarea F is situated at the jointing position between subareas E and H. In the
n-diagram for S;_ of Fig. 24-a, it can be pointed out that the =-circle; corresponds
approximately to the attitude of S,_z-surfaces in the western part of subarea F, on
the basis of careful examination about the distribution of 7-S;_, measured from this
partial area. The pole of m-circle, (z-axis;) has the azimuth and plunge of S65°E
and 11° respectively. The direction of =-axis; is very close to that of the =-axis for
Si_s in subarea E shown in Fig. 23-a. While, in Fig. 24-a, the n-circle, reflects the
moderate-scale anticlinal and synclinal structures of the S,_,-surfaces in the eastern
part of subarea F. The pole of z-circle; (w-axis;) has the azimuth and plunge of
S25°E and 35° respectively, the direction being very close to that of the =-axis for
Si-z in subarcas H and I examined in preceding pages. Passing from the west to
the cast in subarea F, the trends of the S;_;-surfaces and L;_s-lineations change grad-
ually. The orientation patterns of 7-S,_; and L;_3 in Fig. 24-a and b reflect this
fact. It is pointed out that within subareas E, F, H and I the change in the trends
of the L,_sz-lineations and of the fold statistically defined by the distribution of -
S;.2 represents a remarkable arcuation, the trend changing from ESE to SSE.
Subarea G consists mainly of metamorphic derivatives from the pelitic and semi-
pelitic rocks. Data for Fig. 25-a and b were obtained from those rocks. Fig. 25-a
is the z-diagram for S;_,. =-S,.; forms a single incomplete girdle on a great circle.
The =-axis for the great circle girdle can be clearly determined on the diagram,
that indicating the monoclinic symmetry of the structure in subarea G, that is, statis-
tically. homogencous with respect to the B-axis. The azimuth and plunge of the
n-axis are N30°E and 57° respectively. L.._s-lineations have been plotted in Fig.
25-b, showing a maximum with considerable spreading on a great circle. The trend
of the maximum does not coincide with that of the =-axis, but the former is perpen-
dicular to the latter, unlike the relation observed in subareas E, F, H and I. The
great circle, in which L,_s-lineations spread, coincides with the =-circle for S;_;.
In many places of subarea G, are found the Be-folds, which destroyed by the super-
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position the high symmetry of the structure of S;.,-surfaces, generally, a monoclinic
symmetry with a single symmetry plane normal to L;_;. The orientation of the -
Be-folds is shown by solid circles in Fig. 25-b. The azimuth and plunge of the av-
erage trend of Bg-folds are N35°E and 57° respectively, coinciding approximately
with the trend of the =-axis in Fig. 25-a. Therefore, it may be concluded that the
structure of S;_,-surfaces, which had been monoclinic with reference to L,_3;, was
reconstructed by the deformation related to the formation of the Bs-folds.

The Bg-folds have been observed also in many places of subarea H. The axes of
B¢-folds are concentrated within a small area in Fig. 26-c. The center of the distri-
bution arca shows approximately the plunge of 58° towards N. In Fig. 23-a is to be
traced the distribution of #-S,_; along the zone about the axes of Bg-folds, though it
is weak. ‘

Also in subareas F and I, the Bg-folds and Lg-lineations have been sporadically
observed.

‘In subarca J, most of exposures are of metamorphic derivatives from banded chert.
Data for Figs. 28-a and b were obtained from those exposures.

In the northern part of subarca J, the trend of L._3 shows SSE, but towards the
southern part it changes gradually to SSW. The S,_,-surfaces form moderate-scale
anticlinal and synclinal structures corresponding to those in subarea I, as read from
the geological map. Also the trend of the moderate-scale folds changes in close
connection with the variation in the trend of L,._;, showing a weak arcuation. This
relation with respect to the trend of S;_, and L,_; is clearly represented in the ori-
entation pattern of #-S;_; and L_3 in Fig. 28-a and b.

- In the w-diagram for S;_, of Tig. 28-a, it can be pointed out that the =-circle,
corresponds approximately to the attitude of S,_; in the northern part of subarea J,
on the basis of examination of the distribution of 7-S;_, measured from this partial
area. The azimuth and plunge of the pole of =-circle, (=-axis,) are S34°E and 20°
respectively, the direction coinciding approximately with the trend of L._3 in the
same partial area. While, w-circle, corresponds approximately to the attitude of
Si-2 in the southern arca. The azimuth and plunge of the pole of =-circle; (=z-axis;)
are S31°W and 22° respectively, the direction coinciding approximatcly with the
trend of L,_3 in the same partial area. The orientation pattern of L._; in Fig. 28-b
is characterized by an incomplete great circle girdle with a maximum. The presence
of maximum seems to be due to the rcason that many of exposures, from which
L._s-lincations were measured, are distributed in the northern half of subarea J.
The pole of the great circle girdle has the azimuth and plunge of N3°E and 65° res-
pectively. The point of intersection of the =-circle; and z-circle; (here termed Bs-
axis) shows the azimuth and plunge of N12°E and 67° respectively. The pole of the
great circle girdle for L;_3 coincides approximately with the trend of Bg-axis. Thus,
the Bg-axis corresponds to the rotational axis with respect to the variation (arcua-
tion) in the trend of L,_; and the moderate-scale folds in subarea J mentioned above.

In many places of subarea J, the Bg-folds and Lg-lincations are observed. They
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have been collectively plotted in Fig. 28-c, in which a marked maximum is shown.
The azimuth and plunge of the maximum are N20°E and 68° respectively. The
trend of Bg-folds and L coincides approximately with that of Bg-axis in Fig. 28-a.
Accordingly, the formation of the arcuation in subarea J can be ascribed to the de-
formation related to the formation of Be-folds and Le. '

Metamorphic rocks in subarea K develop as xenolithic masses in the Sakawa grano-
dioritic rocks in the western part of the district. They consist mainly of derivatives
from banded chert.

The S,_.-surfaces in subarea K tend to dip at high angles towards WSW~SW, as
a whole, though they are generally remarkably folded on small scale. Fig. 29-a is
the z-diagram for S;_,. The diagram is characterized by the presence of two great
circle girdles and two maxima: the one is a complete girdle with one maximum (7~
circle;) and the other is an incomplete girdle with two maxima (z-circle;). From
careful examination about the distribution of localities, where =-S;_, which forms
the dotted part of z-circle; in Fig. 29-a, was measured, =-circle, seems to correspond
not to the general trend of the S;_;-surfaces in subarea K, but to a moderate-scalé
fold of S;_; in an exposure northeast of Sakawahigashi. In other exposures in sub-
area K, such moderate-scale fold has not been found, and the =-diagram reflects this
fact. As mentioned above, the S;_,-surfaces in subarea K tend to dip at high angles
towards WSW~SW, as a whole.

The pole of r-circle, (z-axis;) has the azimuth and plunge of S15°W and 67° res-
pectively. In some places of subarea K, the Be-folds have been found (Fig. 29-c).
The azimuth and plunge of the average trend of them are S36°W and 68° respect-
ively, the direction coinciding approximately with the trend of r-axis, in Fig. 29-a.
This relation seems not to be dissimilar to that of those structural elements in subarea
G. The orientation pattern of L,_s-lineations is illustrated in Fig. 29-b. Some of them
have steep plunge of ca. 60°. While, the trend of the Bg-folds is approximately con-
stant all over subarea K as shown in Fig. 29-c. Therefore, it may safely be conclud-
ed that remarkable variation in plunge of L,_s within subarea K had existed prior
to the deformation related to the formation of the Bg-folds. As will be discussed in
later pages, the variation in plunge of L,_3 seems to be dueto the reason that some
bodies of metamorphic rocks in subarea K were displaced by the intrusion of the
Sakawa granodioritic rocks. (

The pole of z-circle; (w-axis;), that is, the axis of the moderate-scale fold of S;_2
in an exposure northeast of Sakawahigashi mentioned above, coincides approximate-
ly with the trend of L,_; in the same exposure. The change in the trend of S,_;
within subarea K shown by the =-circle; in Fig. 29-a is accompanied by the corre-
sponding change in the trend of L,_s, that being quite similar to the geometrical
relation between them in subareas F, G, and J described in preceding pages.

For reference purpose, lastly, will be described geometrical relation between the
S,-z-surface, L,_s-lincation, Bs-fold and Lg-lineation of the metamorphic rocks in the
area between Mima and Goc of a few kilometers beyond the southern limit of the
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mapped area. Metamorphic rocks in this area consist of derivatives from pelitic
rock, sandstone, banded chert and basic igneous rocks.

The S,_.-surfaces in the area in question tend to dip at high angles towards N~
NNE as a whole. Tig. 30-a is the »-diagram for S;_,;. «-S,., forms a single incom-
plete girdle on a great circle. The =-axis of the great circle girdle can be determin-
ed on the diagram, that indicating the monoclinic symmetry of the structure of
S,._z-surface on macroscopic scale. The z-axis shows plunge of 56° towards N. L,_s-
lineations have been plotted in Fig. 39-b, showing a maximum with respectable
spreading. The trend of the maximum does not coincide with that of the =-axis,
but the former is perpendicular to the latter, just like the relation observed in sub-
arca G. In many places of the area in question are found the Bg-folds and Leg-linca-
tions. The orientation of them is illustrated in Fig. 30-b. They show average
plunge of 55° towards N7°E, the direction coinciding approximately with the trend
of the z-axis in Fig. 30-a. Therefore, it may be concluded that the structure of
S:-z-surface, which had been monoclinic with reference to L._3, was reconstructed
by the deformation related to the formation of the Be-folds and Lg-lineations. The
area in question is designated as subarea L for convenience sake through following
discussions. :

The trend of L..3 and the B-axis for S,.; in subareas C and D, where the struc-
tures is homogencous with respect to those clements, coincides approximately with
that of the Ryoke zone in Kinki Province. While, in subarcas F to K, the trend of
those structural clements makes appreciable angles with the trend of the Ryoke zone,
that suggesting the presence of a large-scale cross-fold in the district.

Recently the presence of cross-folds in mountain chains has been reported by many
worker, and the theories of their origin have been discussed with reference to many
examples. They can be divided into two groups. According to Rast and PrarT
(1957), 1) “some suggest that each individual trend of folding indicates an inde-
pendent orogeny or at least an orogenic episode...” and 2) “others (e.g. ENGEL 1949,
Kine 1955, Cross 1955) have suggested that, at least in metamorphic rocks of geo-
synclinal belts, the main and the cross-fold trends arc essentially simultaneous. Al-
pine geologists recognized this possibility long ago.”

Judging from geometrical relations of L,_3, the B-axis for S;_;, the Bs-folds and
L; in subareas F to L, with respect to the formation of the large-scale cross-fold in
the district, the first theory seems to be valid for the presence. The problems, why
the Bg-folds and L¢-lineations, which destroyed the structure of S,_,-surfaces with
high symmetry with respect to L;_3, have geometrically quite harmonic conncction
with the cross-fold in question and also why, in spite of remarkable variation in
plunge of L,_3, subarea K is homogeneous with respect to the z-axisz, scem to be
more clearly illustrated by application of the first theory about the origin of cross-
fold in the district than by that of the second theory. Therefore, it may be concluded
that the trend of the cross-fold in the district was determined by the displacement
of the structure of S;_,-surfaces with L,_; and the B-axis for S,_, trending to WNW-
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ESE by the deformation related to the formation of the Bg-folds and Lg. Some
doubts remains, however, since, even in subareas F to K corresponding to a limb of
the cross-fold in question, the Bs-fold and L-lineation are only weakly developed.

L;_s-lineations of metamorphic rocks and ‘linea‘tions of the Sakawa granodioritic
rocks plunge towards ESE~SSE at the eastern side of the line connecting Sakawa-
higashi, through Hirooka, to the east of Kiriyama, while they plunge towards WNW
~NNW at the western side of the line, as a whole. This fact suggests that there is
an anticline on large-scale, the axis of which coincides with the line connecting
Sakawahigashi to the east of Kiriyama with reference to its azimuth. This anticli-
nal structure represents the youngest structure in-the district, which were formed
after the Ryoke metamorphism ceased.

With this fact in mind, the geometry of the movement related to the Bg-folds and.
Ls will be examined on the basis of considerations about the regional preferred
orientation of structural elements described in preceding pages. The Bs-folds and
Le-lineations tend to run commonly approximately perpendicularly to L,.3, except
in some places of subarea K. The trend of the Be-folds and Ls depends upon the
strike and dip of S,_;-surfaces concerned, as clearly shown in the geometrical rela-
tion betweent them in subareas G, K and L. They have been mainly observed on
the S;_,-surfaces dipping at angles of between 40° and 90°,

Where the S;_,-surfaces dip homoclinally at high angles as a whole, the symmetry
of strain in the deformation related to the formation of the Bg-folds and Lg (cross-
folding on large-scale) was monoclinic and the deformation plane must have been a
plane normal to the Be-fold and L, as clearly represented in geometrical relations
of S;.z, Lj.3, Be-fold and Lg in subareas G, K and L. Though the Bg-folds and Le
show different azimuth between subareas G, K and L respectively, where the S;_,-
surfaces dip at similar angle to each other, their plungesshow similar value through
those subarcas. The Bs-folds and Lg measured from those subareas have been col-
lectively plotted in Fig. 31. The diagram is characterized by an incomplete girdle
on a small circle with angular radius of ca. 25°. The center-of the small circle girdle
coincides with that of the diagram, the direction bemg vertical w1th reference to
the geographical coordinates. Accordingly it may be concluded that, as a whole,
the district experienced a deformation with the axis of external rotation vertically
plunging ‘with reference to the geographical coordinates, though within: each of
small ficlds of the district the deformation had taken place with respect to the b-
kinematic axis coinciding with the Bs-folds and Lg (their trends dependmg upon the
trend of S,_,-surfaces). This conclusion is not in contradncnon ‘to the geomctncal
relations of S;_,, Lj..3, Bs-fold and Lg in subareas F, H and: J.

While, deformation style of flat-lying S;_,-surfaces in the ‘axial zones of the mod-
erate-scale folds having their axis parallel to L,_3 is not obvious, development of the
Bs-folds and L being quite insignificant. Subarea I is a monoclinic field statistically
homogeneous with respect to the B-axis, which trends parallel to L;_3. These facts
seem to suggest that, during the deformation in question, in the axial zones of the
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Fic. 28 a) m-diagram for S,_, of gneisses in F1c. 28 b) L,_; of gneisses in subarea J.
subarea J. Contours: 13-6-3-2-19

Fre. 28 ¢) Axes of the B-folds and L; of gneisses in subarea J.
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F16. 29 c) Axes of the Bg-folds and L of gneisses in subarea K.
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Fic. 30 a) m-diagram for S,_, of gneisses in Fic. 30 b) L,_; of gneisses in subarea L (cross)
subarea L. and axes of the Bg-folds and Lg in
subarea L (dot).

S
Fic. 31 Synoptic diagram of Figs. 25-b, 29-c and 30-b.
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moderate-scale folds shear movement along S;._,-surfaces was inactive. The mica-
and quartz-fabrics, which will be discussed in detail in the chapter V, give favourable
data for this interpretation.

On the basis of preceding descriptions and discussions, tectonic sequence during
the Ryoke metamorphic phase can be divided into two main stages: 1) the older
Ryoke deformation having the b-kinematic axis gently plunging towards WNW-
ESE, and 2) the younger Ryoke deformation in which the structure which had been
produced by the older Ryoke deformation was refolded with respect to the axis of
external rotation vertically plunging with reference to the geographical coordinates
as a whole, accompanied with the formation of the Bg-folds and Lg-lineations corre-
sponding to the b-kinematic axis within each of small fields of the district.

The Bs-folds and S are older than the Bg-folds and L, and generally trend sub-
parallel to L;_s. Accordingly, the stage of the older Ryoke deformation can be
further divided into two substages with reference to those structural clements: 1) Bs-
substage; corresponding to the formation of the B;-folds and L._s, and 3) Bs-substage,
corresponding to the formation of the B;-folds, Ss-surfaces and L.

It seems probable that the S,_,-surfaces in subareas C and D inclined homoclinally
at high angles towards NNE before the older Ryoke deformation took place, judging
from the conclusion about incipient attitude of S;_;-surfaces in those subareas. The
present folded structure of S;_; in those subarcas shows a monoclinic symmetry with
a single symmetry plane normal to L,_;. The symmetry of movement in each sub-
tage of the older Ryoke deformation was rather monoclinic, and the deformation
plane must have had a NNE-SSW strike and approximately vertical dip. Judging
from the present attitude of the S;_,-surfaces in subarcas C and D when compared
with incipient attitude of S,_;, the dircection of movement in the older Ryoke defor-
mation seems to have been NNE as a whole. The gcometrical relation between the
B-axis for S;_; and L,_3 in subarca A, however, represents that the older Ryoke
deformation was insignificant in this subarea. Therefore, it may be concluded that
it became suddenly weak, passing from subarea D to the north.

V. Microscoric STRUCTURES

A. Microscoric CoNJUGATE TRANSVERSAL SURFACES PARALLEL TO L,_,

Prior to descriptions and discussions of microscopic structures of the rocks con-
cerned, the principal fabric axes will be set up conveniently in accordance with the
principal schistosity S;_, and the principal lincation L;_3, i.e., the axis b coincides
with the direction of the principal lineation L3, the axis « is perpendicular to L._3
on the S,_;-surfaces, and the axis ¢ is normal to the S,_,-surface.

In thin sections normal to L;_; for metamorphic derivatives from the pelitic and
semi-pelitic rocks collected from many places of subareas C and D, microscopic
planar structural surfaces which traverse S;_» have been recognized. They are rep-
resented by parallel sets of slip zones as shown in Plate 1-2 and 2. In those slip
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zones, flakes of micas are bent completely or incompletely to the direction of them.
The direction of relative movement in the slip zone can be established on the basis
of careful examination about rotated flakes of micas in the slip zone, as discussed
by E. Incerson (1936) with reference to muscovite-biotite-schist from Niederthal,
Tyrol. :

Generally, the line of intersection of the S;_,-surfaces and the transversal surfaces
in question coincides strictly with the direction of L._;. In some places, the trans-
versal surfaces are displayed as two sets which are almost symmetrically oriented to
Si-2. The sense of slip movement on them is reversed between these two sets. This
kinematic relation suggests that these two sets of transversal surfaces correspond to
a pair of shear surfaces formed by the deformation of the type of two dimensional
flattening, and L_; coincides with a single symmetry axis of this deformation. These
two sets of transversal surfaces are designated as S; and S, respectively.

In many places, however, only either one set of them develops, probably reflecting
the influence of external rotation overlapped on the flattening.

Also in some places of subarea B, the transversal surfaces S; and S, have been
observed in the pelitic and semi-palitic rocks.

In metamorphic derivatives (chiefly gneiss) from the pelitic and semi-pelitic rocks
in subareas E to K, microscopic structural surfaces parallel to L,_; which traverse
S:-2 have been sporadically observed. They are represented by parallel arrangement
of flakes of micas, being usually developed in one set (Plate 19-3).

In most of orientation diagrams for [001] of micas in metamorphic derivatives
from banded chert in subareas E to K, submaxima on the ac great circle, which do
not correspond to S;_,, are found, as will be examined in later pages. Those sub-
maxima seem to represent the presence of parallel surfaces, which traverse S;_, and
are tautozonally oriented with respect to L,.3. Those statistically inferred surfaces

F10. 32 200 0017 of micas in silliceous schistose hornfels from about 200 m to the east of Hirooka.
Contours: 7-6-5-3-2-12
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are generally displayed as two sets which are almost symmetrically oriented to S;_,.

Fig. 32 is the diagram for [001] of micas prepared from thin section normal to
L._5 of a specimen collected from a limb of the Bs-fold (banded chert from subarea
F). A maximum and two submaxima in the diagram are oriented on the ac great
circle. The two submaxima suggest the presence of two sets of transversal surfaces
oriented tautozonally with respect to L,_3. Therefore, it may be concluded that
these two sets of transversal surfaces had been formed before the deformation related
to the Bs-folds and Ls took place. The b-kinematic axis in the strain for the forma-
tion of those surfaces seems to coincide with the direction of L;_;, judging from the
result of analysis of mica and quartz fabrics in later pages.

Strictly speaking, it is not obvious whether those two sets of transversal surfaces
correspond to the S3- and S;-surfaces in subareas B, C and D with reference to the
time of the formation of them or not. It is obvious, however, that all those trans-
versal surfaces had been formed throughout the district before the Bs-substage of
deformation. The kinematics with respect to the formation of S; and S; in subareas
B, C and D examined in preceding pages may be valid for the transversal surfaces
in metamorphic derivatives from banded chert in subareas E to K described above,
Jjudging from the fact that in most cases these surfaces are displayed as two sets
which are almost symmetrically oriented to S;... On the basis of these considera-
tions, microscopic transversal surfaces parallel to L,.; described above are collectively
designated as S; and S, in this paper.

B. Siontricance oF THE DEFORMATION RELATED TO THE Bg-FoLps, Ly, AND THE S;-SUurrAcES
1. Petrofabric analysis of a By-fold

Since B. SANDER (1930) had reported his classic petrofabric studies about small-
scale folds of the rocks of various types in Tyrol, detailed petrofabric analyses of
folds have been made by many workers. A method of petrofabric analysis of poly-
genetic fold had been described by J. Lapurner (1954). K. A. Jones (1959) applied
this method to the analysis of fold with a complicated tectonic history from the Dar-
ladian of western Perthshire, but he came to the conclusion that “the technique gives
results allowing a clear cut interpretation only when one strong maximum occurs in
the quartz diagram.” A Bs-fold of psammitic gneiss collected from the central part of
subarea I has been analysed with reference to the petrofabric method of Ladurner.

The Bs-fold in question shows monoclinic symmetry with a single symmetry plane
normal to the fold-axis. The included angle of limbs of the fold is about 55°. From
megascopic observation of the fold in question, it scems to be of the concentric type.
In inner axial part (sector F) of knee of the fold, micro-folds shown by polygonal
orientation of flakes of micas and fibrolites with an average wave length of ca 0.78
mm develop, suggesting that the fold in question might have been produced by flex-
ure-slipping on S, _,.

In thin section normal to L3, the shapes of quartz grains are generally rather
cquidimensional, and they vary in size from 0.02 to 1.3mm. However, any available
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relation between the variation in size of quartz grains and their distribution with
reference to spatial position on the fold has been not recognized, unlike quartz fold
from Brixen Rien Schulucht, South Tyrol, described by I. ScHAFFLER-ZOZMANN
(1955). '

The fold in question was divided into six sectors (A, B, C, D, E and F) as shown in
Fig. 33. The quartz diagram have been made in all sectors, and the mica diagrams
in sectors A, C and D.

Sector A. The mica diagram (Fig. 35-b) is characterized by a sharply defined ac
girdle with a maximum and a submaximum. The maximum corresponds strictly to
S;-2, and the submaximum represents the presence of one set of (k0)-surface. The
quartz diagram (Fig. 35-a) is characterized by a sharply defined ac girdle with a
maximum and two submaxima. The maximum and one of the submaxima have no
separate significance and can be grouped together as one maximum group, this cor-
responding to the position of Maximum I after SANDER (1950) with reference to S;_».
The other submaximum is Maximum I with reference to the (40l)-surface. Angular
distance between the maximum group and submaximum is approx1mately 55°. The
rock is a B-tectonite.

Sector C. The mica diagram’ (Fig. 37-b) is charactenzcd by a- sharply defined ac
girdle with a maximum and a submaximum (low concentratxon) -The maximum
corresponds strictly to S;.», and the submaximum may suggest the presence of one
set of (h0l)-surface. The quartz diagram (Fig. 39-a) is characterized by a complete
ac girdle with a maximum and a submaximum. The maximum is Maximum I with
reference to S;_», and the submaximum is Maximum I with reference to the (h0I)-
surface. Angular distance between the maximum and submax1mum is approx1mate-

Sector E. The mica diagram (Fig. 39-b) is charactenzcd by a sharply defined ac
girdle with a maximum and a submaximum. The maximum corresponds strictly
to S;_», and the submaximum may suggest the presence of one set of (h0l)-surface.
The quartz diagram (Fig. 39-a) is characterized by a complete ac girdle with a max-
imum and two submaxima. The maximum is Maximum I with reference to S;_.
Two submaxima have no separate significance and can be grouped together as one
submaximum group, this corresponding to Maximum I with reference to the (%0i)-
surface. Angular distance between the maximum and submaximum group is ap-
proximately 64°.

Thus, it is pointed out that the mica and quartz fabrics in sectors A, C and E are
quite similar to each other, showing a quartz maximum corresponding to Maximum
I with reference to S;_; and a submaximum corresponding to Maximum I with refer-
ence to one set of (k0])-surface. Also quartz fabrics in sectors B and D show similar
pattern to those in sectors A, G and E described above, as read from Figs. 36 and 38.
While, quartz fabric (Fig. 40) in the inner axial area (sector F) of the knee of the
fold shows different pattern from that in other sectors. This diagram is characteriz-
ed by a complete a¢ girdle with a maximum and five submaxima, probably reflecting
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Fic. 33 Diagram of fold showing position
of sectors. The section were cut nor-
mal to the fold axis.

F1c. 34 Collective diagram of the quartz made
of the fold in the present form.

F16. 35 a) 200 c-axes of quartz from sector A. F1c. 35 h) 200 [001] of micas from sector A.

F1G. 36 200 c-axes of quartz from sector B.
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Fr1c. 37 a) 200 c-axess of quartz from sector C. Fie. 37 b) 200 [001] of micas from sector C.

F1c. 39 a) 200 c-axes of quartz from sector E. Fig. 39 b) 200 [0017] of micas from sector E.
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F1a. 40 200 c-axes of quartz from sector F.

o \ ,®" j' 1 ®~ O @ @ 651

Fig. 41 Fan-formed oricnta-  F10.42 Fold partially unfolded  Fic. 43 Fold completely unfolded.
tion of S4” in present with Sy” parallel to one
fold form. : another.

the influence of micro-folds of S;., described in preceding page.

Fig. 34 is the collective diagram of quartz made for the fold in its present form.
The diagram is characterized by a remarkable spreading of c-axes of quartz on ac
girdle, showing no available orientation pattern with reference to the axial surface
of the fold. The fabric pattern is quite different from that in sectors A, B, C, D and
E described above.

Though the presence of onc set of (k0l)-surface and quartz submaximum corres-
ponding to this surface in all the diagrams described above come into question, we
can point out a possibility that the fold in question had been formed by flexure-
slipping on S,_,, on the basis of evidence described above. For reference purposes
the (k0l)-surface is collectively designated as S;.  Angular distance between S, _; and
S3 is not constant through all sectors, and is between 43° and 88°. The Sj-surfaces
arc approximately fan-shaped in distribution through the fold (Fig. 41). The fold.
in question is the type of “Ficherfalten” (SANDER, 1930, 1950) with reference to Sj.
The attitude of S; with reference to the fold is not dissimilar to that of the ¢-Richtu-
ngen of the quartz fold studied by LADURNER (1954). When the fold in question is
partially unfolded until S5 in each sector is alligned parallel to one another, a shal-
low troughed fold form is obtained (Fig. 42). This fold form may correspond to that
of the phase, when the deformation related to the formation of S}, took place. Thus,
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it may be concluded that the fold in question attained its present form through three

stages of deformation as follows: 1) shear movement on S,_, with the b-kinematic
axis parallel to La_3 ...... the formation of a shallow troughed fold form, 2) shear
~ movement on the transversal surface S; with the b-kinematic axis parallel to Lo_s
(Fig. 42), and 3) flexure-slipping on S,_, with the b-kinematic axis parallel to L,_s..-
...the formation of the present fold form.

2. Discussion

On the basis of careful examination about rock structures made in preceding pages,
tectonic sequence in the older Ryoke deformation may be determined in order of
younging as follows: 1) Bj-substage ... a) carlier B;-substage, shear movement on
S;_» with the b-kinematic axis parallel to L;_3, and b) later B3-substage, deformation
rclated to the formation of the transversal surfaces S; and S; with the b-kinematic
axis parallel to L,.3 ... and 2) Bs-substage ... shear movement on S;., with the b-
kinematic axis parallel to Ls. However, this does not mean that all the metamorphic
rocks in the district had experienced the deformation of those styles progressively.
It seems to be very important why during the progress of deformation its style in
certain rocks was changed in such fashion as mentioned just above.

Though development of the Bs-fold and Ls is insignificant, they have been recog-
nized through subareas C to K. Generally, the trend of them is only slightly oblique
to that of L,_3. As mentioned in preceding pages, it seems probable that the shear
movement on S;.; related to the formation of the Bs-folds and Ls did not take place
sporadically within the district, but that the shear movement took place with the
b-kinematic axis parallel to L,_3 in other many places within the district where the
B;s-folds and Lg have not been recognized. The shear movement on S;_; during the
Bs-substage in question took place after the formation of the transversal surfaces Ss
and S;. The transversal surfaces S5 in the B;s-fold examined in preceding pages may
correpond to either one of S; and S; in non-folded rocks. If this inference is true,
flexure-slipping on S,_, with the b-kinematic axis parllel to L;_; in the third stage
of development of the Bs-fold will be synchronized with the shear movement on S;_
during the Bs-substage. Thus, when above inference with respect to S; in the Bs-
fold examined is true, it may be pointed out that the shear movement on S, ., during
the Bs-substage had taken place with the b-kinematic axis parallel to L;_3 in many
places within the district. :

The Sakawa granodioritic rocks had been intruded before the younger Ryoke
deformation took place. In subarea K, remarkable variation in plunge of Lg_s-
lineations has been recognized, and in some places they showed plunge of ca. 55°.
However, the trend of lineation in the Sakawa grandioritic rocks in subarea K is
constant, that gently plunging toward NNW. Thercfore, the deformation related to
the variation in plunge of L,_; had taken place before or at least when the Sakawa
granodioritic rocks were intruded into present geological and geographical level.

The Ss-surfaces, which appear to have been produced in close connection with the
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B;-folding, have been recognized in some places of the peripheral zones of the Sakawa
grnodioritic rocks. Plate 20-2 indicates partial granitization of a zone of the Ss-sur-
faces. In some examples, remarkable preferred orientation of sillimanite grains
parallel to L on S5 has been recognized (Plate 20-3 and 4).  The fact, that the plastic
- flow on S;_ in the Bs-substage became again active instead of the deformation relat-
ed to the transversal surfaces S; and S,, seems to suggest rapid increase of plasticity
of the rocks concerned, that may be ascribed to increase of temperature in the meta-
morphic ficld depending upon the approaching and intrusion of the Sakawa gran-
odioritic rocks. The Bs-folds and the Bs-folds showing isoclinal-disharmonic style
have been commonly recognized in the peripheral zones of the Sakawa granodioritic
rocks. On the basis of those evidences and inferences, it may be safely concluded
that the deformation in the Bs-substage took place with close connection with the
approach and intrusion of the Sakawa granodioritic rocks into present geological
and geographical level and also subsequently to this intrusion, and that the B;-folds
and the B;-folds showing isoclinal-disharmonic style may be correlated with highly
plastic condition of the mectamorphic rocks concerned depending upon the approach
and intrusion of the Sakawa granodioritic rocks. ‘

C. Mica AND QuarTz FAbrIcs
1, Description

Specimen a

Locality: about 500 m to the north of Hirooka (subarea E)

Mineral composition: quartz, biotite, muscovite, and tourmaline

Original rock: chert

Principal schistosity S;.»: rather strong

Lineation: L,_; moderately develops on S, _,.

Orientation pattern of [001] of micas is illustrated in Fig. 46. The diagram is
characterized by an incomplete ac girdle with a maximum and two submaxima. The
maximum corresponds strictly to S;_», and the two submaxima represent the presence
of two sets of (h0l)-surfaces, which are almost symmetrically oriented to S;_.. The
quartz diagram (Fig. 44) is characterized by a maximum and two submaxima on the
ac great circle. The maximum shows the position of Maximum I after SANDER with
reference to S;.,. Also the two submaxima are Meximum I with reference to two
sets of (h0l)-surfaces, respectively. Thus, it may be concluded that those fabrics
were produced by the deformation with the b-kinematic axis parallel to L;_3, accord-
ingly by the older Ryoke deformation. '

Specimen b

Locality: Hirooka (subarea E)

Mineral composition: quartz, plagioclase, biotite, muscovite, cordierite and tour-

maline

Original rock: psamitic rock

Principal schistosity S;_»: rather imperfect

Lineation: L,_3 moderately develops on S;_,.
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. The mica diagram (Fig. 47) is characterized by a complete .ac girdle with a maxi-
mum and two submaxima. The maximum corresponds strictly to S;_,, and the two
submaxima represent the presence of two sets of (k0l)-surfaces, which are almost
symmetrically oriented to S;_;. The quartz diagram (Fig. 46) is characterized by a
complete a¢ girdle with a maximum and two submaxima. The two submaxima are
Maximum I with reference to the two sets of (h0l)-surfaces. However, the maxi-
mum, which are present away from the ac great circle, seems to be difficult to inter-
pret in term of S,_ or the (40l)-surface. However, it may be concluded that main
feature of the quartz fabric (ac gxrdle and two submaxima) was produced by the
deformation with the b-kinematic axis parallel to L;_s.

Specimen c

Locality: Hirooka (western end of subarea F)

Mineral composition: quartz, plagioclase, biotite and garnet

Original rock: chert

Principal schistosity S;_»: rather imperfect

Lineation: L,_3 develops moderately.

The mica diagram (Fig. 49) is characterized by a complete ac girdle with a maxi-
mum and two submaxima. The maximum corresponds strictly to S;_», and the two
submaxima represent the presence of two sets of (k0)-surfaces, which are almost
symmetrically oriented to S;-,. The quartz diagram (Fig. 48) is characterized by
a sharply defined ac girdle with a maximum and four submaxima. The maximum
is Maximum I with reference to the one of two sets of (#0l)-surfaces. The subma-
xima seem not to be related to any one of S;_, and the (40)-surface with respect to
their positions, though they exist on the ac great circle. The symmetry of the mica
and quartz fabrics described above is approximately monoclinic with a single sym-
metry plane normal to L;_; in common. Thus, it may be concluded that main feature
of those fabrics was produced by the deformation with the b-kinematic axis parallel
to Lz 3. ’ :

Specimen d

Locality: about 500 m to the east of leooka (subarea F)

Mineral composition: quartz, plagioclase, biotite, muscovite and garnet

Original rock: chert

- Principal schistosity S;-;: rather imperfect

Lineation: L,_3 develops moderately.

The mica diagram (Fig. 51) is characterized by an incomplete ac girdle with a
maximum and two submaxima. The maximum corresponds strictly to S;_z, and the
two submaxima represent the presence of two sets of (k0l)-surfaces, which are almost
symmetrically oricnted to S;-z. The symmetry of the mica fabric is monoclinic with
a single symmetry plane normal to L,_s, that suggesting that it was produced by the
deformation with the b-kinematic axis parallel to Lo_s.

The quartz diagram (Fig. 50) shows weak concentration and less regular pattern.
The pattern is decidedly triclinic. 'The maximum (only 3 per cent) in the diagram
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is Maximum I with reference to S,_;. However, many of c-axes of quartz in the
diagram tend to be present away from the ac great circle, unlike the quartz fabrics
of specimens, a, b, and c. '

Specimen e

Locality : Kasagi

Mineral composition: quartz, plagioclase, biotite, muscovite and garnet

Original rock: chert

Principal schistosity S;_: rather imperfect

Lineation: L,_; develops weakly.

The mica diagram is characterized by an incomplete ac great circle girdle with a
maximum and a submaxima (Fig. 563). The maximum corresponds strictly to S;_,
and the submaximum represents the presence of one set of (40l)-surface. When
compared with the mica fabrics of specimens a, b, ¢ and d, in this mica fabric amount
of [001]-axes of micas, which are present away from the ac great circle, increases
relatively. However, the mica fabric shows rather monoclinic symmetry than tri-
clinic. :

While, the quartz fabric shows decidedly triclinic symmetry (Fig. 52). ‘Many of
c-axes of quartz in the diagram tend to be present away from the ac great circle.
The pattern is characterized by an incomplete small circle girdle with six maxima
(3 per cant) with an angular radius of ca. 63°, the center of which coincides with the
fabric axis . The six maxima can be grouped as three maximum groups. Those
maximum groups are Maximum IV after SANDER with reference to S, ...

Specimen f

Locality: ncar center of subarca I

Mineral composition: quartz, plagioclase, biotite, muscovite, garnet and tourmaline

Original rock: chert '

Principal schistosity S,_,: rather strong, approximately flat-lying

Lincation: L;_3 develops rather weakly.

The mica fabric diagram shows rather triclinic symmery (Fig. 55). However, the
fabric pattern is characterized by a sharply defined ac great circle girdle with a
maximum and two submaxima. The maximum corresponds strictly to S,.., and two
submaxima represent the presence of two sets of (k0[)-surfaces, which are alomst
symmetrically oriented to S;_. It is no doubt that these components in the mica
fabric had been produced by the deformation with the d-kinematic axis parallel to
L:.3, as well as the mica fabrics of specimens described above.

Also the quartz diagram shows triclinic symmetry (Fig. 54). Concentration of
c-axes of quartz on the ac great circle is very low. The fabric pattern is not dissim-
ilar to that of Diagram (1) of H. W. FairBaIrN (1954). That is, main feature of the
quartz fabric in question is a sharply defined small circle girdle with an angular
radius of ca. 60°, the center of which coincides with the fabric axis b.

Specimen g
" Locality: about 500 m to the northwest of Kodono (subarea J)
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Mineral composition: quartz, plagioclase, biotite, muscovite, garnet and tourmaline

Original rock: chert

Principal schistosity S;_»: rather imperfect

Lineation: L,_3 develops weakly.

The mica diagram shows rather triclinic symmetry (Fig. 57). However, this is
characterized by a sharply defined ar great circle girdle with a maximum and a sub-
" maximum. The maximum corresponds strictly to S;_z, and the submaximum repre-
sent one set of (A0l)-surface. Concentration of [001]-axes of micas in zone away
from the ac great circle tends to increase, when compared with the mica fabrics of
specimens a to €.

The quartz diagram (Fig. 56) shows weak concentration and less regular pattern.
The pattern is triclinic. The maximum (3 per cent) is Maximum I with reference
to S;_2. The trends of girdles containing the maximum and submaxima in the di-
agram show very peculiar pattern. They can be classified into two types as follows:
1) a sharply defined ar great circle girdle, and 2) girdles approximately perpendrc—
ular to the fabric plane ac.

Specimen h

Locality: about 1000 m to the south of Nishioku (southern end of subarea I)

Mineral compsition: quartz, plagioclase, biotite, muscovite, and garnet

Original rock: chert

Principal schistosity. S;_,: rather distinct
. Lineation: L;.3 is only faintly recognizable.

The mica dlagram shows triclinc symmetry (Fig. 59). However, main feature of
fabric pattern is a'sharply defined incomplete ac great circle girdle with a maximum
(corresponding to S;_,) and two submaxima (representing the presence of two sets of
(h0D)-surfaces). Also in zone away from the ac great circle is observed higher con-
centration of [001])-axes of micas, like in the mica fabrics of specimens f and g de--
scribed above.

The quartz fabric shows triclinic symmetry (I" ig. 58). The c-axes of quartz tend
to orient on a small circle with an angular radius of ca. 60°, the center of which
coincides with the fabric axis 5. However, main feature of. the quartz fabric is one
maximum group and one submaximum on the small circle. .

Specimen i

Locality: about 500 m to the west of Kodono (subarea _])

Mineral composition: quartz, plagioclase, biotite, muscovite and gainet

Original rock: chert »

Principal schistosity S;_»: rather imperfect

Lineation: L;_3 is faintly recognized, and L¢ develops dlstmctly

The mica fabric (Fig. 61) shows triclinic symmetry. This mica fabric represents
two components of fabric pattern: 1) an incomplete ac great circle girdle with a
maximum and two submaxima, and 2) an imcomplete small circle girdle with two
submaxima with an angular radius of ca. 56°, the center of which coincides with the

209



Ikuo HArA

fabric axis . The maximum corresponds strictly to S;_,, and the .two submaxima
on the ac great circle represent the presence of two sets of (%0[)-surfaces, which are
almost symmetrically oriented to S,_,. It is no doubt that this first component of
fabric pattern was produced by the deformation with the b-kinematic axis parallel to
L;-3. The two submaxima on the small circle (the second component) represent the
presence of two scts of surfaces which are symmetrically oriented with inclination of
ca. 34° to S;_2. The line of intersection of these two sets of surfaces and S,_; coin-
cides strictly with Lg normal to L;_3. Therefore, they are (0kl)-surfaces. Lg must
be the trace of the (Okl)-surfaces on S;.,. From the macroscopic geometry of S;.,
L; and Bs-fold, it was pointed out that the axis of Bg-fold and Lg correspond to the
b-kinematic axis (within each of small fields of the district) in the younger Ryoke
deformation. Therefore, it may be concluded that those two sets of (04l)-surfaces
correspond to a pair of shear surfaces formed by the deformation of the type of two
dimensional flattening acted from the direction parallel or perpendicular to S,
and that L coincides with the single symmetry axis of this deformation. Those two
sets of (Okl)-surfaces are designated as S and Sy, respectively.

The quartz fabric shows a very peculiar pattern with rather triclinic symmetry
(Fig. 60). The fabric pattern is characterized by a small circle girdle with two max-
ima with an angular radius of ca. 34°, the center of which coincides with the fabric
axis b. The pattern is geometrically harmonic with that of micas described in term
of the second component in the mica fabric. The two quartz maxima show the posi-
tion of Maximum I with reference to the two sets of (Okl)-surfaces. Thus, it may
be concluded that the quartz orientation was developed by the deformation (the
younger Ryoke deformation) which formed the second component of fabric pattern
in the mica fabric.

Specimen j

Locality : Obane (southern end of subarea J)

Mineral composition: quartz, plagioclase, biotite and garnet.

Original rock: chert

Principal schistosity. S;_,: distinct

Lineation: Lg develops distinctly. L,_3 is faintly recognized.

The fabric diagrams (Figs. 63 and 62) for mica and quartz have been established
from thin section perpendicular to the axis of the Bg-fold trending approximately
normal to Lg_s.

The mica fabric is characterized by two sharply defined great circle girdles and a
maximum. The one is the incomplete ac great circle girdle, and the other is the
complete b great circle girdle. The maximum corresponds strictly to S;_,. The
development of two separate great circle girdles in the mica fabric seems to suggest
that the rocks concerned experienced two distinct deformation. It is obvious that
the ac great circle girdle. is correlated with the deformation with the b-kinematic
axis parallel to L,_3, and that the b¢ great circle girdle is correlated with the defor-
mation related to the formation of the Be-folds and Le.
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On the other hand, the quartz fabric shows a simple pattern with monoclinic sym-
metry. The pattern is characterized by a sharply defined b¢ great circle girdle with
a maximum and a submaximum. The maximum shows the position of Maximum
I with reference to S;_,. Thus, it may be safely concluded that the quartz orienta-
tion had been developed by the deformation related to the Bg-folds and L.

Specimen k v

Locality: about 1000 m to the northeast of Sakawahigashi (subarea K)

Mineral composition: quartz, plagioclase, biotite, muscovite, sillimanite, and garnet

Original rock: sandstone

Schistosity surface: Only the Ss-surfaces develops distinctly.

Lineation: L} develops distinctly.

The mica fabric is illustrated in Fig. 65. The fabric pattern is characterized by
an incomplete great circle girdle with a maximum and two submaxima, showing
monoclinic symmetry. The maximum corresponds strictly to Ss, and the two sub-
maxima represent the presence of two sets of (h0/)-surfaces with reference to Lg,
which are almost symmetrically oriented to Ss. It is no doubt that the mica fabric
was produced by the deformation with the b-kinematic axis parallel to Lg.

While, the quartz fabric shows triclinic symmetry (Fig. 64). The pattern is char-
acterized by an incomplete small circle girdle with five maxima (3 per cent) with an
angular radius of ca. 68°, the center of which coincides with the fabric axis b (Lg).
The two maxima have no separate significance and can be grouped together as one
maximum group. The three maxima and‘one maximum group are Maximum IV
after SANDER with reference to Ss.

Specimen 1

Locality: Kiriyama (subarea D)

Mineral composition: quartz, plagioclase, biotite, muscovite, and tourmalme

Original rock: sandstone

Principal schistosity S;_,: distinct

Lineation: L,_s develops distinctly. Also Ls is visibly recognized.

The mica fabric is illustrated in Fig. 67. The pattern is characterized by a sharp-
ly defined ac great circle girldle with a maximum, showing nearly orthorhombic
symmetry. The maximum corresponds strictly to S;_.

While, the quartz fabric (Fig. 66) shows triclinic symmetry. Main feature of fab-
ric pattern is a sharply defined incomplete small circle girdle with two maxima and
two submaxima with an angular radius of ca. 65°, the center of which coincides with
the fabric axis . The maxima and submaxima are approximately Maximum IV
with reference to S;.,. The pattern of quartz fabric just described is similar to that
of specimens ¢ and h. The cffect of the deformation related to Ls cannot be seen in
the mica and quartz fabrics.

Specimen m

Locality: about 500 m to the cast of Kiriyama (Subarea D)

Mineral composition: quartz, biotite and muscovite
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Fic. 44 400 c-axes of quartz in specimen aj Fio. 45 200 [001] of micas in specimen aj
Contours 6-5-4-3-2-1%. Contours 11-9-7-5-3-12,

Fic. 46 400 c-axes of quartz in specimen b; Fic. 47 200 [001] of micas in specimen b;
Contours 4-3-2-1%. Contours 10-8-6-5-4-3-2-1%.

Fic. 48 400 c-axes of quratz in specimen c; Fic. 49 200 [001] of micas in specimen c;
Contours 5-4-3-2-1%. Contours 11-9-7-5-3-2-1%.
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F1c. 50 400 c-axes of quartz in specimen d; Fro. 51 200 [001] of micas in specimen d;
Contours 3-2-1%. Contours 9-7-5-3-2-19%.

F1c. 52 400 c-axes of quartz in specimen e; F1c. 53, 200 [001] of micas in specimen e;
Contours 3-2-12%. Contours 9-7-5-4-3-2-1%.

F1c. 54 400 c-axes of quartz in specimen f; Fra. 55 200 [001] of micas in specimen f;
Contours 5-4-3-2-12%. Contours 10-8-6-4-3-2-1%.
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Fia. 56 {400 c-axcs of quartz in specimen g; Fia. 57 200 [001] of micas in specimen g;
Contours 3-2-1¢%, Contours 10-8-6-4-3-2-1%.

Fig, 58 400 c-axes of quartz in specimen h; Fia. 59 200 [001] of micas in specimen h;
Contours 6-5-4-3-2-1%. Contours 15-10-5-4-3-2-14%.

b

N )
.
U .
F1e. 60 400 c-axes of quartz in specimen i; Fi0.61 200 [001] of micas in specimen i}
Contours 5-4-3-2-1¢. Contours 7-5-4-3-2-1 9,
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Fia. 62 400 c-axes of quartz in specimen j; F1e. 63 2000017 of biotite flakes in specimen
Contours 6~5-4-3-2-1%. j; Contours 9-7-5-3-1%.

Fic. 64 500 c-axes of quartz in specimen k; F1c. 65 200 [001] of micas in specimen k;
Contours 3-2-1%. Contours 10-8-6-4-3-2-1%.

Fic. 66 500 c-axes of quartz in specimen 1; Fic. 67 200 [0017] of micas in specimen 1;
Contours 4-3-2-19%. Contours 13-10-7-5-3-1%.
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F1c. 68 400 c-axes of quartz in specimen mj; F1a. 69 500 c-axes of quartz in specimen nj;
Contours 6-5-4-3-2-19. Contours 3-2-19%

Fie. 70 500 c-axes of quartz in specimen o; Contours 4-3-2-19.

Original rock: chert:

Principal schistosity: rather imperfect

Lineation: L,_; develops distinctly.

The quartz fabric (Fig. 68) is characterized by a complete small circle girdle with
a maximum and a submaximum with an angular radius of ca. 35° the center of
which coincides with the fabric axis & The maximum and submaximum lie on the
fabric plane é¢ and are symmetrically oriented with inclination of 35° to S;_z. The
pattern of quartz fabric just described is similar to that of specimen i. However,
the patter of mica fabric of this specimen is quite similar to that of specimen 1.

The quartz fabric (Figs. 69 and 70) established from other specimens (n and o) in

subareas B and C show similar fabric pattern to that of the quartz fabric of spec-
imen L

2. Summary and discussions

(1) The mica fabrics described in preceding pages are classified into. following
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three types. 1) The first type is the mica fabrics of specimens a, b, c,d, e, f, g, h
and l. They show the ar great circle girdle with the maximum, which corresponds
strictly to S;_2, and in many of them two submaxima on the ac great circle, which
represent the presence of two sets of (40/)-surfaces almost symmerically oriented to
Si_2. Judging from the close association of those two sets of (k0!)-surfaces and their
symmetrical disposition with respect to S;_, in many of the specimens examined,
they seem to correspond to a pair of shear surfaces formed by the deformation of
the type of two dimensional flattening, just as the conjugate transversal surfaces Sg
and S; in metamorphic derivatives from pelitic and semi-pelitic rocks in subareas B,
C,and D. Those two sets of (k00)-surfaces in question may be correlated with the
S;- and S;-surfaces. Passing from specimen a to specimem h, the concentration of
[001]-axes of micas tends to increase progressively in the zone away from the ac
great circle. 2) The second type is the mica fabric of specimen i, which is charac-
terized by the distinct Le¢-lineation. It represents two components of fabric pattern:
a) an incomplete az great circle girdle with a maximum and two submaxima (corre-
sponding to Sz and S,), and b) an incomplete small circle girdle with two submaxima
with an angular radius of ca. 56°, the center of which coincides with the fabric axis
'b.  These submaxima represent the presence of two sets of (0kl)-surfaces, which are
almost symmetrically oriented to S;_,. 3) The third type is the mica fabric of spec-
imen j collected from the limb of Be-fold. It is characterized by two sharply defined
great circle girdles parallel to the az and bc great circle respectively. .

(2) The quartz. diagrams described in preceding pages are classified into follow-
ing four types. 1) The first type is the quartz fabrics of specimens a, and b collected
from subarea E together. They are characterized by the as great circle girdle with
maximum and submaxima. The maximum and submaxima generally correspond to -
the position of Maximum I after SANDER with reference to S,_;, S3 and S,, respec-
tively. The first type of quartz fabric is correlated with that of mica fabric. How-
ever, the first type of mica fabric can not be always correlated with that of quartz
fabric. 2) The second type is the quatz fabric of specimen i, which is characterized
by the distinct Lg-lineation. That is characterized by two maxima and a small circle
girdle with an angular radius of ca. 34°, the center of which coincides with the fabric
axis b. The two maxima represent the position of Maximum I with reference to the
(Okl)-surfaces (Ss and S;). The second type of quartz fabric is correlated with that
of mica fabric. 3) The third type is the quartz fabric of specimen j collected from
the limb of Be-fold. It is characterized by a sharply defined bc great circle girdle
with a maximum and a submaximum. The maximum represent the position of
Maximum I.with reference to S;_,. The third type of quartz fabric is correlated
with that of mica fabric. 4) The fourth type is the quartz fabric of specimens e, f,
h, k,1,n and 0. In the diagram many of c-axes of quartz tend to be present away
from the ac great circle. The pattern is characterized by an incomplete small circle
girdle with maxima, the center of which coincides with the fabric axis . The
angular radius of small circle girdle is between 60° and 70°. The fourth type of
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quartz fabric is correlated with the first type of mica fabric.

(3) Now we will ask as follows: Is it due to what cause that the first type of
mica fabric is corrclated with both the first and the fourth type of quartz fabric?
and whether is the fourth type of quartz fabric correlated with deformative move-
ment with a deformation planc perpendicular to the fabric axis b, just as well as the
first type of quartz and mica fabric?

(4) In the quartz diagrams of specimens ¢, d and g, the c-axes of quartz tend to
concentrate in a broad zone making angles of between 60° and 90° with the direction
of the fabric axis b. It may be pointed out that they correspond to the intermediate
type between the first and the fourth type. Passing from the first type of quartz
fabric, through the intermediate type, to the fourth type, the corresponding change
in the mica fabrics is analogous increase of number of the (001]-axes of micas which
are present away from the ac great circle.

(5) Fig. 71 shows the trends of girdles containing the maxima and submaxima in
the quartz diagrams of specimens b, ¢, d, ¢, f, g, h, k, 1, n and o (belonging to the
first, the fourth and the intermediate type of quartz fabric). Most of the girdles are
present within a broad zone making angles of between 50° and 90° with the direc-
tion of the fabric axis b. The girdles can be classified into following two types: 1)
the incomplete ac small circle girdle, and 2) the incomplete girdle perpendicular to
the fabric planc az. Analogous diagram for the trends of girdles containing the
maxima was reported by FarBaIrNn (1949). The close association of the first type
and the second type of girdle pattern seems to be very important.

(6) The present author (1961) pointed out that the c-axes of quartz must be stablly
oriented at ca. 30° to the direction of the maximum compression axis. Therefore,
when an appropriate rock was uniformly compressed from all the directions within the
fabric planc ac accompanied with axial extension parallel to the fabric axis b, the
newly induced quartz fabric may represent a small circle girdle with maxima and
submaxima with an angular radius of ca. 60°, the center of which coincides with the
fabric axis b (Fig. 72-B). Also, when an appropriate rock was axially compressed
from the dircction of the fabric axis b accompanied with equal amount of extension
in all of the directions within the fabric plane az, the newly induced quartz fabric
may represent a small circle girdle with maxima and submaxima with an angular
radius of ca. 30°, the center of which coincides with the fabric axis b (Fig. 72-A).
Based on the experimental research, Grices et al. (1960) said, “the c-axes of the
calcite grains tend to remain in a plane in which lie the axis of tension and the
direction of concentration of c-axes in the initial fabric. ...... And even at strains
exceeding 500 per cent the influence of the initial preferred orientation pattern upon
evolution of the new fabric is still highly effective”. This conclusion must be valid
for orienting mechanism of quartz lattice in deformed rock.

(7) Thus, the quartz fabric of the fourth type, which is characterized by the
incomplete small circle girdle with maxima and submaxima with angular radius of
between 60° and 70°, the center of which coincides with the fabric axis b, may be
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correlated with the compressive, stréss in equal amount in all the directions within
the fabric plane ac accompanied with axial extensmn .parallel to the fabric axis b.
The girdles perpendicular t6 the fabric plane ac in Fig. 71 may represent progressive
migration of quartz axes /undcr the newly directed stress system assumed above from
the ac great circle, in which most of the quartz axes were concentrated as in the first
type of quartz fabric. ,Thus, it may be pointed out that the quartz fabric of the
fourth type had evolved from that of the first type by the action of above assumed
stress system. The association of the mica fabrics of the first type and the quartz
fabrics of the fourth type, between which distinct symmetrological discrepancies are
observed, seems to be illustrated in Kvale’s following terms: “... the quartz grains
reflect a later stage of deformation than do the micas.” (KvALE, 1953). Passing from
the first type of quartz fabric, through the intermediate type, to the fourth type, in
the corresponding mica fabrics the concentration of [001]-axes of micas tends to
increase progressively in the zone away from the ac great circle, that probably re-
flecting weakly the deformation related to the formation of quartz fabrics of the
fourth type.

(8) Now the origin of the assumed stress system responsxble for the formation of
the quartz fabric of the fourth typc comes into question. As discussed in preceding
pages, ‘both the first type of mica fabric and that of quartz fabric were correlated
with' the older Ryoke deformation. After the older Ryke deformation with the b-
kmematxc axis having east-west regional trend ceased, the rocks which had expcn—
enccd the older Ryoke deformation was refolded with respect to the axis of external
rotatlon vertically plunging with reference to the geological coordinates as a whole,
accompamed with the formation of the Bg-folds and L-lineations corresponding to
the b-kinematic axis within each of small fields of the district (the younger Ryoke
deformation). The “principal stress” originated in folded layers during the younger
Ryoke deformation may correspond to the assumed stress system responsible for the
quartz fabric of the fourth type.” As mentioned in preceding pages, the second type
of mica and quartz fabrics, which develop in the rock with the distinct Lg-lineation,
and the third type of mica and quartz fabrics, which develop in the rock collected
from the limb of Bs-fold, were correlated with the deformation related to the forma-
tion of Le-lineation and Be-fold respectively, that is, with the younger Ryoke defor-
mation. ‘ ]

(9) A common characteristic featurc’_bétwecn the quartz fabrics of the first, the
second and the third type is that the maximum in the diagram represent the position
of Maximum I after SANDER with reference to either one of the schistosity surfaces
in the rocks concerned. In preceding pages, the maximum in question was correlated
with the plastic flow on the corresponding schistosity surface in the rocks concerned,
according to SANDER’s hypothesis (1950). On the other hand, the quartz fabric
of the fourth type were rcasonably illustrated on the basis of the present author’s
hypothesis that the quartz grains are stablly oriented with their c-axes at ca.'30° to
the compression axis or at ca. 60° to the tension axis. Now, the relationship between
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F1o. 71 Composite diagram showing the trends of the girdles containing the maxima and sub-
maxima in quartz diagrams of specimens b, ¢, d, ¢, f, g, h, k, ], n and o.

I A

F1a. 72 Ideal orientation diagram for c-axes of quartz,
A) Stable orientation of c-axes (black bands) under compressive stress directed parallel
to the fabric axis b, accompanied with equal amount of extension in all of the directions
within the fabric plane ac.
B) Stable orientation of c-axes (black bands) under tensile stress directed parallel to the
fabric axis b, accompanied with equal amount of compression in all of the dircctions
within the fabric plane ac.

SANDER’s hypothesis and the present author’s comes into question.

VI ConcLubpiNG REMARKS

Some of the results made clear through the discussion in the preceding pages will
be summarized in following, along with some geological and petrological meanings

220



Studies on the Structure of the Ryoke Metamorphic Rocks of the Kasagi District, Southwest Japan

Tanre 1
Deformation Plutonism Metamorphism
Tamba deformation
Older Ryoke deformation Older Ryoke metamorphism
{ B;-substage .
B;-substage Sakawa granodioritic rocks
Younger Ryoke deformation Yagyu granite Younger Ryoke metamorphism
Koya granodioritic rocks ditto (?)
Post Ryoke deformation

deducible from them (Table 1).

The conclusion that main rock- and geologic structures in subarea A had been
produced before the Ryoke metamorphism took place and that the similar type-
of structures can be traced all over other subareas, although those structures were -
almost completely reconstructed in these subareas by the deformations during the
Ryoke metamorphic phase, have been pointed out on the basis of consideration about
the geometrical relation between the B;-folds and S,;_,-surfaces and between the B;-
fold and the mica fabric. The main rock- and geologic structures observed in sub-
area A have been traced in quite similar fashion in the Tamba zone (in the southern
half of Kyoto Pref.) north of the district, where they have been scarcely destroyed
by later deformations. They correspond to the main rock- and geologic structures
in the Tamba zone which show east-west regional trend as a whole. It is, therefore,
pointed out that similar rock- and geologic structures, to what are observed in the
Tamba zone (in the southern half of Kyoto Pref.) at present, developed all over the
Kasagi district prior to the Ryoke metamorphism. The deformation related to the
formation of those rock- and geologic structures is the Tamba deformation (¢f. HArA,
1959, 1960). '

The boundary line between the Tamba and the Ryoke zone can not strictly be
drawn as a line. From the viewpoint of metamorphic recrystallization of the rocks
concerned, the boundary line in question coincides with a line, along which non-
metamorphic slates (in the Tamba zone) change to biotite-bearing slates (in the
Ryoke zone). In the Kasagi district, however, the boundary line in this sense does
not correspond to that with reference to the rock- and geologic structures. While
the rocks in subarea A are recrystallized by the older Ryoke metamorphism and
characterized by recrystallized biotite flakes, main features of the rock- and geologic
structures in this subarea are quite similar to those of non-metamorphic rocks in the
Tamba zone. The style of rock- and geologic structures changes suddenly within
subarea B. The structure of the S;_,-surfaces in subareas C and D shows monoclinic
symmetry with a single symmetry plane normal to L,_s-lineation related to the older
Ryoke deformation during the Ryoke metamdrphic phase.  The boundary line
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between the Tamba and the Ryoke zone with special reference to the rock- and
geologic structures must be drawn through subarea B.

The older Ryoke deformation took place with respect to the b-kinematic axis with
the cast-west regional trend (parallel to the regional trend of the Ryoke zone in
Kinki and Chugoku Provinces) through whole deforming processes. The deforma-
tion style of the rocks during the older Ryoke deformation were changed as follows
in the younging order: 1) plastic flow on S;_; (earlier Bj-substage), 2) deformation
related to the formation of the conjugate transversal surfaces S; and S; (later Bs-
substage) and 3) plastic flow on S;_,, in some places accompanied with the transversal
surfaces S5 characterized by the preferred orientation of sillimanite grains (Plate 20-3
and 4) (Bs-substage). However, this does not mean that all the metamorphic rocks
in the district had experienced the deformation of those styles progressively. That
the plastic flow on S,_; became active again in the Bs-substage instead of the defor-
mation related to the S;- and Ss-surfaces seems to reflect the increase of plasticity of
the rocks concerned, that is due to the increase of temperature in the metamorphic
ficld depending upon the approach and intrusion of the Sakawa granodioritic rocks
in the Bs-substage. It was concluded that the metamorphic condition, which covered
the older Ryoke metamorphic terrain, changed betwcen the Bj-substage and the Bs-
substage, and that in the Bs-substage the tempcrature in the metamorphic terrain
* was probably higher than that in the B;s-substage.

The symmetry of movement in cach substage of the older Ryoke deformation was
roughly monoclinc, and the deformation plane must have had a NNE-SSW strike
and approximately vertical dip. The direction of movement seems to have been
NNE as a whole.

As read from the geological map of Fig. 3, the geologic structure of the metamor-
phics and the Sakawa granodioritic rocks is characterized by a large-scale cross-fold.
The large-scale cross-fold was produced by the displacement superposed on the struc-
ture having an cast-west regional trend which had been produced by the older Ryoke
deformation. The displacement represents the younger Ryoke deformation. The
displacement seems to have taken place in the manner of refolding with vertically
plunging axis of external rotation as a whole, accompanied with the formation of
the Bg-folds and Lg-lincations in each of small fields of the district. The younger
Ryoke deformation can be correlated with the approach and forcible intrusion of the
batholithic Yagyu granite (the younger granite in the sense of KoIpk). |

From the geological outline map of Fig. 2 after Nakazima, in the central part of
the Ryoke zone in the Yamato Plateau, principal schistosity and gneissosity surfaces
of the Ryoke metamorphic rocks and the older Ryoke granitic rocks and flow layers
of the younger Ryoke granitic rocks appear to form dome- and basin-like structures.
The large-scale cross-fold in the Kasagi district corresponds to a part of those struc-
tures. The older Ryoke granitic rocks in the Yamato Plateau develop as large folded
sheet-like masses, as read from the map of Fig. 2. While, the younger Ryoke gra-
nitic rocks develop as stock-like or batholithic masses.

222



Studies on the Structure of the Ryoke Metamorphic Rocks of the Kasagi District, Southwest Japan

On the basis of the conclusions about the genetic history of geologic structure of
the Kasagi district, following inferences about geologic structure of the Ryoke zone
in the Yamato Plateau can be drawn. The geosynclinal Palacozoic deposits had
suffered the Tamba deformation and had been folded with the b-kinematic axis hav-
ing east-west regional trend, accompanied with the formation of slaty cleavage, (the
formation of the Tamba folded mountain), before the Ryoke metamorphism and
plutonism took place. The later events were superposed on the rock- and geologic
structures formed by Tamba deformation. Judging from the deformation style of
the rocks during the Tamba deformation, it can be pointed out that the Ryoke
metamorphism began in the field corresponding to the upper horizon of the orogenic
mountain. The older Ryoke metamorphism took place in close connection with the
older Ryoke deformation with the b-kinematic axis having east-west regional trend.
Although the older Ryoke deformation (related deformative stress) was superposed
upon the Tamba folded mountain, the presence of the boundary line between the
Tamba zone and the Ryoke zone drawn at present on the basis of evidences men-
tioned in preceding pages represents that the older Ryoke deformation was not uni-
formly superposed all over the zone within which the Tamba deformation took place,
but that it was concentrated in the zone within which the regional uprise of isogeo-
thermal surface related to the older Ryoke metamorphism had taken place. In the
later stage of the older Ryoke deformation, the older Ryoke granitic rocks were
intruded forcibly as large sheet-like masses. In the next stage, the forcible intrusions
of the younger Ryoke granitic rocks as batholithic masses took place and gave rise
to the dome- and basin-like structures. This is the younger Ryoke deformation.

Summaries of the results of detailed examinations of the mica and quartz fabrics
and petrofabric meanings deducible from them are referred to the Chapter V.
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ExprLanaTION of PLATE

Fi1c. 1 Profile of the B;-folds in metamorphic derivatives from banded chert (from Subarea A).

F1c. 2 Relation between the B;-folds and the principal schistosity surface S,_, in metamorphic deriv-
atives from banded chert (from Subarea A).

F16. 3 The S,_;-surfaces cutting across the bedding surfaces S; in sample of Fig. 2.
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ExpLANATION of PLATE

F1e. 1 The transversal surface S; in pelitic schistose hornfels (from Subarea C). Lower nicol only. x 20
F1e. 2 The transversal surface S; in pelitic schistose hornfels (from Subarea C). Lower nicol only. x 20
F1c. 3 The transversal surface Sy in pelitic gneiss (from Subarea K). x 2

F1c. 4 Disharmonic fold of pelitic gneiss (subarea K). x 1
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F1G. 1
Fic. 2
F1c. 3

Fig. 4

ExpLaNATION of PLATE

Transversal surface Sy in pelitic gneiss (from Subarea K). x 1.2

Zone of the Sy-surfaces partially granitized (in pelitic gneiss from Subarea K). x 1
Sillimanite grains preferably orienting on the S;-surfaces in the thin section parallel to L;". Lower
nicol only. x 35

Sample of Fig. 3 photed in the thin section perpendicular to Ly’. Lower nicol only. x 35
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