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Structural Investigation of the Ryoké Metamorphic Rocks of the Area
between Iwakuni and Yanai, Southwestern Japan*

By

Terukazu NUREKI

with 72 Text-figures, and 6 Plates

ABSTRACT: Structural features of various scales were described, and, on the basis of geometrical and
petrofabric analyses of these structures, the metamorphic history of the Ry6ké metamorphic rocks has been
discussed. The “Ry6ké metamorphism” has béen interpreted by predecessors as a progressive metamor-
phism of single generation, through which the Ry6ké metamorphic rocks ranging from schistose hornfelses.
to banded gneisses and migmatites were produced. The metamorphic history of the area between Iwakuni
and Yanai has, however, been considered by the present author as an overlapping series of events in which
two phases have been discriminated: schistose hornfelses were formed during-the first, earlier phase, and
banded gneisses and migmatites during the second, later phase. The earlier phase is characterized by re-
gional thermal metamorphism accompanied by penetrative movement, while the later phase by metasoma-
tism or intense granitization under high temperature and relatively static condition.
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I. INTRODUCTION

The most interesting subject which has hitherto been a focus of discussion among
Japanese geologists is when and how the Upper Palacozoic sediments, deposits on the
floor of so-called Chichibu geosyncline, in Japan underwent extensive crustal move-
ments, and what meaning these metamorphosed sediments have in the history of de-
velopment of the Japanese Islands.

It is in general believed among Japanese geologists that in Southwestern Japan
there are three metamorphic zones derived from the Upper Palaeozoic formations, i.e.,
the Sangun metamorphic zone, the Ry6ké metamorphic zone, and the Sambagawa

* Thes is presented for the degree of D. Sc. of the Hiroshima University.
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Fi1G.1 Sketch map of three metamorphic zones in Southwestern Japan (after G. KojiMa (1953)). HG:
Hida gnciss complex SM:Sangun metamorphic zone RM: Rydké metamorphic zone SBM: Sambagawa
metamorphic zone F: Fukuoka H: Hiroshima O:Osaka T:Tokyo [l: Area investigated.

metamorphic zone. The Ry6ké metamorphic zone in question is situated between the
Sangun metamorphic zone to the north and the Sambagawa mctamorphxc zone to the
south (Fig. 1).

Since the summer of 1955, the writer has been engaged in the geologxcal and struc-
tural-petrological studies on the Ryéké metamorphic and granitic rocks* of the arca
between Iwakuni and Yanai, Yamaguchi Prefecture (Fig. 2). '

In this article, the writer intends to study mainly the structural pctro]ogy of the
Ry6ké metamorphic and granitic rocks of the area between Iwakuni and Yanai. The
area represents a type area comprising most types of the Ryoké metamorphltcs, ac-
cordingly, it may be expected to be able to extend the results of study of the arca to
dissolve structural problems of other areas of the Ryéké metamorphic zone, and fur-
thermore, it may be expected that the method applied and the results obtained in this
study will contribute to the study of other metamorphic zones.

Historical review: Since 1910, the Geological Survey of Japan has presented many
valuable geological maps, which dealt with the geology of and ncar the area now
concerned, such as Matsuyama-sheet (1:200,000; S. KOzu & S:Noba, 1910), Hiro-
shima-sheet (1:200,000; S.KOzU & S. NAKAMURA, 1911),, Murozumi-sheet (Sheet
266; 1:75,000; T. AkAGI, 1922), Tokuyama-sheet (Sheet 262; l~:75 000; T. OGURA,

* The name “Ry0ké mctamorphlc rocks” has been given to those rocks such as schistosc homfelscs or mica-
“schists and banded gneisses, which are metamorphic derivatives of the Upper Palacozoic sediments, Migma-
tites, granites and their derivatives in the Ry0ké zone, which occur in intimate relation to the metamorphic
rocks, arc generally called the “Rydké gramtlc rocks”. Thc Rydké metamorphic zone is composed of these
metamorphic and granitic rocks. '
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1926), and Yanaizu-sheet (Sheet 241;1:75,000; H.SATO, 1933). By the valuable con-
tributions of these pioneers’ works became the geology of the area in problem increa-
singly elucidated, in particular, Sheet 241 by SATO seems even now to be worthy of
confidence in the light of modern structural geology.

From 1936 to 1940, S.IwAO published several papers (1936a 1936b, 1936¢, 1938,
1940) dealing with problems of geology and petrology of the area. Discussions submit-
ted by him were based exclusively on the petrographical researches but not on the
structural-petrological studies of the Ry6ké metamorphic and granitic rocks.

Meanwhile, in 1941, T. KOBAYASHI summarized the Palaeozoic and Mesozoic geo-
logy of Southwestern Japan.. On the basis of the idea of comparative tectonics of
H. STILLE, KOBAYASHI introduced a hypothesis that in Japan two great orogenic cycles
can be distinguished: the older one is the Akiyoshi orogenic cycle (Late Palacozoic—
Early Mesozoic) and the younger one the Sakawa orogenic: cycle (Middle — Late
Mesozoic). After him the phases of the Ry6ké and the SambagaWa‘rhetamorphlsm
belong to the Sakawa orogenic cycle, and that of the Sangun metamorphlsm to the
Akiyoshi orogemc cycle. : AT ' :

Since 1946, G. KoJiMA and his collaborators havc been” engaged in the geological
and petrological researches of the Rydké metamorphic zone in Southwestern Japan.
Some results of their researches have been published in scveral papers; such as,
A.SHIMOYAMA, 1948; K. WATANABE, 1951 ; G.KOJIMA et al., 1951 G.KOJIMA and
Y.OKAMURA, 1952; G.KOJIMA, 1953; Y.OKAMURA, 1957. SHIMOYAMA studied schi-
stose hornfelses and gneisses in the northern half of the area now concerned, while,
WATANABE and OKAMURA studied gneisses migmatites, and granites in the southern
half of the area. OKAMURA concluded that gneisses, migmatites and granites in the
Ryoké metamorphic zone of the area have been formed during a single phase of
metamorphism. :

With increase in the knowledgc of structural and" pctrolog1ca1 ‘characteristics of
many metamorphic zones in Japan, the view of KOBAYASHI has become questionable.
In 1952, M. GORAI discussed the origin of the Japanese Islands, and denied the opinion
of KoBayAsHI. He interpreted the age of formation of the metamorphic zones in South-
western Japan as that the Ryské metamorphic rocks and associated granites were, along
with crystalline schists of the Sangun and the Sambagawa metamorphic zone, formed
during the orogenesis of the Late Palaeozoic or the Early Mesozoic. Most of Japanese
geologists, e.g. KOJIMA (1953) and recently K. ICHIKAWA (1958), have supported
GORATI’s view being the most probable interpretation.

The writer has above described the outline of history of researches of the area now
in question, but, of course, it can not be overlooked many valuable contributions to
the knowledge of geology and petrology of the Ry6ké metamorphic and granitic rocks
in the other areas: in particular, the research of H.KOIDE (1949) in the Dando district
and that of the members of the Research Group of the Ryoké Metamorphic Zone in
Central Japan (1955). ' '
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FI1G. 2, Geologic situation of the arca between Iwakuni and Yanai. (after “Geological Map of
Yamaguchi Prefecture” (1954)).
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II. GEOLOGICAL SETTING AND PETROGRAPHIC PROPERTIES

GEOLOGICAL SETTING

KojMA (1958, p. 30) defined the extension of the Rydké zone.as follows: “The
southern boundary of the zone is marked by the Median Dislocation Line, while the
northern boundary is obscured by the intrusion of the Cretaceous granites, which are
extensively exposed on the northern half of Seto-naikai (the Inland Sea) and on the

oHASHRAND southern half of Chiigoku. The Ry6ké meta-
' morphic zone proper may be tentatively de-
fined as demarcated by the Median Disloca-
tion Line and the southern intrusion bound-
ary of the Cretaceous granites”. The distrib-
 ution of the Ryéké metamorphic rocks, espe-
cially schistose hornfelses, is rather patchy,
and the area between Iwakuni and Yanai is
‘the most extensive area of the Ry6ké meta-
morphites in Southwestern Japan which
enables the systematic study of the meta-
morphic rocks.

KojiMA and OKAMURA have named the
Palaeozoic formations, from which the Ryo6ké

[——rcg metamorphites were derived, the “Kuga
" H 7\ Group” (KojiMA & OKAMURA, 1952;
\ | .
‘\_\ KOJIMA, 1953). The upper and the lower
\, limit of the group have not been ascertained,

. but, after KOJIMA, the total thickness of the
! group may attain 3000 m or more.

e As to the age of sedimentation of the Kuga
&\ oot group in the area concerned, there are no
direct palaeontological data available. In

6FIG. 3. Index map showing thc‘threc zonesand  some places farther north of the area, how-
15 sy 25 Zone o 0% Joris ey, the Kuga group contans some fossls
migmatites. 1:Ryoké metamorphic rocks 2:  Several years ago, OKAMURA found fossils
Cretaceous granite and Ryoké granites 3:  4f the Permian fusulinids (Ncoschwagerina

boundaries between subareas 4: Axes of anti- A .
clines 5: Faults. or Yabeina) from a limestone lense near the
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northern boundary of the Kuga group to the Sangun metamorphic zone.*

OUTLINE OF GEOLOGY

In the area between Iwakuni and Yanai there can be found four groups of rocks in
mutually intimate relations, i.e., schistose hornfelses, banded gneisses, migmatites, and
granites. In addition to these Ryéké metamorphic and granitic rocks, Cretaceous in-
trusive granite and its derivatives are also found in the northern half of the area.

Ryoké metamorphic rocks

The Ryéké. metamorphic terrain in the area can be divided into three zones from

the north to the south;i.e., (1) the zone of schistose hornfelses,** (2) the zone of tran-
sitional rocks,** and (3) the zone of migmatites*** (Fig. 3). The petrographic and
structural properties of each zone change gradually across the mutual boundary.
" Zone of schistose hornfelses: The northern part of the area belongs to the zone of
schistose hornfelses (Fig. 3 and Plate XII). The main rock types of the zone are banded
chert and pelite. The subordinate rocks are semi-pelite, limestone, calcareous-pelitic
rock, sandstone, basic (diabasic) rock, and aplite. Semi-pelite consists of alternating
thin bands of chert and pelite, and in the field it changes gradually into either banded
chert or pelite. ‘Sandstone lenses are found very scarcely. Calcareous-pelitic rock and
limestone occur generally as lenses. The horizon of occurrence of calcareous-pelitic
rock and limestone is not fixed, but they occur either in banded chert or in pelite. Basic
rock occurs also as small lens-like bodies, and now they have schistose characters. The
basic rock can be considered as derived from dyke rock of diabasic character, which
was probably intruded prior to or during the Ry6ké phase.****  Aplite dykes related
to the Ryéké granites are sporadically found.

* G, KojiMa (1953, p.31) explains: “As the limestone lens in question has been found in shear-slate in the
frontal shear-zone ,the original horizon of bed is not ascertainable. But judging from the associated rocks,
it can safely be said that the limestone belongs to the Kuga formation.”

** H,KoIpt: (1949) studied the Ry&ké metamorphic rocks and the related granites of the Dando district,
Aichi Prefecture. He has classified the Ry6ké terrain of the district into three zones; i.e,, the zone of schis-
tose hornfelses (zone of potash-alumina-addition and silica subtraction), the zone of transitional rocks (zone
of potash-alumina metasomatism, accompanied by metamorphic differentiation), and the zone of banded
gneisses (zone of soda-addition and alumina-subtraction, accompanicd by metamorphic differentiation).
The zone of schistose hornfelses and the zone of transitional rocks after the present writer are petrographi-
cally identical with those of KoOIDE.

**% In the southern part of the area in problem, gneisses and migmatites occur in intimate relation, and
the more intense admixture of materials is expected than in the zone of banded gneisses of KoInt. It may
thercfore be convenient in describing these plutonic rocks to use READ’s definition of “Zone of migmatites”
asapplied in central Sutherland (H.H.READ, 1931, p. 91) or in Crohy Hills area in Donegal (A.R. GINDY,
1952). Intrusive granites in the Ry6ké terrain were excluded from this zoning.

*+x% Though now the basic rock has a shistose character and its structure is in complete harmory with the
surrounding schistose hornfelses, the lense like bodies of basic rock occur not always conformably to the
surrounding formation. The basic rock has chilled margin near the contact with the surrounding schistose
hornfelses. '
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The stratigraphy of original sediments from which schistose hornfelses were derived
has not yet been decided in detail. It can safely be said, however, that pelite is pre-
valent at the lower horizon, and that, through alternating group (semi-pelite), banded
chert becomes predominant at the upper horizon. The total thickness of schistose
hornfelses may attain at least 700m or more.

There is a large anticline, which runs E.-W. through the central part of the zone
in question and is called “major anticline” by the writer. The wave-length of the anti-
cline attains about six km, and its axis plunges moderately towards the east. On both
limbs of the major anticline are there two or more subordinate anticlines, the wave-
length of which attains commonly one km or more.

Zone of transitional rocks: The central part of the area belongs to the zone of tran-
sitional rocks. The northern boundary of the zone is demarcated by a thrust-fault,
which runs east and west. This thrust-fault, however, does not represent a boundary
fault genetically related to the difference in metamorphic character between the north-
ern and the central zone. Schistose hornfelses of the northern zone change gradually
their petrographic characters towards gneisses of the zone of transitional rocks, the
southern-most part of the northern zone consisting of gneisses of transitional type. The
southern and western borders of the zone are demarcated by intrusion boundaries of
the Ry6ké granites. .

The zone of transitional rocks is essentially composed of siliceous banded gneiss,
micaceous banded gneiss, and micaceous gneiss, and subordinate members are basic
gneiss and the Rydké granite. In the northern half of the zone is exposed micaceous
banded gneiss, which is the most predominant rock type in the zone. In the southern
half of the zone siliceous banded gneiss is predominant, being often accompanied by
micaceous gneiss. Basic gneiss occurs as a large lens-like body, which is conformable
to structures of the surrounding gneisses. Some small stocks of fine-grained granites,
probably derived from the Ryodké granites, are found here and there in the zone.

Because of the lack of good exposures within the zone in problem, the structure on
larger scale can not be decided. :

Zone of migmatites: The zone of migmatites occupies the southern part of the Iwa-
kuni Yanai area. This zone continues farther towards the west. The northern and
southern borders of the zone are bounded by the Gamano gneissose granodiorite.

The zone of migmatites consists mainly of siliccous banded gneiss, micaceous gneiss,
and migmatites or “autochthonous granite”*,

The subordinate rock types are micaceous banded gneiss, crystalline limestone,

* The word “autochthonous” is here used in the sense of H.H. READ (1949). OxaAMURA (1957), who has
studied the Rydké granites since 1951, has adopted the words “autochthonous”, “parautochthonous”, and
“intrusive” granites, presented by H.H. READ, to granites in the Ry0ké zone. He has classified the Ry0ké
granites into two groups of different generation, i.e., the older and younger complexes. According to his
view, the older complex corresponds to the®autochthonous”and“parautochthonous”granites,and the young-
er one to the “intrusive” granites. The writer agrees with his view of the Rydké granites, and intends to
use the names of rock bodies which have been used by him.

75



T. NUREKI

aplitic rock and fine-grained granite, the latter two of which are related to the Ryoké
granites.

Siliceous banded gneiss occupies the greater part of the zone, within which thin but
continuous beds of micaceous gneiss and micaceous banded gneiss are concordantly
inserted. Crystalline limestone occurs as a small lens. ‘

There are some bodies of migmatites, most of which lie in concordance with the
structurc of the surrounding siliceous banded gneiss (Plate XII). Considering petrologic
characteristics of migmatites, the writer has grouped them into two types: the migmatite
in the southern part of the zone has been named the “Obataké gneissose granodiorite”,
and the other the “Obataké gneissose granite”* (Plate XII). Summarizing field data,
the Obataké gneissose granite lies strictly concordant with the structure of the sur-
rounding gneisscs; that is, it appears to be completely “autochthonous”. While, the
Obataké gneissose granodiorite is not always concordant with the surrounding struc-
ture: the eastern half of the body shows “parautochthonous” features at the contact
with the surroundings.

The foliation (compositional banding) in banded gneisses is generally inclined either
north or south at high angles. It is very significant that, as seen on the geologic map,
the general trend of banded gneisses draw a gentle convex curve towards the southeast.

Ryoké granites A

As mentioned above, the Ryoké granites in the area can be divided into two groups
(OKAMURA, 1957), i.e., the older and the younger. Migmatites and the Gamano
gneissose granodiorite belong to the former, and the Kibé and Namera granites to the
latter. The Kibé granite and the Gamano gneissose granodiorite lic in wedge-shaped
form between the zone of migmatites and the zone of transitional rocks.

The Gamano gneissose granodiorite lies concordantly in part or sub-concordantly
in another part with the structure of banded gneisses of the zone of migmatites. Four
or more bodies of siliceous banded gneiss are found within the Gamano gneissose gran-
odiorite. No recognizable thermal effects can be found from the surroundings of the
Gamano gneissose granodiorite. While, the Kibé and Namera granites, which may
probably synchronous with each other, exerted intense thermal effects upon the sur-
roundings; in particular, the former has a fine-grained facies along the contact with
siliccous banded gneiss of the zone of transitional rocks.

Igneous rocks of the Late Cretaceous period

The eastern and the western side of the zone of schistose hornfelses are bounded by
the Cretaceous granite, which is the extension of the so-called Hiroshima granite cx-
pansively exposed in Chaigoku Province, Southwestern Japan. The zone of schistose
hornfelses lies on the Cretaceous granite as a huge roof-pendant, and schistose horn-

* All the migmatite bodies in the zone have, however, been called by OKAMURA the “Obataké gneissose
granodiorite”.
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fe]scs near the intrusion contact have suffered strong thermal metamorphism. In the
zone of schistose hornfelses, small to large dykes of quartz-porphyry and aplite related
to the Cretaceous granite are found here and there. They are also found in the north-
ern part of the zone of transitional rocks, but have never been found in the zone of
migmatites.

PETROGRAPHIC PROPERTIES OF THE RYOKI: METAMORPHIC ROCKS AND GRANITES

Rocks in the zone of schitose hornfelses

Banded chart: Banded chert is.composed of alternatmg bands of chert and pelite, the
latter being very thin.

Chert bands are built up of quartz and muscovitic mineral. Quartz, average size
of which is 0.03mm in diameter, makes up more than 909 of each band, and always
shows mosaic texture. Muscovitic mineral is colourless or faint green and shows no
pleochroism, and is too small to determine its optic character under the ordinary mi-
croscopic method. The subordinate minerals in chert bands are biotite, feldspars, car-
bonaceous material and garnet. Biotite is pale brown. Feldspars and garnet are very

- rare.

Pelite bands consist of muscovitic mlneral biotite, carbonaceous material, quartz,
and occationally garnet. Biotite and carbonaceous material are abundant in pelite
_bands. Biotite is also pale brown. In some places near Sugaki and Shimobata, pelite
bands contain many small grains of garnet, which is idiomorphic and includes many
minute grains of opaque minerals.
~ Segregated veins of quartz or of quartz and chlorite are often found in network in

banded chert. -

Pelite: Pelite is often accompanied by thin quartzose‘ layers (chert). Biotite and
muscovitic mineral, which is more abundant than the former, are the essential ingredi-
-ents in pelite. Carbonaceous material, quartz, and plagioclase are the subordinate. In
some quartzose layers, rounded grains of plagioclase are occasionally found. Micas show
preferred orientation along the plane of original compositional banding.

Semi-pelite: Semi-pelite consists of quartzose bands and pelite bands, each being
commonly alternated nearly in the same proportion. The mineral assemblage of quart-
zose bands varies from that of chert to that of sandstone.

Sandstore: Sandstone is composed essentially of quartz, muscovitic mineral, accom-
panied with biotite, carbonaceous material and plagioclase. Quartz is mostly equigranu-
lar, but in part it shows sub-angular forms. Angular grains of plagioclase are spora-
dically found.

Limestone and calcareous-pelitic rock: Limestone as well as calcareous-pelitic rock
arc now comipletely recrystallized by the thermal metamorphism exerted by the Creta-
ceous granite. Accordingly, the schistose nature of them is completely obscured.

Basic (diabasic) rock: Basic rock consists of actinolite, brown Hornblende, and pla-
gioclase, accompanied by opaque minerals, epidote, muscovite and quartz. Brown
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hornblende appears to be a relic mineral, but relics or alteration products of pyroxene
have not been found. Saussuritisation of the rock seems to have been effective.

The writer has above described schistose hornfelses in the main part of the zone in
problem. Near the southern border of the zone, schistose hornfelses change gradually
their petrographic features into those of gneisses towards the zone of transitional
rocks, as follows:—

1) The mineral assemblages of banded chert and pelite show no essential change, but
the grain-size of quartz and micas remarkably increases: the average size of quartz
attains 0.05mm or more in diameter.

2) Brown or reddish-brown biotite gradually increases in amount, and minute grains
of muscovitic mineral disappear. Now, unmistakable muscovite becomes an essential
ingredient and co-exists with biotite.

3) Segregated veins of quartz increase remarkably in amount.

Rocks in the zone of transitional rocks

Micaceous gneiss, micaceous banded gneiss and siliceous banded gneiss: As in the casc of
schistose hornfelses, various rock types found in the zone of transitional rocks have
been grouped according to the relative proportion of white (quartzose) band to black
(micaceous) band: the rock composed of thick black bands and thin white bands is called
micaceous gneiss; on the contrary, the rock of thick white bands and thin black bands
~ is named siliceous banded gneiss; and the intermediate rock type micaceous banded
gneiss. Accordingly, no essential differences in mineralogical assemblage can not be
detected between these rock types.

Quartzose bands are commonly composed of quartz, potash-fcldspar, biotite and
muscovite, with less common plagioclase and garnet. Quartz is 0.05mm in average
diameter and shows mosaic texture. Many porphyroblasts of quartz are found in every
section. Potash-feldspar is commonly found but inferior in amount. Minute grains of
biotite are commonly found in the porphyroblast of quartz*. Muscovite is less abun-
dant than biotite.

Micaceous bands are composed of biotite, muscovite, cordierite, quartz, plagioclase
and potash-feldspar, with subordinate zircon, garnet, and carbonaccous material. Por-
phyroblastic quartz is not rare. Muscovite is rather rare or absent, while biotite is
universally found. '

Petrographic features of rocks in the zone are thus characterized by the appearance
of potash-feldspar, which can not be found in schistose hornfelses. In siliccous banded
gneiss of the southern part of the zone, the grain-size of quartz becomes larger, attain-
ing 0.l mm or more in diameter, and potash-feldspar increases in amount.

Busic gneiss: The rock consists of brown or greenish-brown hornblende, plagio-
clase and quartz, with carbonaceous material. Hornblende makes up about 809 of the
rock, and quartz is. fairly abundant than plagioclase. The rock shows typical mosaic

* Detailed descriptions of the porphyroblast of quartz arc referred to the paper of S.Iwao (1938).
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texture. Alternation of hornblendic bands and felsic bands is common. Although the
original rock of the basic gneiss is not certain, it seems probable that the basic gneiss
have been derived from an impure calcareous rock or calcareous-pelitic rock.

Rocks in the zone of migmatites

Micaceous gneiss, micaceous banded gneiss and siliceous banded gneiss: 'The banded nature
of these rocks is also due to the alternation of quartzose bands and micaceous bands.
Quartzose bands are composed of biotite, muscovite, quartz, potash-feldspar and plagio-
clase, with subordinate zircon, garnet, iron ores and carbonaceous material. Quartz
always shows slight elongation parallel to the foliation, and undulatory extinction of
quartz is commonly found. The diameter of quartz grains is very variable from 0.1 to
1mm. Porphyroblasts of quartz are common, and attain often to 2~3mm in diameter.
Parallel arrangement of flakes of biotite and muscovite accentuates the banded nature
of the rock.

Micaceous bands consist of blotltc, muscovite, cordierite, quartz, potash-feldspar
and plagioclase, accompanied with sillimanite, iron ores, carbonaceous material and
garnet. In some sections, sillimanite occurs as an essential component and coexists with
biotite and cordierite. Cordierite can commonly be found in most samples, not rarely
forming porphyroblasts. Large porphyroblasts of quartz, attaining up to 2 mm, are
also common. o '

The most significant petrographic feature of banded gneisses in this- zone is that
feldspars, in particular plagioclase, increase remarkably in amount, compared with
those in banded gneisses in the zone of transitional rocks. Considering their petrogra-
phic characters, it can safely be said that banded gneisses in this zone have suffered
more intense alkali-alumina-metasomatism accompanied by metamorphic differentia-
tion than those in the zone of transitional rocks. '

Migmatites (Obataké gneissose granite and Obataké gneissose granodiorite): The Obataké
gneissose granite consists of quartz, potash-feldspar, plagioclase, biotite and muscovite,
accompanied with less prominent zircon, apatite, sphene and ifon ores. The migmatite
often contains small amount of cordierite and less commonly sillimanite. The rock
shows an inequigranular fabric, the feature having been noticed as an characteristic
feature of granitic rocks of metasomatic origin. Potash-feldspar generally shows per-
thitic structure and is more abundant than plagioclase. Zonal structure of plagioclase
is lacking. Biotite and muscovite are arranged parallel to the foliation and accentuate
the gneissose nature of the migmatite. '

The Obataké gneissose granodiorite strongly resembles the Gamano gneissose grano-
diorite in many petrographic features. As essential components are found hornblende
and pyroxene, which have not been found in the Obataké gneissosc granite. The
mincrals however can not always found from every section. The most essential mafic
mineral is biotite. Potash-feldspar is far inferior to plagioclase in quantity. Glomero-
porphyroblasts of plagioclase are often found, and the zonal structure of plagioclase
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is rare. :

On the basis of various data obtained from the field as well as from microscopic
observations, it can safely be inferred that the Obataké gneissose granite may have been
derived from siliceous banded gneiss, while the Obataké gneissose granodiorite from
micaccous banded gneiss which was in part probably rich in calcareous materials, and
that the former probably corresponds to the autochthonous granite, as Y. OKAMURA
has reported in detail. It is questionable, however, to regard the whole rock body of
the latter as corresponding to the autochthonous granite. The Obataké gneissose grano-
diorite is conceivably autochthonous in some parts, but parautochthonous in other
parts.

Ryoké granites

Gamano gneissose granodiorite: The Gamano gneissose granodiorite resembles strong-
ly the Obataké gneissose granodiorite in the field as well as in petrographic features
under the microscope. The essential minerals found in the granodiorite are hornblende,
pyroxene, biotite, potash-feldspar, quartz and plagioclase. Hornblende and pyroxene
occur only in the western area of Yi.* Zonal structure of plagioclase is common.

Judging from detailed observations in the field, it may safely be concluded that the
Gamano gneissose granodiorite may correspond to the parautochthonous granite as
interpreted by Y.OKAMURA.

Younger (intrusive) Ryoké granites: The Kibé granite is coarse-grained and somewhat
porphyritic in appearance, but it shows less commonly weak gneissose structure. The
essential components of the granite are biotite, quartz, potash-feldspar and plagioclase.

The porphyritic appearance of the granite is due to the sporadic presence of large
grains of perthitic potash-feldspar.

The Namera granite is also coarse-grained and homogeneous. Biotite, quartz, potash-
feldspar and plagioclase arc the essential ingredients of the granite, and garnet and
zircon are generally found as accessories. A characteristic mineral of the granite is
garnet which has not been found from the Kibé granite.

III. MESOSCOPIC AND MACROSCOPIC STRUCTURE
GENERAL STATEMENT
There is a tendency among modern structural petrologists to explain the metamor-
phic history of certain field on the basis of geometrical analysis of minor structures
(mesoscopic structures of L.E. WEISS) and major structures (macroscopic structures of

- L.E.WEiss). Especially, structural petrologists in Scottish Highlands and in Rheinische
Schiefergebirge have made much contributions to the structural petrology (D. B.

* It is an interesting fact that the pyroxene-hornblende bearing Gamano gneissose granodiorite is found in
the arca of Osato to Y0, and the pyroxene-hornblende bearing Obataké gneissose granodiorite occurs ex-
clusively in the area of Kojiro to Ya. It can be inferred that these granodiorites arc genetically closely
rclated to each other,
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MCcINTYRE, L.E. WEIss, J. SATTON, J. WATSON et al. in Scottish Highlands; R.
HOEPPENER, S.KIENOW, W. JANKOWSKY ef al. in Rheinische Schiefergebirge).

The structural geometry of the Ry6ké metamorphic rocks of the area in question
will be described systematically in the following order: (1) to describe different kinds
of mesoscopic structures,* (2) to examine the degree of structural homogeneity in each
zone, (3) to systematize the macroscopic structures of the region as a whole, and (4) to
clarify the structural relation between the Ryoké metamorphic rocks and the Rydké
granites. : .

The writer has divided the Iwakuni-Yanai area into 16 subareas, as shown in Fig. 3.

MESOSCOPIC STRUCTURE
Mesoscopic structures of schistose hornfelses

Foliation and cleavage: One of the important planar structures of schistose hornfelses
is the foliation (here termed S;), which is the most prominent set of structural surfaces.
In most rocks, especially in banded chert, §; corresponds to the surface of bedding or
lamination of original rocks. ]
’ In semi-pelite, in particular near
the crest of minor folds, the second
planar structure (here termed S,) can
often be found. This planar structure
is restricted in pelite bands and may
correspond to the‘“fracture-cleavage”
of DE SITTER (1956). Locally, S; is
also found in pelite. In strongly
/ folded semi-pelite, however, S, is not

o 4cm always developed. Often away from

FIG.4. Sketch on an ac-joint; showing the crest, S, becomes more and more

the relation of S; and S; in semi-pelite,  weaker, and finally at the-limb it

near Rokuroshi, Iwakunt city. becomes invisible. The number of

the surface of S, exceeds 10 within I cm. The surface of S, converges towards the crest
of minor folds (Fig.4), and does not cut chert bands in semi-pelite as well as in pelite.

In some places, especially in the northern-most part of the zone of schistose hornfelses,
a set of another planar structure is developed. This surface clearly cuts §; and S;, and
the inclination of the surface is commonly steep or nearly vertical, exceeding gener-
ally 70°. The structure is here termed S;, which may correspond to the “slaty cleav-

* The writer uses the terms “mesoscopic” and “macroscopic” after the definition presented by L. E. WEIss
(1957). He defined them as follows (p.577): . :
(1) “Mesoscopic: This covers fields ranging in size from a single hand specimen to a single continuous ex-
posure (generally, but not always, of small size) in which data can be measured with sufficient accuracy
and continuity to alow determination of its over-all structural geometry.”

(2) “Macroscopic: This covers fields of any size containing discontinuously observable structures. It stands
apart from the other scalcs, in that structures within macroscopic ficlds are determined indirectly.”
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age” of DE SITTER (1956) (Fig. 5.)

~(b)

F1G. 5. Schematic sketch of S3 in banded chert (a) and in pelite (b). (see text).

S5 has been found only from three subareas, regardless of rock types, i.e., subarea
C; (and B;), the northern part of subarea B,, and the southwestern part of subarea A,.
In particular, a large exposure along the road-cutting south of Hashirano is most suited
for the statistic study of ;. In the other exposures, S, is locally found, but the statis-
tical study of S, were practically impossible, because of either lacking in good ex-
posure or local development of S;. :

The strike and dip of S, are rather constant throughout the zone in problem. The
general trend of S is E.-W., and it dips to the south at very steep angles. Sometimes,
S; is practically parallel to the axial plane of minor folds, but most commonly they
intersect at variable angles (Fig. 5 and Plate XI-B). In banded chert S, is visibly dis-
placed along the surface of S;, the distance of displacement being very short. The
spacing of the set of S is generally 0.5~1 mm. S;in pelite is more closely spaced than
that in banded chert. Sometimes, the surface of S is partly filled with segregated
quartz veins. . -

Careful examinations in the field strongly suggest that the formation of S; is clearly
later than that of folds most commonly found in schistose hornfelses* (later described).

Joints: There are at least two kinds of joint in the zone of schistose hornfelses. The
most commonly occuring joint is that perpendicular or subperpendicular to the linea-
tion. This may correspond to the ac-joint of E. CL0OOs (1937). This type of joint has all
the characteristics of tension fractures. Comparing the ac-joint in pelite (Plate IX-A)

* S, has not been found from rocks in the other two zones, i.c., the zone of transitional rocks and the zone
of migmatites. This fact will become significant in the later chapter, when the history of the Rydké meta-
morphic rocks in the Iwakuni-Yanai area is considered.
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with that in banded chert (Plate IX-B), the surface of the former is more even and con-
tinuous than the latter. In an exposure, however, individual surface of ac-joints is
rarely perpendicular to the lineation, and most commonly they are subnormal to the
lineation or form slight angles with the ac-position, the fact having been observed by
many workers in deformed rocks of many different styles.

Beside the ac-joint are observable oblique (#40)-joints (E. CLOOS, 1937) in some
localities. They are subnormal to the foliation surface and lie symmetrically to the
lineation. They are, however, not always found in pairs. The oblique joints are
typically developed near the crest of the major anticline. Shear joints of other types
have been observed locally, but the statistic examination of them could have not been
carried out.

Most ac-joints have been conventionally interpreted as tension fractures, and several
alternatives concerning the genesis of them have been presented by many authors.
Considering the mode of occurrence of the ac-joint, the writer believes that the ac-
joint may be the ruptural expression of strain parallel to the axes of major folds during
folding (FAIRBAIRN, 1949, p. 156-157).

Lineation: The most conspicuous mesoscopic structure is the distinct lineation that is
present in almost all the rock types in the area concerned. The lineation can be divided"
into two groups acconding to the following features:—

Regardless of rock types, one can find a distinct linear structure expressed by axes
of microfold of §;, most of which are accompanied by folds on every scale.- Judging
from characters of these folds, it is evident that the rock structure generally shows a
monoclinic symmetry with one plane of symmetry normal to the fold axis. The linea-
tion is thus parallel to the fabric axis 4 and is by definition B(=b)-lineation (B. SANDER,
1948, p.65-68).

Parallel arrangement of mineral grains defines another type of lineation. Lineation
in basic rocks may be due to parallel arrangement of hornblende grains. Quartz grains
in schistose hornfelses are most commonly equigranular and show no elongated char-
acter in any thin section. While, parallel arrangement of mafic minerals, such as mus-
covitic mineral and biotite, is observable on S, especially in pelite and semi-pelite.
This type of lineation is to be attributable to the intersection of planar structures.
There are at least three types of lineation due to the intersection of s-surfaces, i.e.,

A
intersection of S; with S, (here de/s\lgnated as S, Sz), intersection of S, with S, (as S; ),
and intersection of S; with S; (as S, S5). The lineation §; S, is most prominently found

in pelite and in semi-pelite. In subareas C; and By, the lineation S; s has been general-
ly found regardless of rcg:\k types, wherever s is developed, but, in the other localities,

: A~
megascopically visible S S, is rather rare. S, §; has been found from some localities,
wherc S, is developed. Semi-pelite and pelite are the essential rock types in which

~ A
Sz S, can be observed. All these lineations, S; S, S; Ss and S,S;, are practically parallel
to each other and also to the axis of microfold of S;. It is therefore often very difficult
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to distinguish megascopically the one type from the other. It can safély be said that
this type of lineation found in schistose hornfelses is also B(=b)-lineation.

FI1G. 6. Profiles of folds in banded chert. Scale: 50cm.

Folds: S, is gencrally folded about gently or moderately plunging axes. These folds
occur on every scale, throughbut the zone of schistose hornfelses. Folds are most fre-
quently found in the central part of the zone, which corresponds to the axial zone of
the major anticline.

There are no significant differences in style of fold among various rock types, except
basic rock, limestone, and calcareous pelitic rock, which show no definable fold on any
scale. Folds on minor scale in banded chert and semi-pelite are characterized with the
following features:—

I) All folds are ‘““concentric” rather than “similar” in style (DE SITTER, 1956, p.181-
183). The symmetry of them varies from the monoclinic to the nearly orthorhombic.
Folds showing nearly orthorhombic symmetry closely resemble those described from
Moine by M.R.W. JOHNSON (1956), who has called them the “conjugate fold system”.
The fold shown in Fig. 6-d approximates to this style. Most of folds show monoclinic
symmetry, and sometimes their limbs make very acute angles (20° or less) at the hinge.

Chert and pelite bands in banded chert or semi-pelite show fairly contrasted features
in the style of fold. The thickness of chert bands is commonly unvarying regardless
of position in the fold structure, unless the hinge makes a very acute angle. While,
pelite bands become generally more or less thicker at the hinge of fold (Plate VIII).
Such contrast in the style of fold between chert and pelite bands suggests that pelite
bands behaved as highly plastic material between less plastic chert bands during the
folding. :
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2) The attitude of axial surfaces of folds is highly variable as shown in Fig.6. They
are not always plane but often visibly curved, and sometimes, two or three axial sur-
faces of adjoining folds are joined (Fig. 6-a). On the other hand, Fig. 6-e shows another
example that axial surfaces of adjoining folds are nearly parallel to each other. There
are various intermediate types between these extreme attitudes of axial surfaces. Planar
and curved axial surfaces occur side by side (Fig. 6-d). It is of interest that all axes
of these folds are, at least in a small field, parallel to each other, regardless of attitude
or orientation of the axial surfaces.

3) In some places where S; is well-developed, a cleavage fold or “similar fold”in the
sense of DE SITTER can be found. Fig. 5, along with Plate XI-B, illustrates a typical
cleavage fold found in the northern part of subarea C;. Folds of this style are also
observed here and there in other subareas.

B-axis: In recent years, “B-axis”* has been used often by some workers, such as
F.KARL (1952), and L. E. WEISss (1954, 1957), as an important linear element to eluci-
date tectonic history of an area of complex structure. ’ :

After the method of B. SANDER, the writer has made many 8-diagrams for S, from
the area concerned. There are no essential differences between the patterns of B-dia-
grams prepared from pelite and those from banded chert and semi-pelite (later will be
described). The maximum of B-diagrams prepared from one or two adjoining ex-
posures coincides completely or nearly completely w1th the maximum of hneauon dia-
grams of the same exposures. ‘

Mesoscopic structures of banded gneisses and granites

Foliation: 'The banded structure due to the alternation of white band and black band,
the foliation, is the sole planar structure. The foliation is in general clearly boservable
in banded gneisses but is not so clear in migmatites.

Concerning the origin of the foliation in banded gneisses of the zone of transitional
rocks, the following facts must be mentioned:—

1) In the field, S; of banded chert in the zone of schistose hornfelses is turned grad-
ually into compositional banding (foliation) in siliceous banded gneiss at the southern-
most part of the zone, just north of the thrust-fault above mentioned.

2) The boundary surface (bedding surface) between siliceous banded gneiss and
micaceous banded gneiss is evidently parallel to the surface of compositional banding
in either rock. Such parallelism between bedding and banding is still clearly retained,
cven where gneisses have been intensely folded.

Judging from the facts above mentioned, it is concluded that the fohatlon in banded
gneisses of the transitional zone corresponds to S; in schistose hornfelses, and that it
has not been derived from planar structures other than ;.

In banded gneisses and migmatites in the zone of migmatites, the only visible planar

* See, B.SANDER, 1948, p. 132-146; L.E. WEIss, 1954, p.12-15.
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structure is also the compositional banding, the foliation. The foliation becomes some-
times obscured in the Obataké gneissose granite and granodiorite, and often in the
Gamano gneissose granodiorite. It disappears almost completely in the Kibé and
Namera granites. ‘ . :

The compositional banding found in banded gneisses and granites is probably rem-
nant of S, in the original rocks, from which banded gneisses and granites have been
derived.

Joints: Joints have been measured and plotted on an equalarea net, but data are too
" insufficicnt to discuss the structural geometry of joints. There seems to be present also
ac-joints and oblique joints, the latter appearing more predominant than the former.

Lineation: Lineation is also an important mesoscopic structure in gneisses, but is not
always distinct in migmatites. In the Gamano gneissose granodiorite and the Kibé and
Namera granites, measurable lincation is lacking. The lineation in banded gneisses
are characterized followingly:— 4

1) Thelineation found in the zone of transitional rocks may belong to a single style:
it is expressed by the axis of microfold of the foliation surface, most of which are ac-
companied by folds on larger scales. The orientation of the lineation in an exposure
are nearly constant. Accordingly, the lineation in problem is of the same style as that
in schistose hornfelses, i.e., B(=b)-lineation.

2) The lincation in banded gneisses of the zone of migmatites is also the axis of
microfold, i.c., B(=b)-lineation. It is most significant, however, that the orientation of
lineation in this zone commonly more or less varies even in an exposure. In some
localities, there is another fold on moderate scale, the axes of which generally intersect
the axis of microfold, the lineation, at angles 30°~60°, sometimes 90°. TFolds of the '
latter style are predominant particularly in the central and southern part of this zone,
and, as discussed later, the orientation of the lineation varies remarkably.

Evidences described above suggest that the lineation in banded gneisses also corre-
sponds to B(=b)-lincation, which is just correlatable with the lincation in schistose
hornfelses.

Folds: Folds on every scale in banded gneisses in the zone of transitional rocks always
show simple styles, but those in the zone of migmatites have fairly complicated styles.
Detailed examination of the mesoscopic geometry of folds in the zone of migmatites
shows that these folds can be classified into two types which seem to suggest two distinct
generations of structure.

The first type of folds (here termed B-folds) is most prominent throughout gneisses.
Axes of the B-folds are usually parallel to the lineation. The style of B-folds is “con-
centric” in the sense of DE SITTER and monoclinic in symmetry. There can be found
no cleavage-surfaces cutting the B-folds, axial surfaces of which are not always plane
but often curved (Plate X-A). All mesoscopic features of the B-folds are just similar
to those of folds on small scale in schistose hornfelses. '
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The second type of folds (here termed F-folds*) is characteristic in gneisses of the
zone of migmatites, in particular in subarea H,. The F-folds show in general relatively
‘gentle waves on moderate scale, and axes of the F-folds are steeply inclined and their
orientation is variable from one exposure to another. Sometimes the F-folds have a
symmetry plane normal to the axis of fold, but commonly they have no definite sym-
metry plane. In places, where F-folds are prominent, axes of B-folds, along with the
lineation, have various orientations, either easterly or westerly, with plunges of various
angles (Plate X-B), and the general monoclinic symmetry of B-folds is turned often i into
triclinic symmetry.

These data show that the B-folds were bent about axes of the F-folds, and consequent-
ly, the B-folds have lost their monoclinic symmetry.

B-axis: [B-diagrams for the foliation in gneisses have been prepared from several
localities. The pattern of B-diagrams prepared from gneisses of the zone of transitional
rocks strongly resembles that from schistose hornfelses: the S-maximum coincides com-
pletely with the B-maximum (statistical maximum of the lineation). While, on the
B-diagrams prepared from gneisses of the zone of migmatites, there occur commonly
two or more submaxima, which are usually tautozonal. The reason will be described
and discussed later. '

MACROSCOPIC STRUCTURE

The writer has so far described features of various mesoscopic structure. In this chap-
ter, the subjects what spatial relations these structures have and what structural-petro-
logical meanings these spatial relations suggest, will be discussed.

The equalarea projection is used in preparing all dxagrams Symbols and modes of ex-

pression used in this paper are as follows:—

1) The direction of planar and linear structures is shown after the 360° -systcm North
is shown by zero, East by 90°, South by 180°, and so on.

2) The strike and dip of planar structures are shown as strike/dip: 116°/34°S.

3). B, B, and fabric axes: @, b and ¢ are used after SANDERs definition.

Geometry of S,

S, the foliation surface of schistose hornfelses and gneisses, was measured in the field
only at places where folds on mesoscopic scale were not found or only weakly devel-
oped. Accordingly, most of the oriention of S; measured are to be related to the folds
on macroscopic scale, but not to those on minor scale. Over 400 S; were measured
from the Iwakuni-Yanai area and have been plotted and contoured in equalarea nets
(Figs. 7, 8, and 9). 4

Zone of schistose hornfelses: In Fig. 8a are projected 2317181, the pole of S;, measured
in this zone. =S, lies on a great circle (z-circle), in which two prominent maxima are

* As will be shown later, the F-folds have been formed later than the B-folds above described. When the
F-folds were formed, the mechanical property of material is believed to have allowed plastic flow under
the condition of high temperature and circulation of fluid, the condition of metasomatism or granitization.
According to the condition of material, the folds are named the “F-folds”.
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F1c. 7. Geometry of S, joints and lineation. The diagrams with marks A;, A,, B; and so on
were prepared respectively from each subarea, Ay, A,, B; and so on. , The measurements and con-
tours in each diagram are as follows: : )

Geometry of Sy (S1)-++ Ay, 34 w8y 5 25-13-7-4%. A,,31 =S, ; 32-25-16-10-6-3%. B, & B;, 667S;;
15-12-8-4-1%. C,, 34 nS,; 26-22-16-10-6-3%. C;, 33 xS, ; 18-15-12-9-6-3-1%. D, 20 =S;;
all measurements are marked. F; & F,, 31 #S;; all measurements are marked. G, 18 zS;; all

-measurements are marked. H,, 30%S;; 25-18-12-7-3%. H,73 nS;; 10-7-4-3-1%. H;, 51%S;;

19-14-9-4-29%. )
Geometry of joints (J):--Aj, 74 poles; 22-18-14-9-4-1%. A;, 13 poles; all measurements are
marked. B; & B;, 18 poles;. all measurements are marked. C,, 74 poles; 30-25-20-15-11-7-3
-1%. D, 9 poles; all measurements are marked. E, 41 poles; 25-18-13-8-5-2%. F,, 38 poles;
29-21-15-9-5-3%. G, 9 poles; all measurements are marked. H;, H; and H;, 45 poles; all
measurements are marked. .

Geometry of lineation (L)---Ay, 70 axes ; 24-20-16-12-7-32%. A,, 39 axes; 26-19-14-9-5-3¢. B,,
65 axes; 20-17-12-8-4-19%. B,, 72 axes; 23-18-13-8-5-29%. Bj;, 83 axes; 25-23-19-16-12-8-5
-29%. Cy, 8 axes; all measurements are marked. C,, 102 axes; 16-12-8-5-22. C;, 75 axes; 20-15
-11-8-5-2¢%. D, 27 axes; all measurements are marked. E, 54 axes; 17-14-10-7-4-2%. F,, 80
axes; 19-15-11-8-4-1%. F,, 68 axes; 14-11-8-5-3-1%. G, 13 axes; all measurements are marked.
H,, 52 axes; 18-14-11-7-4-29%. H,, 40 axes; 10-8-5-29%. H,, 63 axes; 20-17-14-10-6-4-2%.
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5 d

F1G.8. Collective and synoptic diagrams for mesoscopic structures of schistose hornfelses. a, 231 =8) in
schistose hornfelses; contours 11-9-7-5-3-2-19%. b, 531 axes of lincation in schistose hornfelses; contours
14-12-10-7-5-3-1%. c, 188 poles of joints in schistose hornfelses; contours 18-17-15-12-9-6-3-14. d,
Synoptic diagram for Sy, lincation and joints in schistose hornfelses.

found. The presence of the lowest concentration near the center of the diagram be-
tween the two prominent_maxima suggests the relatively simple form of macroscopic -
folds, either anticlinal or synclinal, the limbs of which are nearly constant in oricenta-
tion, making relatively angular hinges.

In order to examine in detail the pattern of orientation of S; expressed in Fig. 8-a,
7S,-diagrams were made for each subarea of this zone, the results being shown in Fig.7.
Each diagram in Fig. 7 generally shows two separate maxima, as found in Fig. 8-a. The
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S C

FI1G. 9. Collective diagrams for mesoscopic structures in banded gneisses. a, 160 axes of linea-
tion in banded gneisses of the zone of transitional rocks; contours 17-15-12-9-6-3-1%. b, 154 =S,
in banded gneisses of the zone of migmatites; contours 9-8-6-4-2-19%. c, 155 axes of lineation in
banded gneisses of the zone of migmatites; contours 10-8-6-4-2-19%.

presence of two separatc maxima in cach diagram suggests that one or more folds on
macroscopic scale exist in each subarea. The resemblance in pattern of these diagrams
indicates that the style of fold in cach subarea has the similar characteristics as men-
tioned in the collective diagram, Fig.8-a. Really in the ficld, the writer has been aware
of the presence of folds on macroscopic scale with the wave-length of several hundred
meters or less.
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Zone of transitional rocks: The zone of transitional rocks was also divided into three
subareas, E, F; and F, (Fig.3). Collective diagram for S; of this zone has not been
completed, but 7S,-diagrams for subareas F, and F, are shown in Fig.7. Data for S,
collected from this zone are rather insufficietent, but the pattern of the diagrams fairly
resembles that of the zone of schistose hornfelses.

Zone of migmatites: 154 S, in gneisses were measured from the zonc and projected
on an cqualarea net, Fig. 9-b. The data measured from limbs of minor folds are ex-
cluded from the diagram; if any, they are very few.

Comparing the pattern of Fig.9-b with Fig. 8-a, the former differs greatly from the
latter in two points: (1) 7S, does not lic on a great circle, but they are rather dispersed;
(2) onc prominent maximum occurs, and another maximum showing high concentra-
tion can not be found.

The zone in problem was also divided into three subareas, H,, H, and Hj, in order
to know in detail the macroscopic geometry of the structure. =S,-diagrams for each
subarca are shown in Fig. 7.

The principal maximum in the diagram for subarea H, is oriented in 75°/70°N.,, that
for subarea H; is in 80°/90°, and that for subarea H; in 90°/55°N.. On the diagram
for Hg, there is also another submaximum which is oriented in 110°/60°N.. It would
seem,therefore, that there is continuous transition in strike of S, in gneisses from E.-W.
in the western part (H;) to ENE. in the north-castern part (H;) of the zone.* xS, is

N

Fic. lq. G_cometty of §3. a, 103 785 in the northern part of subarea Cy ; contours 20-15-11-8-5-2%.
b, Synoptic diagram for 3, and §; and lincation in subarea C; (Figs. 10-a, and 7-C; (S & L)). (sec text).

* The general trend of the Obataké gneissose granodiorite draws a convex towards the south, and the cast-
ern half of the mass runs actually in NE. (see, Plate XII). Thus, the general trend of the granodiorite is not
strictly parallel to that of gneisses in subarea H; but sub-concordant or rather transverse to the latter.
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highly dispersed in subarea H,: the fact seems to be best explained by considering the
remarkable development of the F-folds in subarea H..

-The macroscoplc geometry of subarea G (see, Fig. 3), data of Wthh have becn col-
lected from islands of gneisses enclosed in the Gamano gneissose granodiorite, is re-
mained unexplained, owing to the poorness of data.

Geometry of Ss

From the northern part of subarea C; were measured 103 surfaces of S;, most of which
were supplied from cuttings along the road running from Hashirano to Shimobata.
The results of the measurements are shown in Fig. 10-a, in which only one principal
maximum with concentric contours is found. The preferred orientation of S; is about
E.-W. in trend and inclines steeply, nearly vertical, towards the south.

Fig.10-bis a synoptic diagram for S, S; and the lineation.*

In Fig. 10-b, the maximum of S; lies on the great circle girdle of =S, ; that is, S, is
tautozonal with S;. This indicates that the formation of S; and the folding of S, may
belong to one generation. ,

The general trend of S; and S; were drawn on the diagram, and the intersection of
both was termed “L”, which corresponds to the theoretical maximum point of the in-

tersecting lineation sﬁss. In the foregoing section, the writer described that in schist-
ose hornfelses lineations of various styles are mutually, strictly, parallel to each other;
if it is so, the point L must fall within the maximum area of the lineation. In Fig. 10-b
the point L is found within the submaximum area but not within the maximum area
of the lineation. In actual cases, however, it is not unlike to regard that L coincides-
with the lineation maximum. The diagramatic result evidently elucidates that the

intersecting lineation S/,\S3 is also B(=b)-lineation.

Data for S; collected from the other localities in this zone have not been treated
statistically, but, the similar macroscopic geometry of S; can be expected with high
certainty.

Geometry of B

All B-diagrams for S; now concerned have been prepared from two or three adjoin-
ing exposures, and those based on the data over one subarea or of more larger scope
have not been completed.

Zone of schistose hornfelses: As representative B-diagrams, the writer selected four

" diagrams which are shown in Figs. 11 and 12. Figs. 11-a, -b, -d, -e and Figs. 12-a, -b,
are concerned with S, in banded chert, and Figs. 12-d and -e with S, in pelite.

Fig. 11-a shows the most common pattern of S8-diagrams for S, in weakly folded

banded chert. The 12 great circle girdle is complete, but the pattern of the B-diagram

* The data for S; and the lincation in Fig. 10-b were prepared from diagrams for subarea C; in Fig.7;
accordingly, these data have not been necessarily collected from the same exposures where the data for S
were prepared. The writer believes, however, that there is no need to fear discrepancy in the source of
these data, because, as will become evident in the later section, the structure in the zone of schistose horn-
felses is geometrically very homogeneous over one or more subareas.

93



T. NUREKI

is rather concentric with one prominent maximum. Fig.11-b is a lincation diagram
prepared from the same exposure. In the synoptic diagram, Fig. 11-c, the 8-maximum
in Fig. 11-a coincides completely with the lineation maximum in Fig. 11-b.

In the adjacent of Sugaki (subarea C,), the horizontal or westerly plunging lineation
is most common, though the general plunge of the lineation in schistose hornfelses is
in E.. In order to examine the geometrical relation between minor folds and the west-
erly plunging lineation, Figs. 11-d, -e and -f were prepared from folded banded chert
near Sugaki. The pattern of the 8-diagram is concentric (Fig. 11-d), and the maxi-
mum can be completely superposed on the lineation maximum (Fig. 11-f).

In and near the crest of the major anticline, the lineation and axes of minor folds

N N
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Fic. 11. Geometry of g8: Schistose hornfelses (1). a, 564 g-axes for S; in banded chert, Tégd (subarea
C,); contours 12-9-7-5-3-19%. b, 101 axes of lineation, in the neighbourhood of Tégd; contours 40-
30-15-5%. c, Synoptic diagram for lineation and g (Figs. 11-a, b and 7-C; (L)). d, 175 g-axes for §;
in banded chert, Sugaki (subarea Cj); contours 50-40-30-15-8-4-12%. e, 98 axes of lineation, in the
neighbourhood of Sugaki; contours 40-30-20-10-5-2-1%. f, Synoptic diagram for lineation and g
(Figs. 11-d, e and 7-C; (L)). (see text). )

plunge towards the cast at relatively higher angles, 25°~40°. The results of measure-
ments in two adjoining exposures are shown in Figs. 12-a, -b and -c. The pattern of
B-diagram, Fig. 12-a, is concentric, and 7S, is distributed on a great circle (Fig.12-b).
In the synoptic diagram, Fig. 12-c, the 8-maximum is also superposed on the lineation
maximum. :

Figs. 12-d, -e and -f illustrate the type diagrams which are representative of those
for pelite and semi-pelite. In Fig.12-d, there are two prominent maxima within a com-
plete great circle girdle. Reading Fig. 12-f, onc can find that one of the 8-maxima,
trending in E. and plunging at lower angle, corresponds to the pole of #S; and coin-

-cides completely with the lineation maximum in Fig. 12-e. However, neither of two
B-maxima in Fig. 12-d can be regarded as independent maximum, because the two
maxima arc completely included in the area of the second high concentration. The
appearance of the two S-maxima seems to be only apparent in geometrical analysis.

Summarizing the results of the macroscopic geometry described above, it is probably
concluded that folds on every scale in banded chert and pelite belong to a single style,
“concentric”, or one generation, and that in small field the B-maximum of S, coincides
completely with the lineation maximum, regardless of the plunge angle of lineation
and of the rock type, i.e., 3=B.

Zone of transitional rocks: [-diagrams for S, (foliation surfaces in banded gneisses)
prepared from this zone are very few, owing to poorness of good exposures.
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An example from subarea F, is shown in Figs.13-a, -band -c. In Fig.13-a, most of
B-axes are concentrated in the principal maximum area, but gareat circle girdle is also
traceable. Examining Fig. 13-c, synoptic diagrm for Figs. 13-a and -b, the 8-max-
imum coincides almost completely with the lineation maximum; i.e., in subarea Iy, 8
corresponds also to B(=b).

In each subarea of this zone, the similar geometrical relation of 3 to the lincation
can be reasonably expected from the mesoscopic geometry of rocks. Folds on every
scale found in this zone are most commonly the B-folds, axes of which are parallel to
the lineation. ‘ '

Zone of migmatites: Five B-diagrams for S, are illustrated as representatives, all of

N
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Fic. 12. Geometry of g: Schistose hornfelses (2). a, 561 g-axes for S in banded chert, Kdbata
(subarea A,); contours 17-12-10-6-3-1%. b, 42 = §; and 30 axes of lineation in banded chert, Kébata;
contours 14-12-10-7-5-2% and 60-50-35-17 %, respectively. c, Synoptic diagram for lineation and 8
(Figs. 12-a,band 7-A; (L)). d, 219 g-axes for S; in pelite, just behind of the Shigino Primary School,
Rokuroshi (subarea B;); contours 8-6-4-2-1%. e,34 7S, and 89 axes of lineation in pelite and semi-
pelite, in the neighbourhood of Rokuroshi; contours 30-25-20-14-7-3% and 35-30-20-11-5%, respec-
tively. f, Synoptic diagram for lineation and g (Figs. 12-d, e and 7-B; (L)). (see text).

which were prepared from siliceous banded gneiss. One B-diagram was prepared
from subarea H;, one from subarea Hj, and the remainders from subarea H..

In subarea H,, B-folds are prominent, and the lineation is often observable. The
results of measurements at three adjoining exposures are shown in Figs.14-a and -b.
A complete great circle girdle with one maximum characterizes the 3-diagram, Fig.
14-a. In Fig. 14-b are plotted 16 lineations measured at the same exposures. Com-
paring Fig. 14-a with Fig. 14-b, the 8-maximum falls within the distribution area of the
lineation: the most common style of folds in subarea H, seems to be the B-folds; i.e.,
B=B, and the lineation is also the B(=b)-lineation.

Figs. 14-c and -d are concerned with subarea Hs. Slliceous banded gneiss at or near
the exposure, from which the data were collected, is folded on moderate scale, but
traces of the lineation are nearly completely obscured. The B-diagram, Fig. 14-c, is
characterized by a great circle girdle with one maximum and another submaxima.
8-axes of folds were measured and plotted in Fig. 14-d. These axes of folds swarm about
the 8-maximum; however, it is difficult to examine the geometrical relation of B-axes
to the lineation. Examining Fig. 14-e, the maximum in Fig. 14-a occurs closely near
that in Fig. 14-c, but both 8-maxima plunge at higher angles than the general plunge
of the lineation in the zone of migmatites.

The F-folds are developed mainly in subarea H,. The measurable lineation is mostly
lacking in the subarea. Figs.15-a and -b were based on measurements at separate
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Fi1:. 13, Geometry of g: Banded gneisses of the zone of transitional rocks. a, 210 78; in siliccous
banded gneiss, Terasako (subarea F;); contours 20-17-13-9-5-3-1¢. b, 34 axes of lincation in siliccous
banded gneiss, Terasako; contours 30-25-20-15-10-5%. c, Synoptic diagram for lincation and g (Figs.
13-a, b and 7-F; (L)). (scc text).

exposurcs, where no folds with measurable axes were found. The B-diagrams are
characterized by the presence of single great circle girdle, in which one prominent
maximum is found; while, the orientation of each A-maximum differs remarkably in
azimuth from each other (azimuth: 250°, plunge: 75° WSW. in Fig. 15-a; azimuth:
78°, plunge: 74° E. in Fig. 15-b).

The last B-diagram, Fig.15-c, was prepared from a narrow exposure near Kanon-
no-taki, where folds of two styles, B-folds and F-folds, are clearly observed, and the
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lineation, along with axes of the B-folds, is gently folded about axes of the F-folds
(Plate X-B). A complete great circle girdle with three or more submaxima characterizes
Fig. 15-c. InFig.15-d, prepared from the same exposure at Fig. 15-c, the lineation and -
axes of the B-folds are plotted together with axes of the F-folds. Poles of the lineation
are scattered but distributed near the periphery of the diagram. When Fig. 15-c is
superposed on Fig. 15-d, the 8-maximum and the peripheral submaxima in Fig. 15-c
fall in the distribution area of the lineation, while, the central submaximum falls in
that of the F-folds.

Judging from the synoptic diagram, Fig. 15-¢, it becomes evident that in subarea H,
the B-maxima do not always correspond to the lineation maximum but often to axes
of the F-folds, and that the complex pattern of these B-diagrams seems to be due to
superposition of folds of two generations, i.e., B-folds and F-folds.

Geometry of lineation

In the former sections, it has been proved geometrically that the lineation in the
Iwakuni-Yanai area is without exception the B(=b5)-lineation, to which axes of folds
(B-folds) on every scale are strictly parallel. In this section, the degree of homoge-
neity of the lineation in each of the three zones will be treated statistically.

Zone of schistose hornfelses: Fig.8-bis a collective diagram and Fig.16-a is a synoptic
diagram for the lineation in this zone as a whole. The maximum and submaximum
areas in the collective diagram and 10 crosses which correspond to the lineation maxi-
mum in each diagram of Fig. 7 are traced in Fig. 16-a. 5 crosses completely fall into
- the maximum area, and 4 crosses near the maximum area. Thus, the orientation of
the lineation is highly homogeneous through the zone of schistose hornfelses. 6-crosses
(numbered) will, however, require some special explanations, that follows:—

1) Crosses 1 and 2 represent the maximum for subarea B; and Cs, respectively. The
southern boundary of both subareas corresponds to axial zone of a subordinate anti-
cline, which lies on the northern limb of the major anticline. The westerly plunging
lineation is prominent in the southern half of subarea C;, while easterly plunging linea-
tion becomes conspicuous in the south-eastern part of subarea B;.

Judging from the meso- and macroscopic geometry of folds, it appears reliable to
assume that the lineation was initially nearly horizontal but subordinately, along with
axis of the subordinate anticline, bent, suggesting axial flow normal to the tectonic
transport. The axial flow was probably effective during the later phase of folding.

2) Crosses 3 and 4 represent the maximum for subarea A; and A., respectively. The
boundary between these subareas corresponds also to the axial zone of the major anti-
cline. In these subareas, the lineation generally plunges at relatively higher angles,
25°~40°, towards E. Such high angle lineation can probably be explained by the same
assumption as explained in 7).

3) Crosses 5 and 5’ represent the maxima for subarea B;. However, both the pro-
minent (20 25 ) maxima are completely enclosed in the 17 25 area. Accordingly, separa-
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tion of the two maxima appears to be only a geometrical result.

Zone of transitional rocks: Fig.16-b is a synoptic diagram for Figs.7, 8-b and 9-a,
Crosses designated as E, F, and F, show maximum points in each lineation diagram of
Fig.7, respectively.

Examining Fig. 16-b, all the maximum points thus plotted lic in or ncar the maxi-
mum area in the collective diagram, Fig.9-a.* The preferred orientation of the linca-

N N

S c 5 d

* On the lineation diagram for subarea E, Fig.7, there are one maximum (17 %) and one submaximum
(10%), both of which form separate concentration. The former trends 94° and plunges 15° in E., and the
latter 146° and 30° SE., respectively. The abnormal position of the submaximum seems to be due to dis-
ordered lineation predominantly found near the thrust-fault (later described).
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F1G. 14. Geometry of g: Banded gneisses of the zone of migmatites(1). a, 275 g-axes for.S; in siliceous
banded gneiss, Kirihata (subarea H;); contours 17-14-10-6-3-12. b, 16 axes of lineation in siliceous
banded gneiss, Kirihata; all observations marked. c, 309 g-axes for S; of siliceous banded gneiss, Basara
(subarea Hj); contours 11-10-7-5-3-2%. d, 30 =5, in siliceous banded gneiss (contoured) with 8-axes
of folds on small scale (small circles), Basara; contours 53-43-33-22-10-3%. e, Synoptic diagram for
lineation and g (Figs. 14-a, c and 9-c). (see text).

tion in this zone is likewise highly homogeneous, and is nearly parallel to that in the
zone of schistose hornfelses.

Zone of migmatites: In this zone, in particular in subarea H,, the lineation meas-
urable is rather rare. The maximum areas in the collective diagram, Fig.9-c, are
traced in Fig. 16-c together with the maximum and submaximum points in each linea-
tion diagram for separate subareas, Fig.7. In the synoptic diagram, Fig. 16-c, the
lineation maximum in H; trends 64° and plunges 17° towards NE., and that in H, 270°
and 6° towards W., respectively; however, in subarea H, there occur one maximum
(98° in azimuth and 20° E. in plunge) and five submaxima whose trends are very
variable.

Envisaging Fig. 16-c, the following facts can be pointed out:—

I) Poles of the lineation in subarea H;, and those in subarea Hj, are relatively highly
concentrated on one maximum, respectively; while, those in subarea H, are dispersed
and seem to form an incomplete small circle girdle.

2) The general trend of the lineation draws a gentle convex towards the south,
though orientations of the lineation in subarea H, are outstandingly disturbed.

3) In subarea Hj, the lineation most commonly plunges towards E.; while, in sub-
area Hj, it plunges towards W.: a gentle dome structure can be inferred. A kind of
“swelling” might have occurred in regional scale.

Judging from the facts described above, it can safely be said that such characteristic
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structurcs as found in the zone of migmatites, i.e., the convex trend of the lineation,
a gentle dome structure, and the remarkable disturbance in orientation of the linea-
tion in subarea H,, partly in subareas H, and H;, would be completed during the later
deformation than the phase of folding of B-folds i.e., in the phase of F-folding.

Geometry of Joints

Data of joints collected from the zone of migmatites are too insufficient to examine
statistically, but those collected from the zone of schistose hornfelses and the zone of
transitional rocks may be appreciable. :

68 poles of joints and 43 axes of the lineation, which were measured in folded

N N
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F16.15. Geometry of g8: Banded gneisses of the zone of migmatites(2). a, 381 g-axes for S in siliceous
banded gneiss, Kotoishi-yama (subarea H;); contours 12-11-9-7-5-3-1%. b, 370 g-axes for §; in sili~
ceous banded gneiss, Okubo (subarea H;); contours 12-11-9-7-5-3-12. ¢, 480 g-axes for S, in siliceous
banded gneiss, Kanon-no-taki (subarea H;); contours 10-8-6-4-3-1%. d, Axes of lineation and B-folds
(points), and axes of F-folds (small circle). e, Synoptic diagram for Figs.15-a, b, c,d and 9-c. (see text).

" banded chert at exposures near Kébata (subarea A,), are plotted in Figs. 18-a and 17-a,
respectively. On the other hand, 57 poles of joints and 129 axes of the lineation, which
were recorded from pelite within an small area in Rokuroshi (subarea B,), are plotted

-in Figs. 17-b and -c, respectively. These examples illustrated above show that in banded
chert as well as in pelite the joint maximum is nearly or completely superposed on the
lineation maximum, and that the majority of joints is, at least within these small areas,
probably referred to the “ac-joint” (E. CLOOS, 1937) which occurs almost strictly per-
pendicular to the lineation. In the synoptic diagram, Fig. 8-d, the three maxima are
completely superposed on each other. This indicates that the majority of joints are
normal to the lineation not only in small area but in the zone of schistose hornfelses as
a whole. ,

Fig.17-d is a synoptic diagram for joints, in which the concentration contours in Fig.
8-c (collective diagrm for joints found in schistose hornfelses) are drawn. Crosses des-
ignated as A, Cy, E and F, correspond to the maximum positions in each joint diagram
for subarea A;, Cq, E and Fy, respectively. All the maximum points fall in or near
the maximum area in the collective diagram, though the maximum points E and F,
are prepared from gneisses. The facts strongly suggest that the orientation of ac-joints’
is highly homogeneous through the two zones.

The regional trend of ac-joints would facilitate the development of consistent large
N.-S. faults which are produced far later than the Ry6ké phase but are hardly re-
garded to be younger than the intrusion phase of the Cretaceous intrusives. The Cre-
taceous acid dykes also have a consistent orientation that can be seen in Plate XII: the
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F1G.16. a, Synoptic diagram for lincation in the zone of schistose hornfelses. b, Synoptic diagram for
lincation in the zone of transitional rocks. ¢, Synoptic diagram for lineation in the zone of migmatites.
d, Synoptic diagram for lineation over the three zones, .

well-developed ac-joints would be a controlling factor for their intrusion.

In exposures near the crest of the major anticline, another system of joints is locally
found. Fig.18-a is, as already described, prepared from the northern limb, Fig. 18-b
from the crest, and Fig. 18-c from the southern limb of the major anticline. A river-
side from which data for Fig. 18-d were collected corresponds nearly to the axial zone of
the major anticline but is lower about 100 m in altitude than the exposure from which
Tig. 18-b was prepared.

Comparing these four joint-diagrams with each other, one may find that three are
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~ Fi6.17. Geometry of joints (1). a, 43 axes of lineation in banded chert on the northern limb of the
major anticline (subarea A;); contours 70-50-30-15-10-5%. b, 57 poles of joints in pelite in the neigh-
bourhood of Rokuroshi (subarea B;); contours 15-11-8-4-2%. c, 129 axes of lineation in schistose
hornfelses in the neighbourhood of Rokuroshi; contours 22-19-16-11-6-3%. d, Synoptic diagram of
Figs.7 and 8-c. (see text).

rather similar in pattern and in position of maximum and show various characteristics
of ac-joints. While, Fig. 18-bshows a highly different pattern. In Fig.18-b, there occur
two scparate maxima within nearly complete peripheral girdle (maximum, 144°/65°
SW.; submaximum, 44°/85° NW.). The new joints in and near the crest of the major
anticline can be referred to the oblique (%k0)-joints of E.CLOOS (1937) and others.
These are not always found in pairs. Of most significant is that the occurrence of
oblique joints is restricted only at the crest of the major anticline.
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F1G6.18. Geometry of joints(2). a,68 poles of joints in banded chert on the northern limb of the major
anticline (A;); contours 17-13-9-6-4-1%. b, 70 poles of joints in banded chert in the axial zone of the
major anticline (higher horizon); contours 14-10-5-3%. c, 41 poles of joints in banded chert on the
southern limb of the major anticline (A;); contours 22-15-10-6-29. d, 68 poles of joints in banded
chert in the axial zone of the major anticline (lower horizon); contours 16-13-10-7-4-19;,

Geometry of thrust-fault

The thrust-fault is clearly observed at three exposures: (1) an exposure about 1500m
cast of Besshobata (near the entrance of the So-o Wireless Relay Station), (2) a river-
bed about 300 m west of Hata and (3) a roadside about 300 m north of Honro-o0. The
sudden change in trend of S; within 5 m or less, and the abrupt appearance or disap-
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pearance of different rock types near the strongly sheared zone, are expressions of the
thrust-fault. Southerly plunging lineations, which are represented by crinkling axes
and striae, are well developed in and near the thrust-fault. Slip surfaces, here termed
§’, are in most cases nearly or strictly parallel to S; in rocks. S’ occurs every 2cm or less
in space, but the spacing becomes sometimes wider. No mineralization appears on S’

Figs. 19-a, -b and -c are prepared from the exposure east of Besshobata, Figs. 19-d
and -e are from that north of Honro-o, and Fig.19-f is a synoptic diagram for Figs.
19-a ~-e.

In Fig.9-a, all the linear elements are, together with 18 =S’, projected irrespective
of their styles. The distinction of the lineation on the diagram can hardly be regarded
as lying on single great circle but on two separate great circles, whose poles are shown
as P, and P,. The two great circles intersect at a low angle. P, is plotted near the
distribution area of =S’, therefore it seems probable that southerly plunging lineations
lie commonly on S’ but that easterly plunging lineations do not lie on S’.  While, the
B-maximum in Fig. 19 -b the joint maximum in Fig. 19-c, and some of the lineation
maxima in Fig. 19-a occur closely in the synoptic diagram. Such geometrical relation
among these maxima is just similar to that explained in schistose hornfelses. However,
the lineation maximum in Fig. 19-d and two B-maxima in Fig. 19-e do not coincide

. with each other. ‘ ,

In conclusion, some geometrical results of the thrust-fault, considered in conjunc-
tion with geological evidences, will be interpreted as follows:—

I) The NE.~ENE. trending lineation in Fig. 19-a may be the same style as that in
schistose hornfelses: the B(=#4)-lineation. The lineation in and near the thrust-fault
seems to be dispersed from the regional trend during the late movement that completed
the thrust-fault,

2) The lineation trending SW.~SES. with higher angles (Fig. 19-a, -d) has been
found only in and near the thrust-fault, and may be referred to the so-called down-dip
lineation.

3) The preferred orientation of ac-joints does not appear to have been dispersed in
the thrust-fault: it seems probable to infer that the thrust-fault may have been dis-
placed prior to or contemporaneously with the splitting of joints.

Synopsis of macroscopic geometry

In this section the results of the macroscopic geometry of the structure in the Iwakuni-
Yanai area will be summarized, and, if possible, some kinematic and dynamic inter-
pretation will be added.

Planar structures: The term “S,” shows surfaces of original discontinuity in rocks
regardless of schistose hornfelses and banded gneisses. The terms “S,” and “S;” have
been used for secondary planar structures found only in schistose hornfelses: the former
corresponds to “fracture-cleavage”, and the latter to “slaty cleavage” in the sense
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of DE. SITTER.

There are many positive evidences to suggest that S; has been in most cases sur-
faces of actual slip. #S; in schistose hornfelses forms a great circle girdle (z-circle)
which defines 8-axis for the zone of schistose hornfelses (Fig. 8-a). In banded gneisses
of the zonc of transitional rocks, the similar pattern of S; can be inferred. However,
oricntations of S, are more or less dispersed in the zone of migmatites; particularly, in
subarca H, they are rather random. Great circle girdle can hardly be drawn on the
collective diagram, Fig.9-b. The general trend of S, in the zone of migmatites is gen-
tly curved with dips steeply inclined towards N.: E.-W.-trend in the western part (sub-
arca H;) turns gradually into NE.-trend in the eastern part (subarea H,).

N
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" FIG. 19. Geometry of the thrust-fault. a, 56 axes of lineation and 18 7§’ in the sheared zone of the
thrust-fault, near the entrance of the So-o Wireless Relay Station; contours 13-10-6-3%. b, 129 g-
axes for S; in the same exposure as a ; contours 23-19-15-10-6-2%. c, 43 poles of joints in the same
exposure as a ; contours 20-15-10-6-2%. d, 82 axes of lineation in banded chert at the northern part
of Hon-ro-o; contours 50-40-30-20-10-3%. e, 531 g-axes for S; in an exposure north of Hon-ro-0;
contours 9-8-7-5-3-2-1%. f, Synoptic diagram of Figs. 19-a, b, ¢, d and 7-E (L). (see text).

S, has been found locally in pelite and in semi-pelite. The macroscopic geometry
of S, has'not been carried out. It is accompanied by folds on small scale and most com-
monly nearly parallel to S; at limbs of folds, and converges towards crest of folds
(Fig. 4).

S; has been found characteristically in the northern part and the southern part of
the zone of schistose hornfelses, but hardly found in banded gneisses. These parts
correspond to the extremes of both limbs of the major anticline. S, inclines in general
steeply or nearly vertical. The statistic treatment has, however, been possible only at
the northern part of the zone. Here, 7S, shows high concentration (Fig. 10-a), and S,

is tautozonal with S, (Fig. 10-b). Intersecting lineation S; S; is strictly parallel to axes
of folds on every scale. These facts indicate that S; was formed under the same stress
plan as flexural folding of S;, possibly at the latest phase of folding.

The most consitently observable joints are “ac-joints”, the regional trend of which
is approximately N.-S.. The ac-joints must have facilitated the development of large
faults trending N.-S.. Oblique (%£0)-joints occur characteristically at the crest of the.
major anticline. These oblique joints may be a kind of tension joints splitted probably
at a later phase as a consequence of subsequent release of local confining pressure which
had been especially high at the crest of the major anticline.

There is a thrust-fault, trending ENE. with southerly dips, between the zone of
schistose hornfelses and the zone of transitional rocks. - Down-dip lineation occurs in
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and near the thrust-fault, but preferred orientation of ac-joints does not appear to have
been dispersed in and near the thrust-fault. The thrust-fault would have been com-
pleted after the production of banded gneisses and migmatites but probably prior to
the intrusion phase of the younger Ryoké granites (such as the Namera granite). The
writer believes that the faulting might have occurred contemporaneously with or
slightly prior to the splitting of ac-joints.

Linear structures: The lineation in schistose hornfelses is axes of microfolds and
" intersections of S; with S or S;, and of S, with S;, but that observable in gneisses is
restricted to axes of microfolds alone. The lineation is B(=b)-lineation throughout the
wholc area concerned.

The zone of schistose hornfelses and the zone of transitional rocks are highly homo-
geneous with respect to the lineation, the preferred orientation of which is about E.-W.
in azimuth and 10°~20°E. in plunge. In the zone of migmatites, however, orienta-
tions of the lincation are fairly dispersed; especially, in subarea H; they become highly
disturbed. The general trend of the lineation shows a gentle convex towards the south,
though at the southern half of subarea H, it can not always be traceable. At the
western part of the zone (subarea Hy) the lineation plunges most commonly towards
W., while at the eastern part of the zone (subarea H,) most of the lineation plunge
towards ENE. or NE.. These facts indicate that a swelling movement occurred during
the deformation, probably at the latest phase of production of gneisses and migmatite.

All B-diagrams for S; have been prepared essentially from restricted areas, but not
prepared for regional scale. In schistose hornfelses as well as in gneisses of the zone
of transitional rocks, the B-maximum coincides nearly or strictly with the lineation
maximum, regardless of plunging angles of axes of folds and of rock types. Thus 8=18,
and the area as a whole had been folded about B. In gneisses of the zone of migmatites,
the relation, 8=B, can yet be traceable; but two or more B-maxima are gencrally
found in each diagram. The prominent 8-maxima often show high plunge angles, and
may correspond to the axes of F-folds.*

Folds on every scale found in schistose hornfelses and the B-folds in gneisses are
“concentric” in the sense of DESITTER, and axes of these folds are strictly parallel to
the lineation. Axes of these folds correspond, on the basis of symmetry, to the true
fabric b-axis which can be equated with a kinematic B-axis (an axis of slip and external
rotation normal to a deformation plane). In gneisses of the zone of migmatites, there
is another style of folds, i.e., F-folds. The B-folds and the lincation aregently folded
about axes of the F-folds which are gencrally steeply inclined but oricnted in various
directions. The F-folds are hardly related to the B-folds but are gentle wrinkles prod-
uced probably under fairly mobilized state.

* D, H, MACKENZIE (1957) reports the similar phenomena from Mid-Strathpay, Moine. In the inter-
pretation of spread of g-axes in migmatites, MACKENZIE attached great importance to the opinion of C.E.
WEGMANN (1929) that “the degree of mobility or compctency of different rocks directly determines the
degree of spread of their axial elements.” The writer agreces also with the opinion of WEGMANN,

110



Structural Investigation of the Ry6ké Metamorphic Rocks

Summary: ~After these statistic treatment, it can be strongly asserted that structures
in schistose hornfelses and in gneisses of the zone of transitional rocks are tectonically
very homogeneous, while those in gneisses in the zone of migmatites become remark-
ably disturbed.

To conclude, there seems present at least two separate phases of deformation during
the Rydoké metamorphism. The one, earlier, phase is characterized by penetrative
movement which built up folds on every scale in schistose hornfelses and the B-folds
in gneisses. The other, later, phase is characterized by a swelling movement in the
zone of migmatites, during which the F-folds were probably produced. ‘

The validity of this interpretation will be proved clearly by the results of the mi-
croscopic fabric analyses of the Ry6ké metamorphic and granitic rocks.

- IV. MicroscopiC FABRIC

GENERAL STATEMENT

Kinematic and dynamic interpretation of tectonic fabrics is conspicuous in the pub-
lications of the Innsbruck school. Interpretation of such fabrics by SANDER and
SCHMIDT is based on an assumption that the symmetry of a tectonite fabric reflects the
symmetry of movement responsible for the evolution of the fabric. The symmetry
concept of SANDER and SCHMIDT has become strengthened by evidences derived from
studies of experimentally deformed metallic aggregates, marble cylinders and so on;
in particular, studies of deformed marble cylinders have been outstandingly developed
by such investigators as GRIGGS and TURNER.

Interpreted according to the symmetry rule of SANDER and SCHMIDT, a-lineation
represents a direction of differential movement or shear, whereas 4-lineation is trans-
verse to the direction of tectonic transport. While, opposition to the symmetry concept
of SANDER and SCHMIDT has also been frequently reported by many investigators,
such as STRAND (1944), KVALE (1948, 1953, 1954) and OFTEDAHL (1948) in Nowray;
ANDERSON (1948) with reference to the Moine schists of Scotland; and BALK (1952,
1953a, 1953b) in North America.

Most of literatures dealing with lineation in deformed rocks abound in orientation
diagrams for quartz, mica and others. So far many investigators have discussed and
deduced the relation between the direction of movement and the fabrics of these min-
erals. However, as TURNER (1957) said, “since virtually nothing is known as to the
mechanisms by which these minerals become oriented during metamorphism, the only
property of the diagrams that could now be of value for kinematic interpretation is
their symmetry.” ‘

Agreeing with the assertion of TURNER, the most significant object in this chapter
has been lain on the symmetry of fabric pattern of cssential constituent minerals. The
following three points will be examined :—

1) To detect the characteristic fabrics of schistose hornfelses, gneisses and mig-
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F10.20. 500 [0001] of quartz in Specimen Fr.c 21. 300 [001] of muscovitic mineral in
TN56X119-6; contours 5-4-3-2-19, ° Specimen TN56XI19-6; contours 14-12-10-8
-5-29%.

matites, all of which have been produced presumably during the Ryoké metamor-
phism.*

- 2) If possible, to examine the time relation between two scparate phases; i.e., the
phase of production of schistose hornfelses and that of gneisses and migmatites.

3) To determine the microscopic fabrics of the Ryoké metamorphic rocks which
were thermally metamorphosed by the younger intrusives, such as the youngcr Ryoké
granites and the Cretaceous granite.

ORIENTATION DATA OF MINERALS FROM SELEGTED SPECIMENS

Schistose hornfelses

Orientation data from unfolded banded chert: Four samples were sclected.
Sample 1: TN56XI19-6; L b-section.

Locality: About 300 m to the northeast of Sugaki (subarea Cs).

Minerals measured: [00017] of quartz and [001] of muscovitic mineral from a chert band.
Quartz shows no undulatory extinction and is equigranular. Quartz is 0.03mm and
muscovitic mineral 0.04 mm in average diameter,

Remarks: The lineation in the hand specimen plunges 5° towards ESE. The results are
shown in Figs. 20 and 21.

Sample 2: TN57V3-3; L b-section.

Locality: About 200 m to the north of Shimobata (subarea Cj).
Mineral measured: [0001] of quartz from a chert band. Every petrographic feature of
the sample is similar to those of Sample 1.

* Within macroscopic ficlds of observation, so far no appreciable fabrics imprinted by prior deformation
has been observed. Provided that schistose hornfelses had suffered a certain deformation prior to the Rydké
metamorphism, some fabrics imprinted by earlier deformation are, as showed from other metamorphic
terrains by many workers, can be expected to persist in rocks.
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Fic. 22. 400 [0001] of quartz in Specimen Fic. 23. 450 [0001] of quartz in Specimen
TN57V3-3; contours 5-4-3-2-1¢; ., TN56X122-4; contours 4-3-2-19.

)
il

F1c. 24. 410 [0001] of quartz in Specimen Fic. 25. 200 [001] of micas in Specimen
TN56X122-5; contours 4-3-2-19. TN56X122-5; contours 9-8-6-4-2-12.

Remarks: The lineation in the hand specimen plunges 3° towards WNW. The result is
shown in Fig. 22.

Sample 3: TN56X122-4; I b-section,
Locality: About 500 m to the north of Hiuchi-iwa (subarea A,;).
Mineral measured: [0001] of quartz from a chert band. Quartz shows no undulatory
extinction and is equigranular and 0.05 mm in average diameter, and micas (biotite pre-
dominant) are 0.05 mm.
Remarks: The average grain-size of quartz becomes larger than the former two samples,
and biotite becomes predominant. The lineation in the hand specimen plunges 1 1 °towards
E. The result is shown in Fig. 23.

Sample 4: TN56X122-5; L b-section.
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Locality: Hiuchi-iwa (subarea A,).

Minerals measured: [0001 | of quartz and [001] of micas. The rock shows the same pet-
rographic features as Sample 3.

Remarks: Many quartz veins have been observed in the section. The lineation in the
hand specimen plunges 9° towards E.. The results are shown in Figs. 24 and 25.

Orientation diagrams for micas in unfolded banded chert are characterized by a
sharply defined ac-girdle. The presence of three sets of surfaces are generally sug-
gested: one corresponds to Sy, and the remainders are two intersecting sets of (20/)-
surfaces (here termed ss and s’s’)* which can be found under the microscope only. ss
and s's” intersect at variable angles, but they are commonly symmetrically paired about
S;. These surfaces do not seem to have acted as the actual slip surface.

Orientation diagrams for quartz have the following characteristics:—

1) Four or more prominent maxima are found in each diagram. There is, at least,
one maximum in each quadrant, and these maxima generally form no ac-girdle but an
incomplete small circle girdle which approximates to a great circle, ac of the fabric.

2) The symmetry approximates orthorhombic rather than triclinic. The positions

of ecach maximum in separate quadrants correspond nearly to the position IV after
SANDER with respect to S;. '

3) The surfaces of ss and s’s’ do not seem to be closely related to the preferred
orientation of [00017] for quartz.

4) The patterns described from ) to 3) are yet true in Figs. 23 and 24, in which
[0001]-axes of quartz are slightly dispersed than those in Figs. 20 and 22.

Orientation data from pelite and semi-pelite: Three samples were selected.

Sample 5: TN56V2-4; L b-section.

Locality: Rokuroshi, just behind the Shigino Primary School (subarea B.).

Minerals measured: [001] of muscovitic mineral and [0001] of quartz from a thin
quartzose band in pelite. Quartz shows no undulatory extinction, and is equigranular
and 0.03 mm in average diameter.

Remarks: The lineation in the hand specimen plunges 7° towards E.. The results are
shown in Figs. 26 and 27.

In Fig. 26, ss and 5’s’ are distinctive, but prominent maximum suggesting S; docs not
occur, though S, is the only megascopic surface in the sample. The two sets of surfaces,
ssand s°s’, are completely symmetrical with respect to S;. It is not clear whether ss or
5's’ was ever a plane of actual slip.

The pattern of the quartz diagrams, Fig.27, fairly resembles those of unfolded band-
ed chert. The diagram is characterized by occurrence of two maxima in each quad-

* Each set of intersecting surfaces is spaced commonly at 0.05mm or more. Both sets are usually well de-
veloped in chert bands; the one is more sharply observable than another under the microscope or in mica
diagrams. The former has been for convenience’ sake termed ss and another s’s’. The intersection of ss with
ss’ coincides, in general, completely with the lineation.

Surfaces of ss, s's", S;, S; and so on were determined by preferred orientations of micas and traced on
cach fabric diagrams for quartz. However, the position of these surfaces were often approximately meas-
ured by reading the graduated stage of the microscope.
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F16.26. 250 [001] of muscovitic mineral in F1e. 27, 400 [0001] of quartz in Specimen

Specimen TN56V2-4; contours 12-10-8-6-4 TN56V2-4; contours 6-5-4-3-2-19.
-2-19. !

F16. 28. Microscopic sketch of semi-pelite, Fic. 29. 400 [0001] of quartz in Specimen
Specimen TN56V6-5. TN56V6-5; contours 6-5-4-3-2-1%.

rant, except the third quadrant. Each maximum in the third and the fourth quadrant
approximates the position IV with respect to S;, while the maximum in the first quad-
rant and the submaximum in the second quadrant approximate the position IV with
respect to one set of (20!)-surfaces, ss: ss seems a plane closely related to the symmetry
of quartz fabric.

Sample 6: TN56V6-5; L b-section.

Locality: Tégb6 (subarea C,).
Mineral measured: {00017 of quartz from a quartzose band in semi-pelite. Quartz is
equigranular and 0.03 mm in average diameter.
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F1c. 30. 400 [0001] of quartz in a quartz- F1G.31. 400 [0001] of quartz in a micaccous
ose band, Specimen TN56IV30-4; contours band, Specimen TN561V30-4; contours 6-5-4
5-4-3-2-19%. -3-2-19.

Remarks: S is conspicuous within pelitic bands, but it is obscured in quartzose bands. The
results are shown in Figs. 28 and 29.

Sample 7: TN56IV30-4; _Lb-scction.
Locality: Rokuroshi (subarea By).

* Mineral measured: [0001] of quartz from a quartzose band and the adjoining micaceous
(pelitic) band. Petrographic featurcs of the rock are similar to those of Sample 6. In
the quartzose band, small flakes of plagioclase are rarcly found.

Remarks: The pelitic band from which measurement was made shows weak microfolding

of S;. Axial planes of such microfolds may correspond to Sz. - The results are shown in
Figs. 30 and 31.

Fig. 28 is a microscopic sketch of the thin section. Under the microscope, S; within
the quartzose band is very faint, whereas two sets of intersecting (%0[)-surfaces, in
particular ss, are sharply defined. ssand s’s’ are completely symmetrical with respect
to S;. S:is also sharply defined in micaceous bands, and is completely parallel on both
sides of the quartzose band.

In Fig. 29, [0001 J-axes of quartz appear to form a small circle girdle, which approxi-
mates ac of the fabric. The symmetry of quartz fabrics is orthorhombic, but it is un-
reasonable to regard any of ss, 5’s’, S; and S, as a plane of symmetry.

Figs. 30 and 31 are quartz diagrams from quartzose band and from the adjoining
micaceous band respectively. Comparing Fig. 30 with Fig. 31, there secems present
no fundamental differences in pattern and in preferred orientation of [0001]-axes of
quartz. Each of Figs. 30, and 31 illustrates a complete small circle girdle, which ap-
proximates ac of the fabric. In each quadrant, there presents at least one lanky area of
high concentration, which generally encloses one or two prominent maxima. Then ss
corresponds to one of symmetry planes, but S; does not seem to be a symmetry plane.
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ss and s’s” occur nearly symmetrically with respect to S;.

At all events, the quartz diagrams for semi-pelite are, irrespective of chert band and
pelite band, characterized by the presence of partial or complete small circle girdle
which approximates to ac of the fabric, and by nearly orthorhomblc in symmetry, ss
being now regarded as one of symmetry planes.

FiG. 32. Profile of a fold, the results of fabric
analysis of which are shown in Figs.33-40.

Orientation data from folded banded chert: As examples two folds on small scale will be
examined. The included angle of limbs of one fold is about 90°, and that of another
about 60°. The petrographic features of these samples are just similar to those of
Sample 1.

Example 1:— Sketch (on an ac-joint surface) of a fold near Sugak1 and the parts from
which four thin sections were prepared are shown in Fig. 32. S; on the limbs are strik-
ingly even as shown in the figure. Simplified quartz diagrams of Figs. 35, 36, 37 and
38 are also illustrated in Fig. 32. Fabric diagrams for quartz and muscovitic mineral
were prepared as follows:

. 0001] of quartz
Part Sample no. L0017 of muscovitic [00017] of quartz Efrom jsegrggate d
(see, Fig.32) mineral from banded chert quartz veins
Sample 8 . -
A N57X27-7 -4 Fig. 33 Fig. 35
Sample 9 . .
B TN57X27-7-3 Fig. 36 Fig. 39
Sample 10 "
c TN57X27-7-5 Fig. 37
D Sample 11 Fie. 34 Fic. 38 Fic. 40
TN57X27-7-1 18 ig. ig.
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F1o.35. 500 [0001] of quartz in Specimen F1c. 36. 500 [0001] of quartz in Specimen
TN57X27-7-4; contours 5-4-3-2-19. TN57X27-7-3; contours 5-4-3-2-1¢;.

Figs. 33 and 34, which were prepared from two, strictly parallel limbs of the fold (sce,
Fig. 32), are characterized by complete ac-girdle, but the positions of the prominent
maxima deviate from one diagram to another. §; is hardly traceable in these mica
diagrams, while ss and s’s” are sharply determined and found symmetrically with re-
spect to S;.

The pattern of Figs. 35, 37 and 38 is just similar to each other. The symmetry of
these diagrams is orthorhombic, and the tendency to form a small circle girdle can be
inferred. Positions of the prominent maxima in each diagram coincide nearly or comp-
letely with each other, namely at IV with respect to S;. Thus, all characteristics of
these quartz diagrams strongly resemble those of unfolded banded chert.
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F1c.37. 450 [0001] of quartz in Specimen Fic. 38. 500 [0001] of quartz in Specimen
TN57X27-7-5; contours 5-4-3-2-19. TN57X27-7-1; contours 5-4-3-2-1%.

=N

F16.39. 500 [0001] of quartz in Specimen F16. 40. 450 [0001] of quartz in Specimen
TN57X27-7-3; contours 4-3-2-19%. TN57-7-1; contours 4-3-2-19%.

Fig. 36 was prepared from a crest of the fold (part B in Fig. 32), and is characterized
by relatively lanky areas of high concentration in which one or two prominent maxima
are enclosed. In this case, also, S; corresponds to a symmetry plane. -

Conclusively, the pattern of quartz fabrics in folded banded chert is strictly similar
to each other and, symmetrically, closcly related to S; regardless of limbs or crest of
the fold. ’

Before leaving the description of Example I, fabric diagrams for quartz from segre-
gated quartz veins will be examined. Under the microscope, they cut evidently the
surfaces of Sy, ss and 5’s’.
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In Fig. 39, [0001] -axes of quartz are strongly dispersed, but the diagram has yet two
prominent maxima which are symmetrical with respect to 4 of the fabric; that is, it is
slightly monoclinic in symmetry. The position'of two prominent maxima in Fig. 39
almost coincides with those in Fig.36. The same pattern of quartz fabrics can be
observed in Fig. 40.

Fic. 41. Profile of a fold, the results of
fabric analysis of which are shown in Figs.
42-47..

Example 2: Three samples were collected from a fold near Hashirano. Sketch of the
fold (on an ac-joint surface) is shown in Fig. 41. Six fabric diagrams were prepared as
shown in the following table.

Figs. 42, 43 and 44 are characterized by complete ac-girdle. ss and §’s’ arc also in-
dicative in Figs.42 and 44, but S; which is a megascopically observable set of surfaces
can not be decided in the diagrams. Fig.43 is, however, characterized by one principal
maximum indicating ss.

Patterns of three quartz fabric diagrams, Figs. 45, 46 and 47, strongly resemble’each
other. A complete small circle girdle occurs in Figs. 46 and 47, and a ncarly complete

Part [0017] of muscovitic [00017 of quartz
(sce, Fig.41) Sample no. mincral from banded chert
Sample 12 . .
A TN57X27-10-1 Fig. 42 Fig. 45
Sample 13 . R .
B TN57X27-10-3 Fig. 43 Fig. 46
Sample 14 . .
¢ TN57X27-10-2 Fig. 44 Fig. 47
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F16.42. 250 [001] of muscovitic mineral in F16.43. 250 [001] of muscovitic mineral in
Specimen TN57X27-10-1; contours 8-6-4-2 Specimen TN57X27-10-3; contours 12-10-8-6 -
19, ~4-29%.

"Fic. 44. 250 [001] of muscovitic mineral in Frc. 45. 416 [0001] of quartz in Specimen

Specimen TN57X27-10-2; contours 12-10-8-6 TN57X27-10-1 ; contours 5-4-3-2-12.
-4-2%. '

one in Fig. 45. Areas of high concentration are commonly lanky. Compared the first
example with the second example, there is no fundamental difference in pattern of
the quartz fabrics.

Orientation data from “sheared flexure folds”*:

*“Sheared flexure folds” now concerned may not be referred strictly to“Totfalten” described by AMPFERER.
FAmrBAIRN (1949, p. 178) has defined the folds as follows: “Thesc are relict folds...... Originally small scale,
continuous flexures, they have been severed along micaceous zones by later shearing, and now lie suspended
and inert insofar as further flexure is concerned. Their shape may be changed by shearing, but thcn' de-
formation as a continuous unit ay flexure is bt an end.” ‘
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F1o.46. 500 [0001] of quartz in Specimen Fic. 47, 450 [0001] of quartz in Specimen
TN57X27-10-3; contours 5-4-3-2-1%. TNb57X27-10-2; contours 6-5-4-3-2-12;,

Samplel5: TN57V22-2; L b-section,

Locality: About 400 m to the east of Datoko (subarea By).

Mineral measured: [00017] of quartz from quartzose bands in folded semi-pelite. Folded
semi-pelite in problem shows no essential difference in petrography from ordinary semi-
pelite.  Well-developed micas, muscovite and biotite, are regularly oriented and parallel
to the shear planes. The intersection of these shear planes with S, is parallel to the linea-
tion. The shear planes are generally inclined at high angles, commonly 65°~75°, Quartz
is equigranular and the average diameter measured is 0.03 mm.,

Remarks: The results are shown in Figs.48~51.

Fig. 48 is a microscopic sketch of sheared flexure folds in thin section normal to the
lineation. The shear plane is strictly parallel to axial plane of folds, but it coincides
with no set of (k0[)-surfaces such as ss and s’s’. Three quartz diagrams, Figs. 49, 50
and 51, were prepared from parts A, B and C in Fig. 48, respectively.

The quartz diagrams, Figs. 49~51, for the sheared flexure folds are characterized
by the presence of a nearly complete small circle girdle, within which prominent max-
ima are situated nearly at the position IV with respect to the shear plane. The sym-
metry of quartz fabric is orthorhombic; then, the shear plane becomes one of symmetry
planes, but S;, ss and s’s’ do not concern with the symmetry.

Orientation data from banded chert in whick S; is well developed: Three samples will be
described. '

Sample 16: TN57X129-2; L b-section.
Locality: The southern part of Hashirano (subarea Cs).

Minerals measured: [0017] of muscovitic mineral and [0001] of quartz from banded chert.

Quartz is equigranular and 0.03 mm in average diameter. The petrographic features of
the rock are similar to the normal type of banded chert.

Remarks: The lineation in the hand specimen plunges at 5° towards E.. The results are
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Fic. 48, Microscopic sketch of a “sheared Fic. 49. 400 [0001] of quartz in Specimen
flexure fold” in thin section (Specimen TN57 TN57V22-2, A-part; contours 6-5-4-3-2-19%.
V22-2) normal to the lineation, the results of
fabric analysis of which are shown in Figs. 49
-51.

F1c.50. 400 [0001] of quartz in Specimen Fic. 51. 400 [0001] of quartz in Specimen
TN57V22-2, B-part; contours 6-5-4-3-2-1¢. TN57V22-2, C-part; contours 7-6-5-4-3-2
~1%.

shown in Figs. 52 and 53. ,
Sample 17: GK57X129-1B; _Lb-section.*

Locality: The southern part of Hashirano (subarea Cs).
Mineral measured: [00017] of quartz from a segregated quartz vein in banded chert.
All petrographic features of the vein are just similar to those found in Sample 9 and 11.

Quartz is equigranular and 0.05mm in average diameter.

* The Sample 17 was tendered by G. KojIMA, and its microscopic analysis was carried out in cooperation
with him. The writer acknowledges his kindness.
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F16.52. 300 [001] of muscovitic mincral in Fic. 53. 400 [0001] of quartz in Specimen
Specimen TN57X129-2; contours 14-12-10-8 TN57X129-2; contours 7-6-5-4-3-2-1%.
-6-4-2%. : ‘

Fic.54. 500 [00017] of quartz in Specimen
GK57X129-1B; contours 3-2-1%.

Remarks: When a _L b-section and a // b-section from the same hand specimen are com- -
pared, it becomes evident that the veins are extended parallel to the lincation, and con-
cordant or subconcordant often with Ss. The results are shown in Fig. 54.

Sample 18: TN57V9-2; L b-section.
Locality: 700 m to the north of Honro-o (subarea Ay).
Minerals measured: [ 0017 of micas and [0001] of quartz from banded chcrt But, the
rock appears rather to be siliceous banded gneiss in petrographic character. Quartz is

equlgranular and 0.1 mm in average diameter, but sometimes attains 0.2 mm or more.
Biotite is more prcdommant than muscovite.

Remarks: Segregated veins of quartz are observable in the hand specimen, but they can
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not be distinguished from surroundings under the microscope. The results are shown in
Figs. 55 and 56.

Fig. 52, fabric diagram for muscovitic mineral, shows an incomplete ac-girdle, in
which two prominent maxima are found. One maximum corresponds to S, and another

F16. 55. 300 [001] of micas in Specimen F1c. 56. 500 [00017] of quartz in Specimen
57V9-2; contours 10-8-6-4-2-19. TN57V9-2; contours 4-3-2-19.

may correspond to ss. The quartz fabric diagram, Fig. 53, has a tendency to develop in
an ac-girdle type. The diagram is characterized by the lanky areas of high concentra-
tion in each quadrant and by two prominent maxima which approximate to the posi-
tion IT after SANDER, with respect to S; but not to S;. The symmetry of the diagram
approximates monoclinic with an axis 4 of the fabric; however, the symmetry is yet
orthorhombic and S behaves just like as a plane of symmetry.

In Fig. 54, no preferred orientation of quartz axes can be found: it may be suggested
that the quartz veins are probably segregated under a relatively static condition.

Fig. 55 is characterized by incomplete ac-girdle and one principal maximum which
corrcsponds t0 S3. Sy, ss and 5’s’ can not be decided by preferred orientation of poles of
(001) of micas. In Fig. 56, [0001]-axes of quartz are outstandingly dispersed, but a
small circle girdle is yet traceable. Such pattern as shown in Fig. 56 is, however, the
common type of quartz fabric dlagrams for banded gneisses.

Gneisses

Orientation data from unfolded banded gneisses: Four samples were selected from unfolded
banded gneisses, among which three were collected from the zone of transmonal rocks,
and one from the zone of migmatites,™

* Gneisses near the contact with the migmatite, Obataké gneissose granodiorite, are excluded in this sec-
tion. Gneisses collected from the southern part of the zone of transitional rocks are also excluded in this
section, because they have suffered regionally the thermal metamorphism by thc younger Ryéké intrusives,
such as the Kibé and Namera granites. o : . :
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F1a.57. 200 [001] of micas (mainly biotite) F10.58. 500 {00013 of quartz in Specimen
in Specimen TN56X122-6; contours 11-9-7-5 TNS56X122-6; contours 4-3-2-1%.

~-3-2-14%.
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F1c. 59. 200 [001] of micas in Specimen Fio. 60. 410 [0001] of quartz in Specimen
TN56X128-2; contours 17-14-11-8-5-2¢;. TN56X128-2; contours 5-4-3-2-19%.

Sample 19: TN56X122-6; L b-section.

Locality: The western part of Honro-o (subarea E).

Minerals measured: [0017] of biotite and [00017] of quartz from siliceous banded gneiss.
The rock consists essentially of biotite and quartz, with cordierite and K-feldspar in small
amount. Muscovite is lacking. Quartz is equigranular and 0.1 mm in average diameter.

Undulatory extinction of quartz is rarely observed.
Remarks: The lineation in the hand specimen is relatively distinct and plunges 13° towards

E.. The results are shown in Figs. 57 and 58.

Sample 20: TN56X128-2; _L b-section.
Locality: About 200 m to the west of Hata (subarea E).

126



Structural Investigation of the Rydké Metamorphic Rocks

Fie. 61. 200 [001] of micas in Specimen _ F16.62. 400 [0001] of quartz in Specimen
TN56X22-5; contours 15-13-11-9-7-5-3%. TN56X22-5; contours 3-2-1%.

F1c. 63. 250 [:001'_'] of micas in Specimen F1e. 64, 500 [0001] of quartz in Specimen
TN56X7-6; coutours 10-8-6-4-2-1%. TN56X7-6; contours 4-3-2-1%.

Minerals measured: [0017] of biotite and [0001] of quartz from a quartzose band of mica-
ceous banded gneiss. Cordierite, biotite, K-feldspar, plagioclase and quartz are the
essential minerals of the rock. Larger grains of cordierite are found often in micaceous
bands, and sporadically in quartzose bands. K-feldspar and plagioclase exist in small
" amount. Quartz is cquigranular and commonly 0.1 ~0.2 mm in diameter. Undulatory
extinction of quartz is very rare.
Remarks: The lineation of the hand specimen is distinct and plunges 2° towards E. The
results are shown in Figs. 59 and 60.

Sample 21: TN56X22-5; L b-section.

Locality: Maimai (subarea Fy).
Minerals measured: [0017] of biotite and [0001] of quartz from siliceous banded gneiss.
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F16.65. a, 510 [0001] of quartz in Specimen TN56VIIII9-2; contours 5-4-3-2-1%. b, Micro-
scopic sketch of a porphyroblast of quartz and orientations of [0001] of each quartz grain,
Specimen TN56VIII9-2; // b-scction. ¢, Compass-rose diagram for clongation axcs of quartz,
Specimen TNS6VIII19-2; //b-section; 100 points. d, Compass-rose diagram for undulatory zones
in porphyroblasts of quartz, Specimen TN56VIIII9-2; // b-scction; 118 points.

The constituent minerals of the rock are similar to Sample 19. Quartz is equigranular
. and 0.2~0.3 mm in diameter. Undulatory extinction of quartz is not rare.
. Remarks: The lineation is yet traceable. The results are shown in Figs. 61 and 62.

Sample 22: TN56X7-6; L b-section.

Locality: About 500 m to the south of Mt. Mntsugadake (subarea Hs).

Minerals measured: [ 0017 of biotite and muscovite, and [0001] of quartz from siliccous
banded gneiss. The petrographic features of the rock are rather similar to Sample 21
except the common appearance of quartz showing undulatory extinction.

Remarks: The lineation'is traceable but not distinct. The rock seems to be free from
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F16.66. 2, 500[0001]of quartz in Specimen TN56X3-3; contours 4-3-2-1%. b, Compass-rose
diagram for elongation axes of quartz, Specimen TN56X3-3; //b-section ; 201 points.

“F_folding”. The results are shown in Figs. 63 and 64.

Among four diagrams for biotite (and muscovite), two diagrams, Figs. 57 and 59,are
characterized by one principal maximum in ¢ of the fabric. While, in each of Figs. 61
and 63 occur two maxima which are completely enclosed by contours of slightly lesser
concentration. It seems likely to infer that the two maxima in the latter two diagrams
suggest no (k0l)-surface intersecting at b of the fabric but microfolds of S;.  All these
diagrams indicate, therefore, that the cleavage plane of biotite is strictly parallel to
the composition bands, §;, in banded gneisses. Thus, the pattern of mica fabrics for
banded gneisses are strongly contrasted to the general pattern of those for schistose
hornfelses. :

Four quartz fabric diagrams, Figs. 58, 60, 62 and 64, show various patterns of sym-
metry. The symmetry of these diagrams can not be distinctly decided, owing to strong
spreading of quartz axes. It is to be remembered, however, that the pattern of Fig. 58
somewhat resembles that of quartz fabric diagrams for schistose hornfelses. Even in
Fig. 58, the spreading of quartz axes is far stronger than quartz axes from schistose
- hornfelses. Nevertheless, it is considered likely that the quartz fabric pattern of banded
gneisses is slightly symmetrical in the northern part of the zone of transitional rocks,
but it becomes less symmetrical or lacking in symmetry in the southerrn part of this
zone or in the zone of migmatites.

Orientation data from siliceous banded gneiss near the contact with the Obataké gneissose grano-
diorite:

Sample 23: TN56VIII19-2; approx. L 4-section.
Locality: Okubo, 150 m to the north from the contact (subarea H,).
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Mineral measured: [0001] of quartz from siliceous banded gneiss. In the rock are in-
tercalated thin calcareous bands, 3~2 mm in width, which consist of biotite, hornblende,
diopsidic augite, plagioclase, and quartz. While, the quartzose bands consist of biotite,
K-feldspar, plagioclase, and quartz, and less commonly hornblende. Porphyroblastic
quartz is prevalent, which attains 2 mm or more in diameter. Undulatory extinction of
quartz is common. .
Remarks: The lineation is indistinct. The result is shown in Fig. 65-a.

Sample 24: TN56VIII19-2; approx. [/ b-section.
Measurements: Elongation axes and undulatory zones in grains of quartz.
Remarks: The results are shown in Figs. 65-c and -d.

Sample 25: TN56X3-3; L b-section.
Lgcality: Katano, 130 m to the north from the contact (subarea Hj).
Mineral measured: [0001] of quartz from siliceous banded gneiss. The petrographic
features of the rock are just similar to Sample 23.
Remarks: The rock belongs to the same horizon as Sample 23. The lineation is traceable
on the hand specimen. The result is shown in Fig, 66-a.

Sample 26: TN56X3-3; // b-section.

Measurement : Elongation axes of quartz grains.
Remarks: The result is shown in Fig. 66-b,

Each of the two quartz diagrams, Figs.65-a and 66-a, includes two prominent max-
ima on both sides of S;. Positions of these maxima close to the position IV with respect
to S;. The symmetry of these diagrams approximates monoclinic with axis 4 of the
fabric, which does not necessarily coincide with axes of microfolds observable in the
hand specimen.

Fig. 65-b shows a microscopic sketch of a porphyroblast of quartz and orientations of
quartz axes of each grain. The variation of orientations of quartz axes within the por-
phyroblast is not beyond 9°in trend and 12°in plunge. Fig: 65-c and -d are the com-
pass-rose diagrams after SCHMIDT.* The most common trend of the clongation axes
for porphyroblasts is completely parallel to S;, compositional banding, in siliccous
banded gneiss (Figs. 65-c and 66-b). As can be easily inferred from Fig. 65-a, most of
the undulatory zones** keep angles of about 40° with §; (Fig. 65-d).

The general pattern of quartz fabrics of banded gneisses was, as described above,
characterized by lacking in symmetry. This was the most remarkable difference in
fabric pattern between schistose hornfelses and banded gneisses. However, the pattern
of quartz fabric becomes again a little symmetrical in banded gneiss near the contact
with the Obataké gneissose granodiorite. The axes of crenulation, B-folds, coincide not
always with axis b of the fabric. Of significance for the pattern of quartz fabrics of
banded gneisses concerned are not axes of crenulation but surfaces of S;.

*ScHMIDT, W. (1918), Statistische Methoden beim Gefiigestudium kristalliner Schiefer, Sitz. Kaiser 1, Akad.
Wiss. Wien., FAIRBAIRN (1949) introduces the method of construction of the diagram (in page 305).
**Refer, H.W. FAIRBAIRN (1949, p. 14, Fig.2-2).
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F16.67. 250(010) poles of plagioclase in Spec- Fig., 68. 210 (010) poles of plagioclase in
imen TN55XII1-5; contours 6-5-4-3-2-12. Specimen TN55X122-5; contours 7-5.5-4-2.5
-1%.

F16.69. 182 (010) poles of plagioclase in Spec-
imen TN56VIII13-2; contours 6-5-4-3-2-19.

Obataké gneissose granodiorite

Preferred orientation of quartz axes has not been examined, but poles of (010) of
plagioclase were measured.

Sample 27: TN55XII1-5; L S;-section.
Locality: Oban (subarea H,).
Mineral measured: [010] of plagioclase from the Obataké gneissose granodiorite. The
rock consists essentially of augite, biotite, plagioclase, quartz; zircon, sphene occur as
accessories. No zonal structure is found in plagioclase. 2V of plagioclase is 90°~ +-78°
. (Anggy). Undulatory extinction of quartz is common.
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F1c.70. 400 [[0001] of quartz in Specimen Fic. 71, 389 [[0001] of quartz in Specimen
TN55X124-5; contours 3-2-19. TN56VIII10-4; contours 3-2-19%.

Remarks: Sy, compositional banding or foliation plane, is not so distinct. The result is
shown in Fig.67.
Sample 28: TN55X122-5; approx. _LS;-section.
Locality: Tokimori (subarea H;). .
Mineral measured: [010] of plagioclase from the Obataké gneissose granodiorite. The

rock is similar to Sample 27 in every petrographic feature. 2V of plagioclase is 90°~
+ 800 (Anag...,”).

Remarks: 8, is relatively distinct. The result is shown in Fig. 68,

Sample 29: TN56VIII13-2; approx. .LS;-section.)
Locality: Okubo (subarea Ha).
Mineral measured: [0107] of plagioclase from the Obataké gneissose granodiorite. The
same essential minerals as in Sample 27 are found. Porphyroblasts of plagioclasc are
common. 2V of plagioclase is 90°~ -+ 75° (Ansg.s2).
Remarks: S, is relatively distinct. The result is shown in Fig. 69.

Three diagrams, Figs. 67, 68 and 69, show the similar pattern to each other. S; in
these diagrams has been decided directly by megascopic measurements of the hand
specimens. Although many peripheral maxima occur in these diagrams, the prominent

maxima show that most of (010)-planes of plagioclasc are parallel or nearly parallel
to S, foliation plane.

Banded gneiss and banded chert thermally metamorphosed
by the younger intrusives

Orientation data from siliceous banded gneiss: Banded gneisses come into contact with the

Kibé¢ granite, the Namera granite and the Gamano gneissosc granodiorite (see, Plate
. XID).
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F1c. 72. 350 [0001] of quartz in Specimen
- TN56X116-8; contours 4-3-2-1 2.

Fig. 70 is a quartz diagram for siliceous banded gneiss coming into contact with the
Gamano gneissose granodiorite, and Fig. 71 is that for siliceous banded gneiss to be ex-
erted an intense thermal metamorphism by the Kibé granite.

These two diagrams show no definite pattern of symmetry. Such lacking in sym-
metry as illustrated by these diagrams, however, can not be safely regarded as the
characteristic pattern of banded gneisses thermally metamorphosed, because banded
gneisses proper show no definable symmetry with respect to the quartz fabric.

Orientation data from banded chert: A sample was selected from an exposure near Kébata,
apart about 200 m from the intrusion contact of the Cretaceous granite. The result
of the fabric analysis of quartz axes is shown in Fig.72. The diagram is characterized
by lacking in symmetry. In the former examples so far described, schistose hornfelses
have usually shown the distinct pattern of quartz fabrics. It seems likely to interprete,
therefore, that the distinct pattern of quartz fabrics in schistose hornfelses was com-
pletely exhausted by the thermal metamorphism exerted by the Cretaceous granite.

SYNOPSIS OF THE ORIENTATION DATA:——WITH SOME KINEMATIC
AND DYNAMIC INTERPRETATIONS

Fabrics of unfolded schistose l'zornfelses‘

In mica diagrams for schistose hornfelses occur generally two sets of (h0I)-surfaces,
ss and s's’, which are completely or almost completely symmetrical with respect to Sl
and intersect at the fabric axis b. b coincides strictly with the lineation.

In banded chert, the symmetry of quartz fabric is orthorhombic, and 5, is one of the
symmetry planes. The prominent maxima are in common referable to the position IV
after SANDER with respect to S;. Such quartz pattern, considered in conjunction with
mica fabrics, has been tentatively interpreted as that evolved during compression by a
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force acting normal to the surface of S, as suggested by TURNER (1951). In banded
chert, there seems to be no evidence rejecting the interpretation suggested by TURNER.
The symmetry of quartz fabric of semi-pelite is also orthorhombic with respect to
one of (k0!)-surfaces, ss5, but S; rarely represents one of symmetry planes. The area
of higher concentration of [0001]-axis of quartz in each diagram is always lanky.
Furthermore, the prominent maxima are situated between the position IV and II after
SANDER. The quartz fabric characterizing semi-pelite may be best explained with
such assumptions as follows:— (1) the quartz pattern of semi-pelite might have been
similar to that of banded chert at the incipient phase of the deformation, but (2) later,
with evolution of deforming movement, one set of subordinate (%0!)-surfaces becomes
a plane of actual slip, and, consequently, (3) internal rotation of quartz grains was
resulted. The pattern of quartz fabric in pelite can be explained by the similar way.
The difference between the quartz patterns of semi-pelite or pelite and that of
banded chert may be attributable to difference in relative competency of rocks under
the same deforming process. It is to be remembered, however, that the symmetry of

quartz fabric in schistose hornfelses is always orthorhombic, irrespective of difference
in competency of rocks.

Fabrics of folded banded chert

In quartz diagrams for folded banded chert, Figs. 35~38 (Example I) and Figs. 45
~47 (Example 2), it became evident that the pattern of quartz fabric is just similar
to each other with respect to Sy, regardless of limb or crest of folds, and that it shows
no essential difference from that of unfolded banded chert.

Thus, the symmetry is not changed, i.e., constantly orthorhombic, irrespective of
limb or crest and of included angles of both limbs of folds. It is not unlikely to infer
that the process through which folds in banded chert have been completed can be ex-
plained by an imaginary process of “unrolling”.* In the explanation of unrolling
mechanism, it is usual to use “g-Richtung”**; in other words, the studies of unrolling
have been carried out only when one prominent maximum occurs in each of quartz
fabric diagrams. In the present instance concerned, however, all quartz fabric diagrams
show orthorhombic symmetry. Nevertheless, high concentration of quartz axes and four
prominent maxima at the definite position with respect to S indicate that no distinct
internal rotation of quartz grains had occurred during folding of banded chert. During
folding of abnded chert, shearing stress might have acted along the surface of §;. The
fact can be easily inferred and proved from the quartz pattern of the segregated veins
of quartz (later described).

* A classic instance of the process of unrolling is provided by a folded quartzite near Brenner, Tyrol,
investigated by SANDER (1930). Lately, ZozMANN (1950) investigated in detail a folded quartzite from
Bardufoss, Norway, which is interpreted by him as an example of fold of partial unrolling (teilweise
abwickelbare Falte).

**“q-Rlchtung”mcans an orientation which is shown in the quartz fabric dlagram by a line passing through
one prominent maximum and the fabric axis b (1.S. ZozMANN. 1950; J.LADURNER, 1954). In studying quartz
folds, the anglc which these g-Richtungen make with the tangent of folds has been used generally as a basis
of interpretation of folding mechanism,
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Fabrics of “sheared flexure folds™ and rocks
in which well-developed Ss were found

Quartz fabric patterns in Figs. 49~51 and Fig. 53 resemble each other with respect
to the shear plane in the sheared flexure folds and S;. These are characterized by a
complete or nearly complete small circle girdle which approximates ac of the fabric.
The areas of higher concentration in these diagrams are generally lanky. The most
significant feature of these diagrams is that planes along which actual slip occurred
govern the orientation of quartz axes and that §; or other (20[)-surfaces are no longer
directly concerned with the orientation of quartz axes. In particular, the quartz pattern
in Fig. 53 approximates a monoclinic symmetry and the position IT after SANDER and
fairly resembles the quartz pattern investigated by KOJIMA and Suzuki (1958a).*

Judging from the complete girdle and the lanky areas of higher concentration in
these quartz diagrams, it can be inferred that [0001 J-axes of quartz, which might have
been oriented initially in the position IV with respect to §;, were rotated internally
during the time of later shearing and reoriented in the position II with respect to
surfaces along which actual slip occurred.

Fabrics of banded gneisses

In banded gneisses, (001)-planes of micas are strictly parallel to S;, and no (20!)-
surface intersecting S; could have been found. Micas in banded gneisses would have
been recrystallized under a condition of high temperature and high confining pressure,
and, then, surfaces parallel to the compositional banding were probably those favour-
able to growth of micas.

On the other hand, quartz fabric diagrams for banded gneisses are most commonly
characterized by poorness of symmetry. '

In Chapter II the writer has described that the grain size of schistose hornfelses in-
creases from the north to the south, and eventually schistose hornfeses gradually change
their micro- and macroscopic features into banded gneisses. Examining all fabric dia-
grams for quartz axes from three zones, it seems to be probable that the quartz fabric
pattern in schistose hornfelses changes its distinct, orthorhombic, symmetry into the less
symmetrical in rocks of the zone of transitional rocks and, further, into complete lack-
ing in symmetry in rocks of the zone of migmatites. :

The quartz fabric of siliceous banded gneiss near the contact with the Obataké gneis-
sose granodiorite, shows again monoclinic symmetry with axis b of the fabric which
does not always coincide with the lineation (axes of microfolds or of B-folds). Quartz
grains are elongated in the direction of b, parallel to §;.

* They found a systematic relation between the quartz fabric pattern and the plane of actual slip, and es-
tablished a working hypotheses concerning the preferred orientation of quartz sufficiently recrystallized
during flow of a rock, that is:

1) 7 (1011) and / or z(0111) of quartz lie on the shear plane, and 2) the sense of displacement of upper lay-
ers on these lattice planes is downward from the c-axis of quartz, *
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Such evidences may suggest, considered with the geological situation of the banded
gneiss and with the fabrics of the Obataké gneissose granodiorite, that shearing would
be active along S; at a later phase of the recrystallization of banded gnesses, and that
the shearing movement seems to be closely related to the movement of the Obataké
gneissose granodiorite. F-folds can not be characterized by any symmetrical quartz
pattern. F-folds may be gentle waves produced during the swelling movement in
regional scale, to which the movement of the Obataké gneissose granodiorite is prob-
ably attributable.

Fabrics of the Obataké gneissose granodiorite

The oricntation diagrams for [010] of plagioclase, Figs.67~69, illustrate that most
of the (010)-planes of plagioclase are parallel or nearly parallel to the surface of com-
positional banding in the gneissose granodiorite.

Judging from evidences observed in the ficld, the plagioclase pattern in problem
scems to be reasonably explained by assuming that the Obataké gneissose granodiorite
should have been moved from the place where it had been produced, and that the
movement of the gneissose granodiorite might have occurred preferably along the fo-
liation, which is evidently a remnant of the original structure. The foliation in the
gneissose granodiorite is generally inclined steeply or nearly vertical.

Fabrics of segregated quartz veins

Two alternative quartz patterns have been found: one is represented by Figs. 39 and
40, and another by Fig. 54. Figs. 39 and 40 show an incomplete monoclinic symmetry
with axis b of the fabric and suggest that quartz was segregated during the phase of de-
formation of schistose hornfelses. While, Fig. 54 shows no distinct pattern of quartz
fabric and suggests that the segregation of quartz veins was completed at the phase
later than the cleaving of §;, probably under a static condition.

Itis evident, from the meso- and microscopic observations, that the cleaving of § may
set in at the later phase of folding of schistose hornfelses. The similar segregated quartz
veins have been found everywhere in the zone of schistose hornfelses, but they have
not been found in banded gneisses. It can safely be said, therefore, that the segrega-
tion of quartz would have been accomplished prior to or, probably, simultaneously with
the recrystallization of banded gneisses. The segregation of quartz veins would have
begun at the later phase of folding of schistose hornfelses, and had not been prolonged
over the main phase of recrystallization of banded gneisses. '

Summary

Summarizing the results of fabric analyses described above, the following points must
be mentioned:—

I) Schistose hornfelses are products of regional thermal metamorphism, which is re-
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ferable to the older Ryéké phase and have been accompanied by deformation by which
folds on various scales have been completed. No pre-deformational fabric could be
found from schistose hornfelses.

2) The quartz fabric pattern from rocks in which planes of actual slip are found,
approximates a monoclinic symmetry with axis b of the fabric. Even in these cases
orthorhombic symmetry is yet traceable, and, then shearing along the planes of actual
slip appears to govern the pattern of quartz fabric.

3) The recrystallization of banded gneisses was probably completed under hlgh
temperature and high confining pressure, but may not be accompanied by such pene-
trative movement as that characteristic of production of schistose hornfelses.

4) The Obataké gneissose granodiorite can not be strictly referable to the-autochth-
onous granite, but it seems to have been somewhat mobilized. The mobilization of the
granodiorite would have occurred probably at the later, extended phase of production
of banded gneisses and migmatites, and would have been caused by the swelling move-
ment of a regional scale.

5) Judging from various evidences so far described, it must be strongly asserted that
the “Ry6ké metamorphism” can be divided into two phases of contrasted style: the ear-
lier phase is characterized by the production of schistose hornfelses and the later phase
by that of banded gneisses and migmatites. It may be inferred that the earlier phase
and the later phase were not strictly continuous but probably interrupted.

V. CONCLUDING REMARKS

The greater part of this paper was expended in describing the geometrical relations
of various structural elements and the petrofabrics of the Rydké metamorphic and
granitic rocks of the area between Iwakuni and Yanai. The respective topics of these
investigations were summarized at the end of each chapter. Therefore, there seems to
be no need to sum up again.

Considering the results described in the preceding chapters, the history of develop-
ment of the Rydké metamorphic and granitic rocks in the Iwakuni-Yanai area may be
summarized as follows:—

The phase of Pre-Ryoké metamorphism: The phase is represented by the sedimentation of
original Palacozoic formations. The surface of bedding or lamination, here termed
Sy, has been preserved as the most significant surface of mechanical inhomogeneity
in the rocks throughout the whole history of metamorphism. At certain stage in the
course of diagenesis of original sediments, basic (diabasic) rock was intruded as small
dykes. Judging from the results of structural-petrological investigations in the area
so far clarified, no evidences suggesting the Pre-Ryéké metamorphism have been
found. ”

The Ryoké metamorphism: Palacozoic sediments and diabasic dykes had suffered the
thermal metamorphism of regional scale, accompanicd by deformation, throughout the
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whole area.*

The effect of the thermal metamorphism is outstandingly extended towards the north
of the area concerned. During the deformation, folds on various scales, from minor to
major folds, were formed. Axcs, of folds are strictly parallel to the lineation. The
general trend of the lineation is E.-W.

Contemporancously with the folding, a fracture-cleavage, here termed S;, was de-
veloped locally in semi-pelite and pelite. At the later phase of folding a slaty cleavage,
here termed S, was cleaved locally in the axial parts of the major anticline.. The earlicr
phase of the Rytké metamorphism had ceased with the formation of slaty cleavage
Ss. Accordingly, the carlier phase is characterized by penctrative movement accompa-
nicd by thermal metamorphism of regional scale.

On the other hand, rocks in the southern half of the area concerned have suffered
more intense metamorphism _undcr high temperature. The metamorphism progressed
gradually into metasomatism. Thus banded gneisses were produced. The surface of
foliation in banded gnecisses is relatively distinct and corresponds cvidently to the
original laminae of scdiments.

The grade of metasomatism increases with distance towards the south, probably
with depth.** In the southern extremes of the arca, some banded gnelsses have been
altered to migmatites, “autochthonous granite” (the Obataké gneissose granite and
granodiorite), by alkali-alumina-metasomatism accompamcd by metamorphic differ-
entiation. The original laminac of sediments remain yet in these migmatites. With
progressive metasomatism, a greater part of the autochthonous granite might have
become more and more mobile, and have given rise to “parautochthonous granite” (the
Gamano gneissose granodiorite), and further, to “intrusive granite” (the Kibé and
Namera granites). :

The Obataké gneissose granodiorite also moved upwards at some distance, and
banded gneisscs had, subordinately, swelled up in regional scale prior to and/or during
the intrusion of the Gamano gneissose granodiorite. “F-folds” and, probably, regional
arcuation of banded gneisses were completed at this phase. As the result of the swelling
movement, various structurcs, in particular linear structures, lost their tectonically
homogeneous characters. '

The progressive metasomatism characterizes the later phasc of the Ry6ké metamor-

* Some authors, c. g., G. KOjiMAa, have formerly asscrted that the Ryoké metamorphism began at a phase
when the diagenesis of original sediments had not so far procecded. The writer has, however, not observed
any cvidence suporting such opinion. Docs the petrography of schistosc hornfelses suggest the character-
istics of “soft rocks” which were thermally metamorphosed ? Every rock scems to have behaved as having
respective characteristics in competency, when the deformation occurred. Furthermore, diabasic dykes
have generally facies of “chilled margin”, marked by the presence of relatively sharp intrusive boundarics,
and they have suffered the thermal metamorphism and deformation together with the scdimentary rocks.

The writer inclines to belicve that the diagenesis of sediments had proceeded moderately, probably almost
completely, when the Ryéké metamorphism had begun.

** It is uncertain, however, whether banded gneisses and migmatites in the zone of migmatites were actual-
ly produced at deeper levels than schistose hornfelses, because the stratigraphy of the original sediments has
not been fully clarified. Now, the writer sets much value on the words of H.H. Rean (1957, p.359): “Of
course, the grade of metamorphism often increases with depth, but it does not increase because of depth.”

.
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phism. And, the movement of the Gamano gneissose granodiorite seems to be an
extended phase of the Ryoké metamorphism.

" The original rock of the Ry6ké metamorphic and granitic rocks had once experi-
enced the penetrative movement of the first phase as a whole, but the metamorphism
of the second phase was effective only in the southern half of the Iwakuni-Yanai area:
rocks in the northern half of the area were free from the metamorphism of the second
phase and have remained as schistose hornfelses. The intrusion of the younger Ryoké
granites, such as the Kibé and Namera granites, belongs to a younger age than the
Ry6ké metamorphism.

A thrust-fault, which trends ENE. with moderate dips towards the south, occurs near
the boundary between schistose hornfelses and banded gneisses. Judging from geolo-
gical as well as structural evidences, the movement of the thrust-fault seems to have
been completed after the production of gneisses and migmatites, but probably prior to
the intrusion of the younger Rydké granites.

The Post-Ryoké metamorphism: Thermal metamorphism by the Cretaceous granites and
their derivatives. The Cretaceous granite exerted intense thermal effects upon schistose
hornfelses. The effects can be verified under the microscope; in particular, the fabric
pattern of quartz in schistose hornfelses thermally metamorphosed by the Cretaceous
grainte is characterized by the lacking in symmetry.
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ExpranaTion or PraTe VIII

Profile of small folds in banded chert, southwest of Hashirano.

Profile of small folds in banded chert, north of Kébata. Pelite bands (black seams)
become remarkably wider at the crest of folds.

Profile of small folds in banded chert, southeast of Kobata.

Profile of small folds in banded chert, north of Hiuchi-iwa.
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ExpLANATION OF PLATE IX

A: ac-joints in pelite at Hiuchi-iwa.
B: ac-joints with oblique joints in banded chert, southeast of Kébata.
C: Strongly lineated pelite at Hashirano. The hand of hammer is paralell to lineation.
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ExpranATION OF PrAaTE X

: Profile of small B-folds in siliceous banded gneiss, southwest of Kirihata.
: Profile of F-folds in siliceous banded gneiss at Kanon-no-taki. Axes of F-folds are

nearly vertical, and axes of B-folds and lineation are gently bent about axes of F-
folds,

: Strongly sheared siliceous banded gneiss within the thrust-fault near the entrance of

the So-o Wireless Relay Station, east of Besshobata.

: The thrust-fault running through banded chert, north of Honro-o.
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ExpranATION OF PraTE XI

A: Microphotograph of “sheared flexure folds” in Specimen TN57V22-2. Scale: 5 mm.
B: Microphotograph of banded chert, Specimen TN57X129-2, in which S;-surfaces are
closely developed. Scale: 5 mm.
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1 Alluvium; 2 Diluvium; 3 Cretaceous granite; 4 Dyke rocks (Cretaceous); 5 Fine-grained granite and aplite
(Rydké intrusive rocks); 6 Namera granite; 7 Kibé granite; 8 Gamano gneissose granodiorite; 9 Obataké gneis-
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calcareous-pelitic rocks; 19 Thrust-fault and fault. '
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