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                         I. Introdt}ction

   The Ryoke metamorphic belt, one of major tectonic units of the Japanese

islands, runs contlnuously from the central parts of the Honshu island for west

to the islanCl of Kyushu, forming a geologic backbone of the western half of the

Japanese islands by a paired arrangement with the Sambagawa metamorphic

belt, aiiother major tectonic unlt having an equal significailce. It is charac-

terized by the presence of abundant granitic rocks, gneisses and migmatites

confronted to the associated Sambagawa metamorphic belt formed exclusively

of crystalline schists in green schist facies.

   The belt was first designated by T. HARADA as early as 1890, based on the

typical developinent around the inid-course of the river Tenryu, the Ryoke

district, central Japan. Since then, several studies have been made for various

districts of the belt. With them, a comprehensive study made by H. KomE

(1958) has the most decisive leadership for the geological as well as petrological

studies of the belt. At present, though the geological framework of the Ryoke

metamorphic belt has been revealed, tliere remain many detailed problems

unsolved.
                                        i
   The writer has been engaged in the petrological studies on the Tenryukyo

graiiite that deve}oped in wide extent for the district lmmediate north of the

Ryoke district, which is considered to be the one of representatjves of the

product of central core of the Ryoke metamorphic belt. AIthough the
Tenryt}kyo granite laas been designated as the intrusive granite having definite

feature, it is revealed by the cletailed study that a part of it, at least, has the

nature of migmatjte in origin, and further' possesses a wide extent of rock facies

VallatlOll.

   The present study has been carried by the measurement of the optical

nattires of the rock forming plagioclases of every rock facies developed in the

district, and their petrological significance is considered by the statistical
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treatmeBt based on these measured data of large quantity.

   As already published with other collaboratory authors, co-existence of

plagioclases of different composition and of different ordering degree in the

extent of a thin section is the prominent feaU}re of some plutonic and

iniginatitic rocks (HuNAHAsm, KIM, OHTA, and TsucmyA, 1968). In this

paper, detailed field obseivations and measui'ing results on tlie Tenryukyo

granite and allied gneissic and migmatitic rocks are given, and they are

considered as a whole in concern to the origin and transitional course of these

granitic rocks.

   The writer wishes to express his sincere tlaanl<s to Professor Mitsuo

HuNAHAsHI for his helpful guidance and suggestions, and to Dr. Jun
WATANABE for his helpful suggestions. Especially he is gratefu} to Dr. CHEouL

Woo KiM for his kind guidance ancl constructive criticisin throughout the

present study.

                    II. Geology and Petrography

   The district investigated is sitL}ated in the southern part of the Ina valley

which is formed around the mid-course of the river Tenryu. Geotectonically,

the district covers the area corresponding the structural core of the Ryoke

metamorphic belt of ceRtral Japan (Ryoke Research Group, 1955; Geological

Survey of Japan, 196l).

   Greater part of the district is occupied by the so-called Tenryukyo granite.

However, it is not represented by a single lithofacies as it has been understood,

but there is wide extent of variation ranging from the rock facies having

gneissic or migmatitic aspect to that of several type of coarse grained granitic

features.

   The spatial arrangement of thus discriminated lithofacies and their tectonic

relations are represented in Figure 2. The central part ofthe district is formed

by coarse grained granitic representatives, and they are bounded in lithofacies

by migmatitic and gneissic varieties. Diabasic or gabbroic rocks of earlier ages

are intercalated as seams within the migmatite and gneiss.

   The Tenryul<yo granite itself has been described as is characterized by the

coarse grained gneissose structure with porphyritic megacrystals of potash

feldspar. Although the lithofacies of said character is abundantly developed in

tliLis district, it of'ten transits gradvially without any discontintiity to other

diverse lithofacies such as migirtatite, gneiss and otlier type of granite. Coarse

leucocratic hornblende biotite granite, which has been defined as an absolute

intrusive mass called lkuta granite, can be viewed by the detailed field suivey as

the complexes of gneiss and migmatite concordantly arranged with gneissose
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Fig. I. Index map of the Takagi-mura district.

granite. Accordingly, it may be said that the central part of the Ryoke

metamorphic belt is occupied by gneisses and migmatjtes having commingled

relations to the several types ofgranite.

   Ali the rock species present in this district are classified into the following

three rock suites and respective sub-lithofacies.

I. Migmatite rock suite

      agnaatite--nebulite

      granitic migmatite

2. Gneissose granite suite

      coarse grained gneissose granite (gneissose granite I)

      coarse grained potash feldspar porphyritic gneissose granite (gneissose granite II)

3. Coarse hornblende biotite granite stiite

      coarse grained hornblende biotite granite

   As to the tectonic relation of each rock species, following remarks may be

worth of note.

I. The foliations of each rock species are arranged, in general, into major

   trends ofN300 r- 450E.

2. Althot}gh the gneissose granite suite is disposed in concordant relation to

   those of naigmatitic rock suite in general, discordance between porphyritic

   type (gneissose granite II) and non-porphyritic type (gneissose granite I) is
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apparellt　The　foli乏ltion　of　porphyritic　type　apProaches　rather　to　N－S　trend

slightly　crossing　that　of　llon－porphyrltlc　type　which　takes　the　trend　of
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   NE-SW or NEg-SWW. Dispersed distribution of poi'phyritic type having

   different foliation withiB the non-porphyritic type a}so tells some clifferent

   tectonic elements may have contro!led the formation of both types of

   rocks.

3. Coarse grained hornblende biotite granite suite has rather intrusive nature

   compared to those of the other suites.

4. All the i-ocl< species of the district have always some remnant features of

   the host rock in such forms as palaeosome, neosome ancl banded iayers

   escaped froin the rep}aceilient processes. In this aspect, each rocl< species is

   closely allied to one aRother. They may be the products of progressive

   granitization started from gneiss and cieve}oped to the formation of

   migmatite, gneissose granite and coarse grained granite, diat prevail in the

   ceRtral part of the Ryoke metamorphic belt of tlke region.

   Following is a brief note on the lithological characters of those rock

species. I"he nature of constituent minerals in each lithofacies is presented in

Table 1.

1) Migmatitic rock suite:

   rlrhis rock suite includes various lithofacies with wide range of variation

from schist and gneiss to highly naigmatizeCl grai3itic migmatite. Among them,

granitic migmatite is the most predominant, and is widely developed around

the upper stream of the river Ogawa and Kagasu, in the southeastern half of the

region (Fig. 2). Rocks of less migmatized types such as gneiss or aginatite-

nebi.ilitic n'iigi'iitatites are only fouRd in a restricted area, the vicinity of

Azuki-bata hainlet, the midstreain of the river Ogawa.

   Agmatite-nebulite group of rocks has abundant gneissic remnants. These

palaeosomes take commonly an ellipsoidal shape with 7-IO cm diameter in

long axis, and evidently show gneissic character both in megascopic and

microscopic features. The interspace between them is fHled with those of

nebulitic character. In geiieral, agmatitic and nebu}itic varietigs are disposed

side by side with clear st}rfaces in field occurrence. Often, liowever, the

palaeosomes are digested and obscured. Consequently, the rocks as a who}e

turn into nebulitic variety, whose texture approaches to granitic migmatite. In

this respect, agmatite and nebulite of the distrlct can be grouped into one rock

U11it.

   The modal values of main constjtuent minerals in aginatite and nebulite are

as follows;

Agmatite: quartz 45.8%, potash feldspar l4.5%, plagioclase 17.5%, biotite

          20.4%.
Nebulite: quartz 34.2%, potash feldspar l4.3%, plagioclase 38.8%, bjotite

          l2.7EZi).

if.
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name of
litliofacies

agmatite

nubulite

granitic

mlgmatlte

gnelssose

 granite I

gelssose

 granite IE

Petrographic properties of constituent minerais of each }ithfacies

coarse

 hornblende

  biotite

  gramte

quartz

fine granular

fresh O.3 x e.2 mm

m slze

fine to medium

anhedral e.7 × O.5

mm ln slze

weak wavy extinc-

tion

anhedral

1.0 x 1.e mm in

slze

bkastic

anhedral blastic

1.5 × 1.0 mm in

slze wavy extlnc

tlon

perphyritic

lntense wavy ex-

tmcUon

3.e × 2.5 mm in

size

very coaTse

abundant 3.5 ×

2.5 mm in size

wavy extmctlon

potash feldspay

microclinic in

mmor amount
2Vx=700wwsoO

microclinic part-

iaily orthoclase

2Vx=650-8oO

oxtheclase

2Vx=550rm820

microcline

2Vx=650-840

orthoclase

2Vx=5eOrm640

microcline

2Vx=640-840

erthoclase porphy-

ritic 2Vx=440-72e (ct,6,7 type) Z

microcline

2Vx=600m840

orthoclase coarse

2Vx=460-6sO

microcline partiai

2Vx=620-8oO

plagioclase

fine granular O.5 × e.5 mm

in size(a), and medium

rather porphyiitic O.5-1.5

× O.5-1.0 mm in size (6)

fine weak zoning, besides

a type and B type little

amount of7 type (Porphy-

iitic of l.5 x 1.0 mm in

minimum size)

fine to medium subhedral

(a and B type) and porphy-

ritic anhedral (7) grains

weak zoning

fine to coarse grains

(oc B, ">t type). Zoning is

moderate. Albite- and

Carlsbad-low twin in coarse

grams

fine to coarse grains

          onmg ls
clear. Partially altered

to albite by potash feld-

spar

fine to coarse grains

(Ce,6,7 type) Zoning is

modeiate. Some amount of

Pericline-low twins besides

Albite- and Carlsbad twins

biotite

reddish

  brown
fine O.2 x eS5

mm m slze

reddisk

  brown

e.5 × O.2 mm

in size; alter

to chlorite

reddish

  brown
some tlmes

altered to

chlorite

.ereenish

  brown
clotted and

filled up

among others

greenish

  brown
clotted

a.o × o.3 mm

ln slze

greenish

  brown
small amount

clotted l.5 x

O.8 mm in size

homblende

nene

none

none

none

,TIOJIe

anhedral

O.7 x O.5 mm

in size

greenish

others

muscovlte

garnet

opaques

garnet

zircon

tourmaline

epaques

garnet

apatlte

zircon

opaques

apatite

zircon

sphene

opaques

garnet

sphene

zlrcon

apatite

s¢rlclte

apatlte

sphene

zircon

-ea

el

ri
mec
a
=
K
>
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   The granitic migmatite has rather fine grained porphyritic texture with

porphyroblastic plagioclases of 5-8 mm in size. The rock is adamellitic formed

with quartz-plaglociase-potash feldspar-biotite assemblage. By the increase of

amount of plagioclase porphyroblasts the rocl< attains to coarse grained texture

and some gneissosity aRd approaches to that of gneissose granite suite. The

modal value of main coi'istituent i/iiii'ierals is as follows; quartz 28.:7%,

plagioclase 45.5%, potash feldspar 13.0%, biotite 12.6%.

2) Gneissose granite suite:

   [Irhis rock suite is characterized by coarse graiiled gneissose structure and

al)undance of potash felclspar. It is divided into two rock types; gneissose

graRite I and II. The former is a coarse grained granite with clear gneissosity

and has no porphyritic potash feldspar, and the latter is characterized by

hipidiomorphic megacrystals of potash feldspar of 20-30 mm, which soine-

times attain to 50-70 mm in size. The gneissosity of the latter is rather weak

than the foriner.

   "l]he texture of the gneissose granite I is mediem grained granitic texture

with clear, parallel arrangement of biotite. Sometimes plagioclase takes

prophyritic nature with 8-IO mm in size. The gneissose grailite II shows

porphyritic texture with huge hipidiomorphic potash feldspar. However, grain

size and optical characters of the other constituent minerals are allied .to those

of the gneissose granite I.

   The modal values ofmain constituent minerals are as follows'
                                                       '
Gileissose granite I: quartz 30.5%, plagioclase 44.6%, potash feldspar 18.9%,

           biotite 5.9%.

Gneissose granite II: quartz 31.7%, plagioclase 30.8%, potash feldspar 32.9%,

           biotite 4.S%

3) Coarse hornblende biotite granite suite:

   [lrhe rock is almost homogeneous coarse grained granite with weal< foliation,

and is characterized by Ieucocratic appearance. Besides the liuge sheet-like

body found in the i'niddle area of the regioii, some small sheet- or vein-shaped

bodies of the granite are found with harmonic structure to surrounding rocl<s in

the upper stream of the river Ogawa and Kagasu, in thearea ofmigmatite and

gnelssose granlte.

   The graftite has coarse grained equigranular granitic texture. The modal

vali.ie of the niiain constituent minerals is as follows'
                                           ,
quartz 27.8%, plagioclase 49.6%, potash feldspar il.I%, biotite l.7%,

hornblende l.7%.
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           iEI. Stgdies oR plagiociases of respective lithofacies

   There is sL}rprizingly wide difference of chemical composition and ordering

degree betweeil co-existing plagioc}ases in the extent of a rocl< thin section. The

descriptions aRd tl'ieir consiclerations on this fact have already been published

by tlie present writer with coilaboratory authors (HuNAi{AsHi, KiM,, OHTA

and rlrsucHiyA, i968). It was concluded tliat each lithofacies has its proper

mode of concentration or proper style of distribution curve made by statistical

treatment of compositional variation in one thin section. When some lithofacies

revealed sicle by side in close comiection, a mode of concentration is inherited

to the succeeding lithofacies, and a culminated feature of one }ithofacies is

always primordially revealed in the preceding lithofacies. It may be said that

the rock forming condition is well reflected in the nature of plagioclase.

   The present writer has attempted to clarify the actual courses of the

formation of such diverse lithofacies grouped into Tenryukyo granite by a

detailed investigatjon on respective rock forming plagioclases.

                         A. Compositien

   The measurement has been made by optics of each grain using universai

stage. 'I"he KAADEN's estimation diagram has been used in combination with

2V diagram presented by J.R. Smith (l958).

   In general, plagioclases in each lithofacies can be divided into three types.

They are, a type, 6 type and or type from their crystal habits and grain size. Tlie

or type shows fine grained (O.S mm x O.5 mm), granular, and the B type is

mediuna grained (O.S-1.5 mm x O.5-l .O iitHn) hypidiomorpl'iic coitimnar habit,

and the 7 type has allomorphic, rather porphyritic nature of 1.5 mm x 1.0 mm

in minimum size. These plagioclases show ordinary weak zonations. Ac-

cordingly, the measurement was inade separately of respective types at core

and inantle. The An frequency ctuTves of each lithofacies, which have been

made statisticaily with ± 2.5% unit coRsideriRg the accuracy of KAADEN's
estiirtation diagram, ancl the measurements are illustrated i-espectively in Figure

3. The summarized histogram for them is shown in Figure 4.

   Each An frequency curve shows higher concentration comparing to such

granitic rocks as the Kisokoma granodiorite ancl the Hidaka granite (TsucHiyA,

1967; KiM, l964a). The An-coBtents range approximately from Anis to
An4s in the core and from Anio to An4s in the mantle except for the albite

rim in the gneissose granite II. Conspicuous variation of An-contents ainong

each lithofacies is not detected in the cores as well as in the mantles. Minor

changes, however, effected by variations of lithofacies can be recognized

through detailed observatioii.
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    In the core, the frequency curves vary from normal type distribution in the

agmatite to abnormal one in the granitic migmatite and the gneissose granites

having one or two subsidiary modes within thein. The curve turns to rather

normal type again in the coarse hornblende biotite granite. Accompanied with

this transition the An-contents of main modes vary from An27 of the agmatite

to An33 of the nebulite, the granitic migmatite and gneissose granite I, and to

An27 of tlie gneissose granite II and the coarse hornblende biotite granite in

succession. In sliort analogous transistions are recognizable in the coinpositions
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of inain mode as well as in the shape of the frequency curves.

   In the mantle, each frequency curve shows rather normal type distribution

compared with that of the core, anci the An-contents of main modes take

similar value of approximately An23 in each lithofacies except for the agmatite

and the gneissose granite I, of which main modes situate in An27. Although

conspicuous variation of An--contents is not recognized among them both in the

cores and the mantles, the variation presented should be regarded as gradt}al

change in minor mode. Especially, it is important that the main modes among

every lithofacies show an analogous An-content. The evidence indicates that

there is no gap or abrupt change in composition regardless the notable
difference of lithologic appearances iR each rock suite. And it is concluded that

each lithofacies shows a series of granitization from migmatites.

   It is noteworthy, however, to examine analyticaily in more detail the

frequency curve of the gneissose granite II of which lithologic appearance is

characterized by large potash feldspar megacrystals. The analyzed histogram of

An frequency of the mantle is illustrated in Figure 3-e. The histograin shows

the plagioclases incluCled by or contactecl with potash feldspar megacrystals

have more basic main mode of An33 compared to that oforiginal plagioclases

of no connection with them. On that particular plagioclase of the foriner, the

mantles are fringed around with narrow riins of which An value ofmain mode

of frequency curve is about Ani6 (i.e. albite rim). [E'he albite rim is believed

obvioL}sly as a reaction rim with potash feldspar, and basification of An-coiitent

of the mantles of those plagioclases are also considered as an effect of such

reactlon.

   Although in principle An frequency curve ought to have a norinal
distribution with narrow compositional range if the chemical composition and

pressure is constant and the rock attains to chemical equilibrium, the presented

cuiives exhibit abnormal ones being accompaflied with subsidiary modes or

being distributed in wide coinpositional range. The frequency curves will be

re-examined analytically in chapter IV.

               B. Order-disorder problem in plagioclase

   The shifting of optical orientation in potash feldspars under lieat treatment

at high temperature was recognized initially by BARTH (l934) who proposed

the idea of order--disorder transition. The idea has"been also applied to

plagioclases, ancl optical as well as X-ray methods have been employed to settle

the probleiin. KbHLER (1941) found that the ordering degree is controlled by

teinperature of crystallization of plagioclases and that the deviation of a pair of

angles between coinpound surface of twin, and optical axes (i.e. KbHLER angle)
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in twinped grain are correlative to teinperature. "Order-disorder" is regarded

now as the problem of configuration of elements in crystal, and some types of

thein are presumed as the factor: Si-Al order-disorder, Na-Ca order-disorder and

others. Commonly plagioclases in plutonic and metamorphic rocks are believed

as order type which is the }ow temperature type due to SFAI order and Na-Ca

order. Thei`e are, however, some descrlptions of plagioclases with intermediate

optics in natural rocks, and further examples of plagioclases with disordered

characters even in plutonic rocks were described (KANo, l9SS;SLEMMoNS et

al., l962, URuNo, 1963; MuRAKAMi, 1963; KiM, TsucHiyA and SAKo,
l967; HuNAHAsm, KiM, OHTA aiid TsucHiyA, 1968). Il]he writer has taken

up the problem as a mean to reveal the formatioR condition of the Tenryukyo

gl"alllte.

   When the optical orientation of plagioclase is projected into the KAADEN's

diagram and compared to the high and Iow estimation curves of plagioc}ases,

the projections can be tentatively classified into three grot}ps; orderecl type

transitional type and disordered type respectively. rlrhose threegroups can be

recognized with a certain ratio (O:T:D ratio) even in one thin section. The

method was previously mentioned in detail (TsucmyA, 1965). The O:T:D
ratio is correlative to approximately the orclering degree.

   On the other hancl, the ordering degree can be represented in aiiother way.

The method of "ordering index" was originally proposed by SLEMMoNs

(1962). He defined the high and low estimation curves of plagioclases as

ordering index = O and ordering index = 100 respectively, and estimated the

ordering index in each grain. This method, according to him, has good accuracy

compared to X-ray and 2V methocls (mean devjation of indices from X-ray and

2V methods is lO for compositional raiige from Ab to An7o ).

   The two methods, O:T:D ratio and orclering index have been used in

combination within this paper. The estimation diagram of orclering index,

however, has been rewritten because the SLEMMoNs's diagram differs from

that drawn on the basis of the KAADEN's diagram.

1. 0:T:Dratio
   The O:T:D ratios of eacli Iithofacies is illustrated in Figt}re 5, aRd the

synoptic diagram of them is shown in Figure 6. In every lithofacies, except for

the agmatite, tlae core always shows more ordered character compared to the

mantle. The fact was also recognized in the Kisokoma granodiorite as weil as in

the Ainuma-nai Tertiary holocrystalline rock and in the Hidaka gabbros (KiM,

l964; TsucmyA, 1965; KiM, TsucmyA and SAKo, l967). Therefore it is

considered as a common nature among igneous rocks. Although the O:T:D

ratio in the agmatite has intense disordered character and deviates from tliose

of the other lithofacies, the ratios of the other lithofacies inake a continuous
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Fig.6. Summarized diagram showing the O:T:D ratios of plagioclases from the whole
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      1. Agmatite, 2. Nebulite, 3. Granitic migmatite, 4. Gneissose granite I, 5.
      Gneissose granite II, 6. Coarse hornblende biotite granite, 7. Sillimanite biotite

      gneiss (Otagiri region).

series of disordering from the nebulite to the granitic migmatlte, the gneissose

granite I, the gneissose granite II and further to the coarse hornblende biotite

granite successively. Especially the h`ansition of ratios from the granitic

migmatite to the gneissose granite I and from the gneissose granite II to the

coarse hornblencle biotite granite proves successive transition of three i'riajor

suites in field occurrences combined with the result of examination of An

contents in previous section. To examine the figures more ifi detail, however,

tl/iere is no continuot}s transition between the agmatite tmd the nebulite, whose

thin sections represent palaeosomeand neosome prepared from the same

exposure. But a continuous transition is recognizable between the sillimanite

banded gneiss and the nebulite (Fig. 6). Il'he foriner specimen was brought from

tlie Otagiri area ([l]sucmyA, 1966). Therefore, abnorinally disordered state of

the agmatite is regarded as an unstable step of the process of migmatization.

The gneissose granite II is the rock with the most intensely disordered

plagioclases whose O:T:D ratio of the mantle is plotted almost in the field of

the Tertiary holocrystalline rock (KiM, TsucmyA tmd SAKo, 1967). This
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intense disordering is due to potash feldspar blastase wliich characterizes the

gneissose granite II. Further discussion will be found in the next chapter.

2. 0rdering}ndex
   Ordering index in each litlaofacies is illustrated in interrelation with

An-content in Figure 7. The field of ordering indices betweeR 90-IOO shows

              Agmat/te a Nebulate b                        (coFer [cortl        I L/itlll;ww' l...1 / .Lj l.p /,"-., 1

        x. rt s. 1.t        l: xl', s-/Lh,is, .. /"71 -/- i        l'gl iElllitl,SI'--.'･ i l-:, L"ttL'c{-'/

        ILI,-,,tt-tJ. /l/ lvi rk,isU., ,--..i

        '. t' n sc y. 4 ., v ,t a E s .s .t .s s                ctete., 1" /s E.t-:L ...' C:.t:v U-U ll-]i Tt -in                       {mea-t) [na"ltt]        'l =P Lj , '･ t
:.L]
i
'
-
l
･
li -l

,..

L
/

 t/'

 :l

i' '1
"/1ii
: .･ll

i;]

･.l

 'l' r
'"t" -i'//

 IIi -

,i.l･

.:l

r. e,l
,
: Tl

 !"
 .l

･-1"nv

 '

 'TTi'fi L

/;. ¢i

.Yi
li'
s.j

"-i

 l:

 /:}

   Jr-1ql?ll].f

tt)･IR

CIi3' ptElli,l･:･:･¥{l

 i :; ":::::'

 ;

 i
 i

"   tt.'/=t, /E-l l]1 '. 't " -. he"

Gran"/[ m/gmq±,te C
           (cetel..nz'T.,: t. c"" ..,
 .tJL)L.r.-.J
 [-"
  .-.fAV=i'r･,I.J .- l
 c;f.sS..ftY, Li.fL vi-}･/, L-J'

.E':,eug-{f{w-il...-.L...,i

 tt m tt t' .'             't  Ctt,±.t /}t-il-l-!S4SL

 U--j'!-･

" -v
  L-.r/ fg" '9j'

       {"]if
   'r'll:=}'-)

          : rEri$s
  C4"!t-1 !:.te.7.11 1./S.eE=

Gne/ssese gren,±t ii e          kot-/ 'ff.': sg.1-Ii ' 1
 t'1  tL t ua-, 1 1,]}{ttC,l--..kCx.

 ,-. / //'?- ["'t;'

c-.itg,}. i
.!IZi:,t:l,: fu..pt'.r .,

 !t E M - .' " cc.)=.t::-.]sl-'SelL -.P.
          tpcnLlt]
 w..T L.m

Fig. 7.

 ' t)liiLj--'t'ild/,1/L,.;ti

;･ xl '). e'] i
:. "/, ,-JP ")
:Lli LSil.e i"
･;lsma k･-..,, L

i

IVi/t-.ki,Li,

  't i t'. ft C .=. .l tS        teA/tv -.1.}t i./S.OTx .-S.
Contoured
of plagioc}ases in each }ithofacies.

,l.

g
1
1
1
1
,
s;i/

:

z
t: 
e
l
,
,Q.r

,i 11 IE ts)   C:"/:tTT:."-S!-}1-t-

  Gne/ssose gtan,±e 1

IS " -.int}

   d

{e.t;., /] /: E!-lt t"-nlx

,/ti/'t' ff. IEi..ttt/,tr..,.".･,7V"

=it'irgt･'･,.,:i)

(manLEt}""

"mml
    l
[l I

tt" -]
')
tf tJ T: X   Cct'et/ /Ot

CoaTse hb b/o yon,le

 .s- -n e7s e .s -LY

     f
  Ecattl

ji･-V-:/7LYybo
l .i    LfLt ILf'';1
i･･ []i' qj･'
ik-,.[pt2,,illl･llil-,EL.)L,･,

'

'

M---    cv/ful/slltsbl=

j

li[6W[j,Lii,,,/i'/Si:,i

       .-J --ltl

.t7,--i'.4':.g`'' l/": ge'"'k"rrdi

        [et/c-l;]lei=

.. tt -. -      ..nt   /mqnt/tl
       1

diagrams showing the relation between ordering index and An content



206 T, "IrsucHIyA
tlae most high concentration in every histogram. And the next is concentration

in the field between O-10 except for the agmatite and nebulite. Some other

notable concentrations are seen in ordering indices of about 30, 50 and 70, jn

which those of 30 and 70 are more predominant. The existence of
concentration of ordering indices in the intermediate fields is iiewly obtained

information. Although the reiation of order-disorder has been presumed as

gradual transition, it is a problem for further discussions whether such

concentrations ought to be regarded as transitional steps of order-disorder

transition in this granite or as a commoR character in plagioclases.

   To examine the ordering IRdex in relation to An-contents, the ordering

indices of 90-IOO coincide with the main naodes of frequency curve of

An-content in every histogram. Those of O-10 in the cores coincide similarly

with the main modes, but those in the mantle consists of more albitic
compositions correspond to the side slopes of the frequency ctuves. The fact is

more obvious in the gneissose granite suite and the coarse hornblencle biotite

granite suite. Such relation in the mantles is more reinarkable in the Kisokoma

granodiorite examined previously (TsucHiyA, l96S). As to the facts in the

Kisokoma granodiorite, the writer concluded that the chemical coinposition of

plagioclases crystallized in later stage increased in albite molecule, and

disordered plagioclases crystallized mainly dL}e to rapid change of the

temperature resulted from the migration of the massif. In the Tenryukyo

granite, st}ch tendency is seen only in the mantles of the rocks performed iR

later stage. It may be assumed that the processes ofgranitlzation of the granite

were advanced without so rapid change of temperature as in the Kisokoma

granodiorite.

              IV. Some petrological and crystallographical

                     problems of plagioclases

   The distribution of An-content of plagioclases is already mentioned in

chapter III. The plagioclases, however, show wide range in the frequency

cL}rves, and subsidiary modes are seen in some of them. The evidences will be

examined more in detail in this chapter.

   When estimating the An-content of plagioclases on the basis of the

KAADEN's diagram, it is noted that the An estimation curve is more reliable in

the range from Ano to Aiiso;the error of measurement in this range is about±

l.5 An%. The An frequency histogram of the figures were therefore
reconstructecl on the basis of this reyised accuracy (Fig. 8).

   Main modes of the new histograms do not differ in composition from those

made by ± 2.5 An% unit. However, subsidiary modes appeared on the side of
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main mode even in those of normal disk'ibution in previous examiRation (Fig.

8-a, c£ Fig. 3-a). On the other hand, subsidlary modes become inore evident
in those of abnorma} distribution (Fig. 8-b, -c and -d, cf. Fig. 3-b, -c and

-d). It is possible to divide a chain of disk"ibutions of An-content in each new

histogram into more minor subgroup shows normal dlstribution. Those minor

subgroups are believed as constituent unit of An frequeAcy cui'ves. The mean

value of An content of those minor subgi'oups is i7, 20, 22-24, 27-28, 33, 37

and so forth in An%. The most of those values of AR content are also to be

seen in maBy other granltic rocks (Fig. IO).

   The concept of "degree of concei#ration" of the An frequency was

proposed previously by HuNAHAsHi, KiM, OHTA ancl TsucmyA (l968). The
degree of concentration can be calculated for each An frequeRcy curve, and the

sum of them has been plotted in histogram (Fig. 9). This histogram indicates

that the most frequently represented An contents are An23, Aii27, An33.

These An-contents having high frequency are quite common in previously

examined rocks both in p}utonic and metamorpliLic rocks, in spite of the

prest}med large differences in the rock forming condition (Fig. IO). It seems

probable, therefore, that the crystallographic factors determine the frequency

of occurrence of particular An-content rather than the formation condition.

rl]he analyzecl minor subgroup in the frequency histogram of ± l.5 An% unit
may be due to the existence of those crystallographic factors.

   The plagioclase series has recently been studied in great detail from the

crystallographic viewpoints, and the whole series based on the differences of

structures in the low temperature plagioclases (DEVoRE, l956; GAy, l962;

BRowN, l962; RiBBE, 1962;CRAwFoRD, 1966; DoMAN, CiNNAMoN and
BAitEy, 1965; BAMBAuER, CoRLETT, EBERHARD and ViswANATHAN, l967).
Some of An-contents showing high frequency in the histogram An23 , An33

and Anso can be correlated with the all crystallographic gaps presented until

now in the plagioclase series. This suggests again the crystallographic structure

plays a major role in determining the composition of plagioclases in natural

circumstances. However, actual relationship cannot yet been classified and

more detailed studies along these lines are necessary. The distribution of

An-contents in wide range is a common nature among previously studied

plutonic and metamorphic rocks, evei'i in a pluton type granite with

homogeneous appearance having been expected to possess constant chemical

composition. One excepti'onal case is that in Himalayan garnet gnejss examined

by KIM (HuNAHAsHI, KIM, OHTA and TsucHIyA, l968). Those hetero-
geneity in plagioclase compositjons must have been originated to a great extent

from crystallographic structure. It is qi.iit'e necessary to exaniine other

constituent niinerals as to their cheniical coniposition and other properties in

this way for a new style petrology and crystallography.



208

,ci
,oi

Agmatite

Ecore)

a

'I'. TsucHIYA

o
Ab 10 m

t''

l
'

,oi
 l

Nebulite

[[erpi

･ol

,,L
ts

/h.

n LO =.o

?o :o

;iErr,antle]

/o

eL

l
i
l
i

b

ii-v--l41,--

  tom

-/-

20

10

o

(mantie)

to 10 te 10
i'o

"= /- lo

Gnelssose granite I

ltore}

 ll--Ul-r--Lt

- LO E.:

N

TO

o
t
h

-tt

10

70

Granitic

([ofe)

migmatite

oth

le

10

o

"-

ro

lo 20

fmantlei

10

Gneissose

{co{el

lo

granite 11

"

LO

ilinilli-

 Lfi fu

llkuhave

]o op m

litiklh.-m

ID LO SS

c

e

,o

i
'

:
Lto
"'l
10{

  10 10

in    !o

tmantle)

10

(mantlei

i

I.Lt, "is.mu

,I/l･

l
10

10

le k"".LO sw

Coarse hb-bio-granite

{[ore)

m

,L.,..
"ta !o

111';

   tmantle]

c
t
o

Fig. 8.

10

m

su   k.LO IO

2e "  ,-tLO =.O

                                    /:.
                                               '

 llR o:t-- .. st{iU r....+,.
    ro lo Lo Go m ,D le ]o ec･ se
An frequency histograms of plagioc}ases from each lithofacies with unit range

1.5%An instead of ± 2.5%An as used in the previous diagrams (cf. Figure 3).

d

f

±



STUDY OF THE TENRYUKYO GRANITE 209

6
.

5,O

4.0

3,O

2.0

1.0

     o
     Ab

Fig. 9.

         10 20
Diagram representing the high

lithofacies of the Tenryukyo
composition is the sL!m of the

at this point.

    30 40
frequency occurence of

 granite. The height of

"degree of concentration

     50 60
piagioclasses in the whole

the histogram at a given
" of all curves with a mode

  IS1
)

  10

s

:

1

HiDAKA
(c.w

Ab 10 ?O 30 40

2) s

o

50 60 70
  HIOAKA

GABBRO (4s64}
    (CWKIM, 1962-1967)

BO 90 An

GRANITE (ges)
    {CWKIM.1967}

3)

A,b

5

   o
4) i9

  i7

   2
   o

50

HIDA GNEiSS

 An

   (8441
CY.OHIA}

Ab

I !

50

HIDA GRANiTE

An

   (450)
(Y OHIA)

5}

Ab

6

4

?

o

-SO An  KISOKOMAGRANITE (2.e6o)
            (T.;SUCH[YA.1967)

Fig.

                 Ab le 20 30 40 50 60 70 80 9Q An

             6) Ab 222733 4]47soss76?6g7 is AnTYoNoAoH6A}SS{ietai

             7) Artt3 4wwtos76smat Bos3 AnD[VOR[･i95e
             8> Arl"to 06-t A".DOMANetai,19S5
             9) Artht 4Bse te' ''A-.gANBAUERetalJg67

IO. Diagram representing the high frequency occurrence of plagioclases of certain

   composition in several kinds of plutonic and metamorphic rocks and their
   correlation with crystallographic results (after Hunahashi, Kim, Ohta and Tsuchiya,

    1968).



21.0 T. TsucHIyA

   Although the phenoinenon of order--disorder transition in feldspar has been

known for four decades (BARTH, l934), the studies from crystallographic view

points are now under the way. Therefore, the whole aspects and the factors

which wM control tlie ordering degree have many things to be solved. It is said,

however, the main factor to determine ordering degree is temperature(BuERGER,

l948). The interpretation has derived froin the evidences that synthetic

plagioclases had disordered character in early days of experiments and ordered

one turn to disordered state by heat treatment. Then, it has been believed that

under high temperature disordered plagioclases are formed and vice versa. But

the temperature, as a main factor, needs to be considered more strictly,

because, for example, ordered plagioclases were synthesized in the recent

expenments.

T

           t
           i           tl           lt        MI i
He?l/$sulli.i;:itw?.,x,i`:<

T

!
/

Fig. I1 . O:T:D ratio diagram summarized briefly from different kinds of igneous and
 metamorphic rocks from Hokkaido and tlte Ryoke metamorphic belt,

 M .... gneiss migmatite series

 G .... granite series

 T . . . . Tertiary holocrystalline rock series

 H ,... Himalayan schist and gneiss series

 The superposed dotts are the O:T:D ratios pf the Tenryukyo granite, The data of

 this diagram are obtained by Kim and Tsuchiya.
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   The writer believes that the rate of temperature to bring a crystallized

plagioclase at normal temperature will control its ordering degree. If a rock

forined under rapid decrease of temperature, constituent plagioclases may show

disordered character and vice yersa. The facts that the plagioclases formed in

later stage show more disordered state and the mantle takes more disordered

ratio than that of the core in every lithofacies except for the agmatite, can be

explained reasonably by the above-mentioned interpretation. The littleness of

variation of ratios from the core to the mantle of the Tenryukyo granite except

for the gneissose granite II, compared to the other granitic rocks, may indicate

the tenaperature did not decrease so rapidly.

   The summarized diagraM for the variation of O:T:D: ratio estimated by

KiM and the writer is illustrated in Figure ll superposing the ratios in the

results of this paper. The plotted positions of them can be grouped in

accordance with the origin and rock species; namely gneiss-migmatete series,

granite series and the Tertiary holocrystalline rock series. Some noteworthy

specimens, polymetamorphosed Himalayan schist qnd gneiss examined by
KiM (unpublished) are plotted along the O-T side field in the diagram. It is a

problein for further consideration. Though grouping and interpretation of the

projections on the diagram are unsettled, some successive relationships may be

recognizable in it.

   The projections of the Tenryukyo granite are chained as a successive series

in the field of the granite series, and the most dis.ordered projection attains the

field of the Tertiary liolocrystalline ro'ck series.

   Whether the most ordered projection continues to the gneiss-migmatite

series or the polymetamorphosed rock series is a problem for further
discL}ssion.

                    V. Summary aRd coi}clusion

   The Tenryukyo granite was formed in the early phase of the Ryoke
plutonism as a synkinematic granite. The variation of lithofacies from

migmatite to coarse hornblende biotite granite shows itself the course of

granitization. Most part of the massif has been suffered intense effects of

potash feldspar blastase after the formation of original granite. Texture of the

original granite was altered and metasomatic recrystallization of feldspars was

carried on. There reconstruction and recrystallization have resulted in the

formation of characteristic feature of potash feldspar porphyritic granite with

intense gneissose structure of the Tenryukyo granite. Although 'detailed

investigation on this problem will be mentioned in another paper, the

reconstruction ought to be considered from its intensity and its scale as a new
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,granitization. Il]he potash fe}dspar blastase is consiClered as the product of

tpotassit}m metasomatism yielded through its process.

   On the other hand, plagioclases in the Tenryukyo granite exhil:)it a wide

range of coirtpositiona} distrjbution in each lithofacies. Even within one thin

section the co-existing plagioclases have An-content ranging from Anio to

An4s･ This distribution is not arbitrary, but has a definite mode of An

frequency within its distribution raRge. The variation ofAn-contents ofmodes

among lithofacies is Rot so remarkable, but minor differences, the variation of

subsidiary modes, can be tracecl in the sequence of lithofacies formation. That

is, some subsidiary modes may be seen in the An frequency cuirves of the

granitic migmatites and the gneissose granites. They signify a sensitlve

jndication of the beginning of a new trend, the formation of new lithofacies.

   An-contents of modes and subsidiary inodes are summarized in the
histogram of "degree of concentration". The histogram indicates the following

compositions of plagioclases have been crystallized more readily than others in

the granite; An23 , An27 and An33 . These concentrated compositions coincide

with those of previoL}sly estimated plutonic and metamorphic rocks; 22, 27,

33, 43, SO, 55, 62, and 78 in An%(HuNAHAsHi, KIM, OHTA and TsuCHIyA,

1968). Soine of these An values inay be correlated to the discontinuous poiBts

of crystallographic properties of plagioclase series.

   Detailed aRalysis of each frequency cuirve indicates that the curve is

consisted of a number of minor subgroups of plagioclase, each of which shows

itself normal distribution curve. The inode of this new curve coincides with

mode or subsidiary modes of the original frequency curve which is in fact a

composite curve. Then, these sub,groups ought to be regarded as being

controlled by crystallographic properties of p}agioclases. Therefore, the nature

of plagioclases under natural circunastances, the variation of An-content anci

co-existence of different composition in one litlriologic unit, may also be

concluded as due to their crystallographic properties.

   The O:T:D ratio involves iil itself soine unsettled problems, because the

crystallographic aspects of order-disorder state have been investigated on a

full--scale since only before the last decade. However, it is evident among

lithofacies of the [Irenryukyo granite that the ordering degree of plagioclases

varies in decreasing disordered ratio in order to the sequence of lithofacies

formation. The evidence ls quite identical with those of the Kisokoma

granodiorite and the Ainuma-nai Tertiary holocrystalline rock. If, as the most

crystallographers be}ieve, a disordered plagioclase was crystallized at high

temperature, tlae evidences should indicate that the temperature in these

granites had iRcreased in later stage of crystallization. But this coilclusion

contradicts to geological evidences. The writer believes that the ordei"ing degree
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is controlled mainly by cooling rate of temperature.

   [lrherefore, the concerned fact in the Tenryukyo granite tells that the

coollng rate of temperature must have been more great in the formations of

rocks in later phase than in early phase. Ancl the small variation of its ratios

compared to those of the Kisokoma gradoniorite and the AiRuma-nai Tertiary

holocrystalline rock may indicate that the cooling rate of teniperature not so

rapid as in the others.

   Notably disordered ratios of plagioclases in the gneissose granite II,

especially in their mantles, have been caused by potash feldspar blastase.

Existence of soine convergent projectioRs in about ordering inclices of 30, 50

and 70 is newly presented. It is a prol)}em for further discussion whether the

order-disorder trai3sition ln plagioclase series is gradual as has been so believed,

or some readiiy converged points exist in intermediate indices.

   The writer believes that a rock is formed as a mixed product of inaterials

reacting under variable physico-chemical conditions, in opposition to the

current view that a rock is the product of a certain chemical equilibrium

established Lmder constant physico-chemical conclitions. Revealed hetero-

geneity of plagioclases may support the writer's opinion.

   Statistical methods have been used to determiRe the factors primarily

responsible for the heterogeneity of p}agioclases. That the differences in

relative stability of the various plagioclase compositions resulted from

crystallographic discontinuities or abrupt change in the properties of plagio-

clase series seems to be the most important factor.

   Precise knowledge for other rock-forming minerals is needed for defining

the factors responsible for rock-forming process.
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