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                                 Abstract

   From the south to north in Central Shikoku, the rock facies of basic composition

changes successiveiy from the weakly metamorphosed basic rocks, through the
greenschists (partly glaucophane schists) and the spotted hornblende schists, up to

the amphibolites of various subfacies. The rock facies or the mineral assemblage
changes more or less also xxrithin a single layer of the basic metamorphic rocks. The

development of every facies and, in addition, the growth of minerals are largely
dependent on the geologica] s'tructures of both regional and local scale.

   Chemical analyses of the basic metamorphic rocks of the various facies, which
develop throughout the region, yielded the following general results :

   (1) Tendencies in the fluctuation of the chemical composition of the metamo-
rphic rocks are not uniform and are different from those recognized in the ordinary
igneous processes and hydrothermalism. The degree of the fluctuation of the che-
mical composition within a certain area is more or }ess different from those for the
basic igneous rocks.

(2) With the progressive change in the rock facies, as stated above, the contents of
I{20, COb FeO, Fe203 and Ti02 decrease and those of CaO and Al203 increase. The
contents of Si02, MgO, ATa20, K20 and MnO are almost independent of the grade of
met.amorphism.
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(3) Occurrence of the several special minerals in the basic metamorphic rocks is
largely controlled by the bulk chemical composition of the rock and also by the
degree of fluctuation in the concentration of the special chemical components within
the area in which these minerals distribute.

                                Preface

   BehaxJ•iour of a certain material, a chemical component in the present'
paper, in the metamorphic environment is depenclent on a ntimber of factors
controlling the playsical and the chemiccftl property of ixtinerals. Investigatlon

of the relationships between these 'factors ancl the metamorphic phenomena m.fty

be one of the most fundamental works for petrologists. From the geochemical
stanclpoint, however, on which the migration and the distribution of cheitiical

components can be directl.y treated as the inore lnaportant inatters, it will be

permitted to cliscuss about the metamorphism in clirect connection with the
niobility, the affinity or the activity of cheniical coi/nponents. Froni such a
standpoint, several relationships between the local tectonic phenomena cftncl the

chemical composition ot' the Sanabagawa metamorphic rocks in the Besshi district

have been ascertained and summarized mainly in Part I.
   In Part II, several significant geochemical informations, which have been
obtained through the investigations froni niore general and r-egional xiiewpoint,

will be describecl. For the stati.stical treatment of the cliemical clata, various

possible methods may be prox,-icled in response to the purpose of study.
I{owever, the methods introduced into the present sttidy shall be so devjsed
as to suit the convenience of solving the problems on the metamorphic condition,
especially on the migration of mater'ials.

   For the convenience of the statistical stuci>,', the chemical data on the basic

metamorphic rocks w'hich predominate in the amount of the data are grouped
according to the general division of the regtonal geology, from north to soi'ith,

as fol]ows: (see Fig.1,PartI)

  (I) Amphibolite proper in the T6naru formations.
  (g) Spotted hornblende schists in 'the TOnaru tiormations.

  (]III) Common greenschists and glaucophane schists comprised in the Besshi
       and tlie Hiura formcations.

  (IV) XVeakly matamorphosed baslc rocks-relict minerals are common -
       comprisecl in the IVIikabu system, the Chlchibu palaeozoic formations
       ancl other younger tbrmations.
    Vein-{;orming greenschists of' the cupriferous pyritic ore deposits anci
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hydrotherinaliy altered greenschists are groupecl into other divisions respectively.

   ?iVIore crit'ica] ancl coRiprelaensive exniination t'oi' the inetainorphic condition,

refering to the experimental results both on tlae physico-chemical stability o'f

niinerals ancl on the fugacity of n]aterials, will be successively publishecl in

other series of papers.

   Correlation of the geochemical char-acteristics for the Sambagcft"ia system
ivith those of other clistricts all over the world, tiroin which several interesting

facts confirming' the results of the present study have been obtained, is
expectecl to be written uncler the another title ln the near future. Biita few
results of such a study, e.g., geochemacal tyencls represented in the Al203 -
FeO • CaO - H20 • C02 triangle are cited for reference.

   The numerjcal values ancl most variation diag-rams, which should be refered
to, but are omittecl from the present pape]r ovving to the limitecl space, wi]l
be conapilecl in Part IV, the last paper on this serial study.

   The i•vords [`the grade of nietanaorphisin'' or ``nietaniorphic grade,'' which

are frequently used for the convenience in the present papers concern only to
such a successive change in the mineralogica] facies as accepted customar'ily,
ancl never to the static physical conditionsi, because the results of the present

stticly suggest that the successive change in the mineral assemblage depends
lcftrgely on the bu]k chemical composition of the rocks and does not always imply

the clifference in the physical conditions of metamorphism.

    Readers are particularly requested to make the correction for the Table 2
of Part I. The borcler-line bet"Jeen Ab. -spotted zone and Ab. -non-spottecl zone

ought to be clrawn between the Besshi ancl the HiLira fo;'naations.*

          Relationships of One Comaponent to tke Others in the
              Fluctuation of the Bulk Chemical Composition

    In the several variation diagrams in Part I, 'it can be seen that the
claei[iical con/}ponents of tlie rocks fluctuate in their contents, being ciependent

on or quite indepencient of one another. Such re]ations wi]l be 'recognized in

many• other variation diagrams which wlli be compiled in Part rv, though the
mocle of fluctuation varles case by case.

    It seems hard to find any regularity in these re]ationships from the meagre
anal>rtlca]. data, because the difference in both t'he amount and the combination

  i Th6''xlf6Fd''g"IA55I;'l'hE''colla'ili6ns'wiiil'su6'il' gioVlr''g';aEIIeAts of telll55ratur5 and

   pressure as caused by deep burial only.
  lj' The author is greatly indebted to Prof. H. YosmzAwA and Dr. T. U}cDtN for
   reading the manusciript..
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of the constituent nainerals in every inetamorph'lc rock sliouid intensify the
complexity in the l'`luctuation of its bu]k chemicai composition. Such a study as

substituting the bulk chemical composition for the bulk mineraiogical composition,

though it may be most desirab]e, is impossib]e under the present situation,
because determination of the chemical compositlon of respectixJ•e constituent
naineral, generaliy intermingled and fine-grained, is a laborious work.
Accordingly, with respect to the niuttuai relation between two components
selected arbitrarily 'in the compositional 'fluctuation which is expected to depencl

on the metamorphic condition, some attempts have been made to solve the
problern concerning the migration of materials.

    The fluctuation tenclencies which are recognized for each component in all
variation diagrams insertecl in the present serial are summarized as in Table 1.2

Tabie 2 is the summary of those observed in the several variation diagrams of
the typicai basic igneous rocks selected for the comparison.

    The correlations between tlie oxide-contents mainly of the baslc metamorplaic
rocks from the region are Mustrated in Figure 1 of Part III and Figure 8 of
Part IV.3 The general trends of the compositional variation for the basic rocks

from the region, which can be obtained from these correiation diag;'ams, are
added to Table 1, as NTo.23.
    From these tables and figures, the followings are possibly said as the
resuits:

  (i) Tendencies of the fiuctuation in the content of the chemical components
    for the basic nietainorphic rocks are not unifonp, ancl vcftry with the locality

    and the extension from wh'ich the rock samples were obtained, and also
    with the mineral assembiage of the samples.

  (ii) On the other hand, the tendencies for the basic igneous rocks, with a
    few exceptions, are comparatively constant and differ from any case of
    the basic metamorpliic rocks.

  Qii) Though it may be a matter of course, any of the tendencies for the
    basic metamorphic rocks cliffers from those for the pelitic schists and for
    the greenschists having been altered seconclarily by the Iatest hydrothernaal

    processes, (see Part M).

  (iv) Correlation of the H20-content with the content of other components
    such as FeO, CaO and Al203, is relatively distinct, as to the Sambagawa rocks.

  2 For investigation of the tendencies it is convenient to rearrange the colttmns
   sliced off from the variation diagrams.
  3 Most of the corfelation diagrams showing no i'egular tendency will appear
   collectively in Part IV, excepting the Na20-I<20 diagram.
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  (v) Throughottt the region, there is littie correlation between FeO ancl
    Fe203, though oxidation and reduction may have some signiflcances in the
    local clevelopment of the glaucophane schists as will be described in page 271.

  (vi) There is negative correiation as a whole between CaO and C02, but
    CaO, when it is higlier in tlae content, shox•vs a positive correlation with
    C02 as to the rocks belonging to the same stratig!-aphic horizon.
  (vii) The correlcation between CaO and C02 is generally positive in the shales,

    sandstones ancl phyllites froin the southerit clistrict, but it beconies rcftther

    negative ln the pelitic schists 'from tlie Besshi distrlct, (see also Fig. 7-J in
    Part IV).

  (viii) [L"here is a negative ancl clear correlation between Fe203- and lIgO-con-

    tent of the common greenschists, especialiy oti the glaucophane-bearing one,
     (see also page 270).

    These results seem to atrford the evidences negative for an interpretatioll

that development of the basic metamorphic rocks had proceeded in the closed
system, reflecting faithfully the bulk chemical compositlon of the original roclscs.

It may be possibly said that the Sambagawa metamorphic rocks had experienced
the aliocliemical changes within a certain extension in a rock-bocly, or, in other

Nvords, that the free migratien of some chemical components xvithin some exten-
sion in a single rock-body had taken place and destro.ved thelr initial distribution

to form the new geochemical tendencies. It will be readily assumed that hydration

and dehydration depending on the physical conclitions may be accompanied more
or less by the migration of other components and also by the soiution of calcite,

wlaich causes the escape of C02.
    The above interpretation wili be justified b.v othei- geochemlcal facts stated

in the succeeding cltapters.

            Degree of Fluctuation of the Chemical Composition

    Degyee of the t'luctuatlon in the chemical composition of the rock-samples

t'roni a single rock-bocly or froni the several rock-bodies of the sarne kincl iR a

certain arecft niay give an iinportant evidences to deterinine whether the niigra-

tion or the reclistribution of materials within a certain exteiision took place or

not during the metamorphism. Moreover, it will suggest the range in which
the chemical equilibria tmder a certain physical condition had beeR attained.

    For investigating these inatters, it shoulcl be first neccessary to cleteriiiine

critically (i) geneyal geolog• y ot' tlae vicinity, (2) extension ancl forin of 'the

rock-bod)yJ in question, (3) clistribution and concentration of the rock-forming



Geochemical Study of
 in the Besshi District

the Sambagawa Metamorphic System
, Central Shikoku, Japan. Part 'll

L)63

 No.

   i'

   2
   3
   4
   5
   6
   7
   8
   9
   IV
   11
   12
   13
   14
   15
   16
   17
   18
   19
   20
   21
   1?L2

   23
   24

rrab1e

   as

i
sio

 A
 A
 A
 A
 o
'?
 ?
 A
 '?

 A
 '?

 Q
 ?
 A
 A
 ?
 ?
 A
 ?
 A
 ?
 A
 A
 ?

2AIe03 FejOj FeO

Aa aa B?
 B cft

 BB Ba Aa ?B ")a
 o`? -- aa oo // -tAA ab abAAAA DO -- PE{ .

 aCA? a ;,)

AA ac)      .

MgOCaO Na20 K20

A
A
a

-' ?

A
A
?

B
i'?

`?

A
?

A
B
A
A
?

A
A
?
C.1

B
B
A

a

A
?

a

a

21

El

C?

A
B
A
?

a

A
B
a

p
.

p

a

B
?

a

b

a

a

A
a

a

b

?

a

a

a

b

B
A
a

A
a

B
a

?
.

a

c
B
a

El

A

A
A
B
A
B
B
21

?

?

?

?

B
a

B
b

?

a

A
a

B
c
?

?

?

?

?

?

?

B
?

?

?

A
'?

?
`?

?

?

Q

El

9
.

a

A
?

c

B
Cl

t?'

H,0 CO, ""
iNTI,'lll55;g'

oi Sg.m. ?ie

A
a

El

b

?

?

?

?
c?

A
a

b
C?,

a

A
A
A
a

A
a

A
b

A
a

a

a

a

a

?

?

?

b

?

b

b

A
a

o
'

a

B
a

a

A
?

B
À
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  1. iN,IL!tual relatlons chemical components in variation of
  to the various rocks Centr"al Shikoku. The components the
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differenL letters, e.g., and C, vary independen'bly of each othet". com-
ponents marked by the le'tters vary with the tendency reverse the
components marked by large Ietters. A question-mark inclicates
or that number of the exception are more than a quarter of the total of
the samples. LXTotations the diagrams, for example, 'rV-7-F the
diagram (F) in l?igure Part rv. nk:Closely spaced samples.
 1. sp. I-Ib. - S, Tbnaru- general trend in the folded structures.
 2. sp. Hb. -- S, T6naru-F. & greenschist of Besshi-F.; general trend in the
  sheared structures.
 3• spJ EpJ Q. C. I'Ib. -S,TOnaru-F.; in a rock-- body; Loc., Uchiyoke, N/iihama.
 4. sp. Ep. C. Imlb. - S, Tonaru--I?.; t.hroughout three rock-bodies; Loc., Otoshi,
  Niihama.

""""'''''''''"" i""'l''6ff" '
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   5. Amphibolites of the various subfacies, TOnayu-I/".; in a rock-body; Loc.,
     T6naru, Niihama.
   6. sp. Hb. - S with the various mineral assemblages, TOnaru-F.; in a rock-body;
     Loc., 23L, cx--cut, Shirataki Mine.
   7. sp. Mtts. C. }{{b. -- S, T6naru-F.; within a smaU area in a rock-body; Loc,,
     23L cx-cut, Shirataki Mine.
   8. do.
   9. Greeiischists with the various mlneyal assemblages, Besshi-F. & Yliura-F.;
     throughout several rock-bodies; Loc. aiong the Otoshi-Kiyotaki route.
   10. Greenschists of the various subfacies, excluding Gl.-rich one, Besshi-l-".;
     aiong the greenschist on the Yokei-Hor.; Loc. near the Besshi Mine.
   11. Act.Ab. Ep.Q. Cc•C.-S, adjacent to the Hiura ore-horizon, Hiura-F; within a
     small area in a rock-body; Loc., 14L, Fw. cx-cut, Besshi Mine.
   12. Greenschists with the various mineral a$semblages, Besshi-F & Hiura-F.;
     thro'ttghout several rock-bodies; Loc., along the Tai-Shirataki route.
   I3. Ab. Q. Cc. Ep. C. - S, 1{iura-F.; within a smal} area i'n a rock-body; Loci,
     22L, 'F, w. cx-cut, Besshi Mine.
   14. So--caHed Mikabu green rock (rnetagabbro ?), Mikabu system; throughout a
     rock-body; Loc., aloRg Osugi-Kochi route.
   15, Weakly metamorphosed basic rocks, upper palaeozoic formations; throughout
     several rock-bodies; Loc., along Osugi-Kochi route.
   16. Ab. Se Cc. Ep. Act.C. - S, vein-forming greenschists, Besshi-F.; throughout
     the ore-body; Loc., Besshi Mine.
   17. Cp. Py. Q. C-S, poorly disseminated banded ore (SK), Besshi-F.; throughout
     the ore-body; Loc., Besshi Mine.
   18. Se. Cc. - rich greenschists altered hydrothermally at the latest stage, Besshi-F•
     & Hiura-E; throughout the several cases at shallower depth; Loc., Besshi Mine.
   1.9. do., in the deepet' levels; Loc., 2L)L, 23L & 26L, Besshi dvt{ine.

   20. Black schists of the various kinds, Sambagawa system; throughout many
     rock-bodies; Loc., several parts of the Besshi district.
   21. Shales, sandstones and phyllites, Mikabu system and other non-rnetamorphic
     formations; throughout many rock-bodies; Loc., Kochi prefecture.
   22. sp. Cc. Se. Q. G. - S, Besshi-F.; within a small area in a rock-body; Loc.,
     22L, Hw. cx-cut, Besshi Mine.
   23. General trends foy the basic metamorphlc rocks of the Central Shikoku;
     obtained from the con'elation diagyams (Fig. I, Part II[)•
   24. General trends for the basic rnetamorphic rocks, in relation to the successive
     facies change on a regional scale; obtained from the frequency distribution
     diagrarns (Fig. 3, Part l[).

n}ineyals, (4•) propey san'ip!ing IRterval and (5) the sinallest an'iount of a saniple

representing a certai'n lot. Such preliiniRar}J inxrestigations, howevei-, are too

Iaborlous to be made.
    X,Xfith t'he view stated aboxre. severai tentative stuclies have been carried out,

conceriting the basic nietai:tiorphic rocks of the Central Shikoku.

   The degree of flttctuation of a chernical content within a certain area
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 3.

 4.

5.

 6.

 7.
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IO,

il.

12.
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14.

15.

I6.

17.

2. Tendencies of fluctuation for the chemical Åëomponents of basic igneous rocks
 (Si02 42--57 in wtO26). iNiotations are the same with those in Table 'i.

Deccan basalts, after MLxsi-mxrG"ro"7 (19!tL2).

Oregon basalts, after JL7VAsmixTcu'o,xT (1{17LL?).

Palisade diabase sills, after Wtw/,KER (19.40)•

Mount X?Vellington diabase silis, Tasmania, after EDwARDs (1942)J
01iv!ne basalts and oceanites of Samoa, aftet" ltlAcDoLNTA.[iD (1944).

Basanitoid lava of Tahiti, after' WMiams, }II. (I9.33), from TuFiLNTitR and
VERi•{eoGEN (1951).

Volcanic rocks of the Cascade province, do.
Lava of LNtlt. Fuji, after rl'suyA (1937), •- from I"rAsAs<x (19tl8).

Muroto gabbro, Shikoku, after YosHizAwA (l954).
do., coarse--grained part, closely spaced three samples, T,xKuBo, analyst.
do., fine--grained part, closely spaced three samples TAKuBe, analyst.
do., from the center to the margin of the rock-body, T2u<uBo, analyst.
Volcanic yocks of Japan, after lwAsAKi (1948), p. 155, Fig. IL).
General trends fyom gabbro to diorite, after the DALy's averages (1933)•
General trendsfrom basalt to andesite, do.
Spilite association, aftet' S,spt'Dius (l93e).

Autometamorphosed basa}tic diabases of the Central Kyttsyu, Japan, after .ix,Iu'rA
(l957).
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Table 3.

i SiO, Al,.0, Fe203 FeO MgO CaONaoO K,0 Itl ,,0

1. 1
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1.5
1. 1

1.0
l. 1

L2
1,0
1. 1

1.1
1. 1

1.3

1.3
I. .L

1"he

1.1

1.6
3.9

1.7
1. 1

l. 1

1.6

1.2

1.2

l.1

1.9

2,2
2. 8

2. 1

2. 1

1,5

3.5
3, 8

l. 1
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3. 2

1. tl

1.4

1.2

2.9
6. tj

5. 1

4. 6

1.2

L9
9.0
3. 8

1. 1

I. Lt

1.4

1.2

1.6

1.4

1.3
3. 8

L). 1

1.9

1.2

I.5
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2. 8

1.8

l.4
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1.3

I.4
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3. 8

L7. 4
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1.3
1.7
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i.9
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1.2
1. L)

1.3

1.6
4. 1

2. 5

5. 1

1.6
1.9

6. I

1.9

1.3

L4
2.1

1.3
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1.2

L7
5.7
2. 1

2a2

 1.5
10. 0

4.0

7.0
 1.2

 2.1
17. 8

 1.5
 5. 8

 2.7
 2. 7

 5,0
 8. 4

 oo

1.4
1. 9.

3.6
1. 9.

Ll
1.2
.1.5

1. 1

Ll
1.2

2.2

2.1
2.0
1. 9.

      values for a'IP', an indicator for degree of fluctuation in
coinposition in a certain area, for the basic metamorphic rocks (SiO
570/o in weighO from the Central Shikoku.
 The remarks on sNios. 3, 4, 5, are the same as iR Table 1 respectively.
A: Spotted hornblende schists of the T6naru formations. B: Gyeenschists of
the Besshi and the Hiura forma"t'ions. C: Green rocks of t'Ae zones of lower
metamorphic grade, ex. cluding non-metamorphosed rocks.
*: Variation in a small area in a rock-body.
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     The
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L
(1922). 3.
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1.8
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1. I

1.3
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1.0

I.6

1.3

2.0
3. 4

2.7
3. 0

2.8
3. 2

1.5

L6
2. 3

2.8

         values for cz l eJ, basic
       payt of the world.
   Deccan basalts, after WAs}iii\'Gfro.xt (191)L2).

          Palisade diabase, afterWixbKa•R
XVAsi,riNe'ra.tv' (1917). 5. Basaltic lava,

gabbro, throughout the rock-body, after
area in the coarse--grained part, ll"AicuBn

the fine-grained part, TAi{u,3o, anaiyst.
iO. Average values from Nio. 1 to .NTo.

1.5

1.5

1.5

1.6

!.5

1.9

1.5

l.I

1.9

L6

IX,IgO CaO IXia20 K20 }{[20 C02

 2.1 1.5 2.e 4,3 4.4 L).
 3. L) 1.5 L5 3. 9. 9.0 ?
 5.2 1.5 2.7 3.0 1.7 ?
 3.1 L4 2.0 3.0 4.0 •l
 1.6 1.e L2 l.5 2.5 -2
 3.5 l.6 2.1 3.2 L9 •,J
 L).9 1.2 1.2 l.6 1.7 1.8
 1.3 1.l l.3 L5 L2 3.1
 3.5 1.6 2.3 3.2 2.5 ?
 3.2 1.4 2.0 3.2 3.7 •?
    igneous rocks (.Si02 4L?-57 in wt. %o) fyom

          2. Oregon basalts, after XVtsst{its'G'roN

       (1940). 4. Basaltic lava, Itlawaii, from
    "iit. F-+uji, after Iwjss.w<'t' (l9. 48). (ll. Iiiuroto

     Yosi-f[z}"vA (195tl). 7. do., within a sniall
   ", analyst. 8. do., within a small area in
        [. do., throughout N,o. 7 and ATo. 8.
   9 excluding No. 7 and iNio. 8.
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 2. Diagrams showing the values for
crlB of chemical components for the
basic metamorphic roci<s from every
zone in the Centyal Shil{oku. Broken
lines with chemical svmebols indicate
the average values for the basic igneous

rocks (see No. 10, Table 4).

( ]) T6naru amphibolite-body, (from No.

   5 in Table 3).
('li) Spotted hor'nblende schists of the

   Tbnaru formation$, (from A in
   Table 3).
(IIII) Greenschists of the Besshi and the

   I-Iiura formations, (from B in Table

   3).
( A. i) Green rocks of the ] /I ikabu system

   and other non-metamorphic form-
   at,ions, (frQm C in Table 3).

approximatei.x.J regardecl as a ratio of the maxjmum content

            of a chemicai component in ca group of
     collected from that area. Such an approximation
       group of the rock-bodies which haxJe the same
          the sanie structural situation on a regional

           the ratio a'/S as to tlae basic metamorphic
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           I. The clata on the rocks x•vhicli are estiniated

       post-metamorphic chemiccai processes, are omittecl

           a chiorite-rich and a sericite-rich part in the

          'tlae reference, the values 'for a'/B of severa]

        summarized in Table 4. Average value for evei'y
       Table 3, as A, B and C, ancl is illustrated graphi-

            and figures do not coniplete].v satisfy the
           Above all paucity of the samp]es is so fatal
          problems pi-oposed above shouicl be ,avoided.
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The foliowing facts, however, inay be recognizeci at least, with regard to the
degree of fluctuation for the basic inetaniorph'ic rocks:

  (i) Though it may be a matter ot' course, as to the basic metamorplaic
   rocks, the value for cxiB of every coiiiponent fluctua'tes witli tlie interval

   and the area of sainpling and with the niineral asseinblage. X,Vhereas, 'the vakie

   i'or the basic igneous yocks is in geiieral relatively constant for every
   component except H20, thougli most of the igneous rock-scamples may have
   been collected at a cl}stant inter-val cftnC! fron} tlie niutually sepai'ated rock-

   bodles. In this case cftlso the fiuctuatioR ln a small area tends to become weakei-,

   as recognlzed in the case of the iVItiroto Gabbro,(see No.7 and Nio.8 kiTable4).

  (ii) As for the basic iztietamorphic rocks, the xralues for I+I20 and l/IgO are

   gene!raliy sinaller and the value for I<20 is ]arger than ln the cases of the

   basic igneous rocks.

  (iii) As shown ln Figure 2, with s'ticcessive increase of t'he inetanio]rphic grade

   wh3ch can be recognized throtigh the progressix•'e change of 'the mineral
   assemblage in the basic metamorphic rocks, the value for ev/B of every
   coinponeRt except CaO, .Al203 and Fte03, v•aries sho"iing a i"egular and

   continuous tendency.
  (lv) Since fluctuation of the cheniical xralue is expected to refiect the
   difference iB the mineralogical composition of the analyzecl rock-sample,
   there must be some i"elations between the av/S-values and the minercil
   assemblage characterizing each zone or formations. In fact, local ancl
   cleviatecl enricliment of the albite-porphylob]ast, glaucophanitic amphiboies

   and some kinds of aiihydi"ous silicate nainei"als, all of which are regardeci

   as the andicator minerals for the gracle of metamorphism in the reglon, can
   be attributed also to the degree of fluctuation as wi]1 be explained. in the

   next chapter (see page 270).
   Various interpretations are possible for the above i-esu]ts. Some resuits
may possibly suggest that the chemicai heterogeneity of a basic metamorphic
rock had been intensified through the migration of seveyal chemical components,

vvhich went on along the physi.cal aRd the chemical concentration gradient diiring

the Sainbagawa Rietanaorphisni.

   For reaching a rigid conclusion concerning the problem statecl at the biginRing

of this chapter, further and systematic investigations should be neccessary.4

 4 The ratio alP for 5 component can be regarded as an indicator for the mobiiity,

  activity or affinity of that component, as well as for the chemical heterogeneit.y
  of a rock. It is interestingto compare the order of the degree of fluctuation,which
  can be readily obtained from Table 3, to the mobility series established by
  KoRzFi'i'.LxTsT<y (.1948) foy t.he opened syst.em under the higher heat effecL
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   Relationships betweeR the Mineral Association and the Bulk Chemical
   Compostion of the Basic Metamorphic Rocks, mainly concerning the
   Incompatibi!ity of Glaucophanitic Amphiboles witk Porphyloblastic Albite

   SuzvKI (1930) studiecl the relation between the mineral assemblage ancl tlie
bulk chemical composition of the Sambagawa metamorphic rocks and conc]'tided
that the cheinical coinposition of each rock is characteristic for its niineral
assemblage. Similar resuit has been obtained. 'f'rom the present stucly.

   Chemical peculiarj.ties of the basic metamorphic rocks contcaining a characte-

ristic m'ineral are noticecl in many of the variation ancl the correlation diagirams.

These pecullarities are summarized as shown in Table 5.5 It shoulcl be noted
that the chemical components suggesting tlie em'ichn3ent of a certain mineral
do not necessarily coincide with those composing that mineral. Owing to the
limitecl space, discussion on the above problem will concern oniy to the occum--

ence of glcftucophane and albite in the basic metamorphic rocks. Both minera]s

have been frequeRtly discussed by' inany authors. Their petrological and
geochemical characteristics are summarized as follows:

  (i) Glaucophanitic ainpliiboles in the basic schists occur as the niineral
   characteristlc for the reiativeiy Iow-grade zone, (see Table 2 in Part I).
   They form remcarkable banded structures together with a]1 or some of the
   ininerals such as epiclote, chlorite,quartz,white inicas,albate, specularite,etc.

  (ii) XVhereas, an albite-porpliy]oblcftst increases in both its amou.n't and
   grain-size, wi'th general 'increase of the grade of metamorphjsm or with
   deve]opment of the prominent poli-axial folding in the upper formations. In
   general, it tends to be rich in the massive rocks cat the crestal partof fo]ds

   of the various forms, (see page 65, Part I).

  Gii) Inco}npatibility of glaucopliaiititic aniiphiboles with albite-porpl:t)yrloblasts,

   both on a regional and on such ca sinall scale as being i"estricted N•vithin a

   single Iayer of the coinpositionai banding, is also ascertained by the statistical

   stucly on the basic schists bearing a]bite ancl glaucophane, f'roni every par't

   of the world, eniimerating the sevei"al tens of the samples from the Sambag'awa

   system, (see Figure 9 in Part IV).

  (iv) The contents of K20, F203 cftnd AI203 in the basic schists are also
    important factors to control the relatlve amounts of glaucophane and albite,
   as shown in the A1203-Fe203- and the Na20-K20-diagram in Figure 1. The

 5 The anomaly of the chemical composition, which suggests the higher concent-
  ration of amphiboles in a rock-sample, is hardly found as to the basic rocks of
  all format/ions. This probably suggests that the chemical composition of amphi-
  boles v-a}'ies in a wide range, clepe'nding lipon t'he grade of metamorphism.
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   greenschists enriched in chlorite ancl epiclote are piottecl in the intermediate

   area between the rocks enriched in glaucophaiie and in the porphyloblastic
   albite, as shown in the AI203-Fe203 diagram in Figure 1.

  (v) As for the basic schists containlng the glaucophane, regai"dless of its
   amount in the sample, the coRteRt of iMgO tencls to vary inverse propor-
   tionally• to that of Fe203 as shown in Figui'e 2. Sin'iilar relation of LX!IgO

   to Feu03 is also obtained 'from the statisticai study on the rocks from other
   districts in the world, as aclditionally illustrated in the Fez03-_?VigO diagram

    in Figure .1. VYihereas, the aboxre relation becomes irregular or rather
   sporadic for the basic schists characterized by the conspictious eRyichment
   of the a]bite porphyloblasts.

  (vi) The degree of 'fluctuation o'Åí' the content, i.e., cu/R, of some chemical
   coinponents x•ve]] explains the niutually incoRipatible and locaiized concentra-

   tions of both minerals. That is, the value for a'/B of the components such
   as K20, Fe203, AI.p03 and C02 increases in the Hiura and the Besshi
   t'orinations which are characterized by the conspicuous developn3ent of the
   intercalated glaucophane schisis. ]y!Iost of these components are at the same

   time the characteristic components controlling the occlln-ence of glaucophane

   in the basic schists as stated above. In tlie same way, the successive
   increase in the amount of albite-porphyloblasts call be attributed to the locally•

   deviated distribution of Na20 in a rock body, wlaich is suggested 1)y its
   higher vaiue for cu/B, and not to the relative increase o'f Na20-content ln

   a wide area, (see the next chapter).

 },{ineral Si02 A1203 Fe203 FeO MgO CaO Na20 K20 H.pO C02 IDiaFgt9aMrn

Aegirine - -l- - -- IV--7-FAibite , + ------t ic- i.I[-I,etc.Chlorites -1- - - -- -'J[--I,etc.Pwa,.dA8, -i- -i- -------- ie:}L.
Garnets -' -" ll[E.7"C'
g,ga.tkcflghaRes : ]iJ __- n'r ne k[,;IZ`C
Zoisit gl,Iinerais di in di -- IIV-7-.C_
Table 5. Peculiarities in the bulk chemical composition of the basic metamorphic
   rocks (Si02 40-57 in xvt.0/o), containing several characterstic minerals. -Y :
    relatively higher; - : relativeiy Iower in content. ITotation foy the diagrams is
    the same as in Table 1.
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   Considering these facts all inclusively, the follovving interpretation will be

gixren to the occurrence of glaucophcftnitic amphiboles incompcfttible with the

aibite-porphyloblasts.

  (i) PreseRce of the glaucophanitic amphiboles does not necessarily imply• the

   attendance of hi.crh ]oad pressure liav•ing prevai]ecl over the region. The
   niore essential factor having contirolled the genesis of glaucophane is not
    the static physical conclitions, but the actixrity of the coinponents such as

   Fe203, K20, Al203, etc. Redistribution of these compoRents is assumed to

   have been affectecl by the strong shearing process accompanying more or
   less the local change of oxygen pairtial pressure, the local weak laydrother-
    niaiisin ancl the forniatioR of coinpositional bcancls, tinder the static physical

   conditions at moclerate clepth.

  (ii) Free migration of Na,cO which had been restricted within the Iimit of a
   single rock-layer -•- not between the layers acljacent to eacla other -- had

   caused the localized coBcentration of the macroscopic albite-porphyloblasts.

   The migrcation seems to hcftve been controllecl by the pressure graclients
   ccftused by the folding movement at moderate depth.
   Above interpretation foy the occurrences of albite and glaucophane on the
basis of the tectonic cllfferentiation is possib]y appliecl also to the ]occftlized

concentration of other anhydrous silicate-minerals such as diopsidic pyiroxenes,
pyralspite garnets and kyanite. Development of these• minerals may be ascribeci

not on]y to the depth, btit also to the local high confined pressure induced
along a tight and complicated fold in the synclinorium. Thus mode and
distribution of stress presure are considered to have p]ayed an important roJe
in the redistribution of niateraals and accorciingly in irecrystallization of the

minera]s being characteristic of tlie Sambagawa metamorphic 'rocl<s.

     Correlation of the Chemical Composition with the Grade
        of Metamorphism of the Basic Metamorphic Rocks

   It is conanionly accepted by inany petrologists that the reactions in the
progressive nietaikiorphisin froni the origlnal basic rocks through the greenschists

up to the amphibolite proceed isoche}nically for most chemical components
except the vo]atHe components. Sui-ely, when we plot the chei/nical data in the

triangle having ca H20•COt`- corner, the above assumption is understood to be
nearly correct, as shown in Figures 4 and 5.

   Figure 3 shows the freciuency distribution of the oxide-contents for the
basic metamorphic rocl<s of every zone or formations. From t'his /figure and tlae
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Fig. 3. Diagrams showing the frequency distribution fox' the oxicle-contents of
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      (ll) T6naru amphibolite-body, twenty samples. (ID Spotted hornblende
      schists of the T6naru formatio'ns, 'thirty four samples. (III) The Besshi
      and the Hiura formations, forty four samples. (IV) Mikabu system and
      other non-metamorphosed formations, fourteen samples. (V) Vein--
      forming greenschists of the cupriferous pyritic ore--deposits in the Besshi
      forrnations, se•venteen samples.

correlation dicftgrams in Figure 1, the fol}owing general trends as to the
oxicle-contents are obtained:

       Witli the successive change of metarrtiorphic facies, from the incom-
   pletely metamorphosed bcasic rock thro'ugh the greenschist facies up to the
   amphibolite facies, the contents of H20, C02, FeO, Fe203 ancl Ti02 of the
    rocks decrease, and those of CaO ancl Ai203 increase, The contents of
   Si02, At{nO, lrVIgO, tNIa20 ancl K20 sliow no successive correlation x•vith the

   grade o'f metamorphism.
    As for NTa20 and K20, the sinaillar results to the BANNO'S (1961) are
obtainecl from this stticly, (see page 50 of Part I). It is notewoirthy that
several components as well as H20 cand C02 v•ary inore or less ill their contents,

with some regular trends, corresponclingly to the progressive change in the
minerai assemb}age o'f the basic yocl<s in the region. This fact will be
clemonstrated also by the general trend illustrated in the A1203-FeO•CaO

- H20•C02 trianglefi as shown in Figure 4. As for the pelitic ancl the psarnitic

rocks, the progyesslve metamorphism 'from the sediments up to the crystailine

schists does not also imply the clecrease in the contents of the volatile
coinponents only, as sho"fn i'n Figure 5, which is tentatively drawn for the
statist/iccftl study.
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  Summary of the Geochemical CharacteTistics of the Basic Metamorphic
          Rocks of the Samabagawa System in the Besshi District

   The prominent geochemicai characteristics of the Sambagawa metamorphic
rocks, which are recognized in the present study having been summarized in
Part II] and lll, will be picked out as follows:

  (i) The crystalline schists are chemically heterogeneous irrespectively of
   diinension of the rock, or in other words it is hard to find one block
   having the btilk chemical composition similar to that of the other block
   within a rocl<-bodv.
                   J
  (ii) The mineralogical and the cheiiiical compositions of the basic riietamorpliic

   rocks near the contact plane between two rocks being different from each
   other in sllch a way as pelitic and basic, do not shoxv any regular variation.

  (iii) On both a regional and a local scale, the mineyalogical and the chemical

   compositions of the r'ocks vary with the close connection to the folcled a"d

   the sheared structures in which the rocks are situated. In these variations
   there are some regular tendencies reflecting the tectonic career of the rocks.

  (iv) Any geocliemicai tendency which is found in these variations of cheinical

   composition of the Sambagawa metamorphlc rocks is not similar to those
    which ai'-e conin)only observecl 3n the ccases of igneoLis and hydrotherina]

    processes.
  (v) The c!egree of fiuctt'tation of cheinical composition or the ratio cif/B,
    (a'; ITIaximum colltellt, l9: millimum colltellt of a cel'taill componellt), ill a

   group of rock-blocks occurring in a certain area, is different, to an
   appreciabie extent, from those for the basic igneous rocks. There are
    several chenaical components incliccating the c]ose relationships betweell the

    degree of fluctuation and the successive change of the metamorphic grade
    indicatecl by the mineral assemblage and texture, as shown in Figure 2.

  6 Representation of the chemical data by means of the AcF-diagLram)' {;hi6h' is"

   commonly used for investigating the relationships of the chemical composition with
   both the mineral assemblage and the grade of metamorphism, seems not to be
   suitable for the Sambagawa basic metamorphic rocks. ACE;-diagram cleariy
   indicates that, as to the Sambagawa rocks, the change in the mineralogical facies
   accornpanies rnore or less the change in the bulk chemical composition of the
   rocks and that the progressive facies change is hardly ascr'ibed to the diffex'ence
   in the physical condition only.
    If ihe metamorphic system is lnore or less open, the graphic representation of
   chemical data, in which the mobility of chemical components is respected, "riH
   be more suitable for the above purpose. On such a presumption, Al203-FeO•
   CaO-I-I20•C02 triangle has been devised.
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  (vi) Occurrence of several niinerals typiccQi for every zone or forn'ications is

   strongly controllecl by the bulk chemical composition of the metamorphic
   rocks.
  (vii) With the successive change of the rock facies of tlae basic composition,

   from greenschists through spotted laornblende schists up• to the amphiboiites

   of various kinds, H20, C02, Fe203, FeO and Ti02 decrease ai?d CaO and
   AI203 increase in their contents. The content of other components such as
   MnO, AilgO, la20 and K20, is independent to the grade of metamorphism.
   These geochemical tendencies seem to cliffer from those recognizeci in the
   course of basic igiteous processes such as magi[iatic clifferentiation, spilitiza-

   tion and other hydrothermal processes.
   I'rom physlca'l and chemical v'lewpoints, many explanations will be possible

for these chemical characteristics of the Sambagawa metamorphic rocks. Soiiie

attempts trom the geochemical standpoint have been made in o!"der to solve the
probiem on "metamorphic conditions'', as stated hitherto. The resuits, however,

are so complicated that a simple and urgent conclusion for such a problem
should be avoided, though the problem may be fundamental for the study of
metamorphism. The results summarized above are expected to comprise some of
peculiar geochemical characteristics which are hardly explained by tlae usuai
theories which !-espect only the static physical conditions and the chemicai
equilibrium during the regional inetamorphism. IVIoreover, it should be noted

that, though most of these facts have not been stressed in the present paper,
tlaere are the close relationships of the geological structures on both a regional

aRd a Iocal scale wit'h the inineral assemblages and also with the bulk chemical

compositions of the metamorplaic rocks, and that the grade of metamorphism
inclicated by the sticcessive change of mineral assemblage becomes higher in the
`` upper formations" or towards the apparentiy shallower clepth, concomitantly
wlth intei/!sification of the de'fornia'tion of rocl<s. OR the present situation, it

Åëan be at least said that the effects of the stress pressure or of the pressure

gradient caused by orogenesis are the indispensable factors for consiclering the
inigration of inaterials and the recrystaliization of Rainerals during the Sainbagawa

metamorphism in the Besshi district.

                                            "to be contintied on Par-t illl''
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