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                        I Introduction

     Since 19320 the writer has made public many composition-vari-
  ation curves of zoned plagioclase3 fouRd in igneous rocks but he has
  not described precisely how the measurements were carried out !n
  the laboratory. The purpose of the pres.ent paper is to discuss the
  method$.
     As the writer pointed out in his recent paper2), knowledge of
  the chemical composition of a crystal, ascertained by studying its
  features from the ceritre to the periphery of a crystal, is necessary
  if the crystai's growth is to be explained ; though he does not insist
 that its history ean always be determined by this kind of study. He

 suggests that before discussing the origin of the crystai, k is neces-
 sary to locate the.variation-curve obtained according to the classifi-
. cation system of the wrker foy the purpose of determining its position

 among the zonal structures of plagloclase found in igneous rocks.
     A composition-variation curve can be cohstructed first by drawing

 an extinction-variation curVe and then transforming it into a com-
 position-variation curve. A preparatory step precedes this work and
 a classificatory treatraent of the gurve foliows 2t, as wiil be .shown
 later in this paper.
     For the prelirninary work a thin slide of the rock is examined

    1) F. HoM"fA, Uber das Ergebnis von Messttngen an zonalen Plagioklasen aus
 Andesiten mit Kilfe des Unlversaldrehtisches, Schweiz. Mln. Petr. Mitt. Band XIi,
 1932, pp. 345-352.
   2) F- HorvnvA, The Ciassification of the Zonal Structure of Plagioclase, Memoirs
 of Col. S:. Kyoto. Imp. Uni• Series B, Vol. XI, 1936, pp. 135-155.
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under the petrographic microscope to ascertain the genera} charac-
teristics of the rocl< aRd to find the crystais fit for measurement.
These cryseals mttst be of types which either have the zonal struc-
tures dominaptly present or that are important for genetic xeasons.

(1) Photographs are taken of the crystal in the positions at whlch
the zonal structures are observed most distinctly. On each photo-
graph, aline XY is drawn from the centre to the periphery of the
                                                     gcrystal to indicate the poskioR. where the variation curve is made.
(2) The thin section, then, being mounted on the universal microscope,

an extinction-variation curve is constructed along the line XY making
use. of the methods which will be described later. (3) The chemical
composition of some wide zones in the crystal is measured by the
universal stage method. (4) Mal<ing use of these results, the ex-
tinction-variation curve can be transformed to a composition-variation

curve. (5) IBefore completing the work of constructing the curve,
a reexamination of the cuyve is needed, because aR inspection of the
structure, while rotating the three axes of the uRiversal stage, fre-

quently betrays that zones apparently simple are compesed of finer
microzones or that a zone rnigrating continuogsly to ne2ghbouring
ones is an inclined boundary plane between two discontinuous zones.
(6) Lastly, for the sake of facilitating t"ne genetic explanation of the

crystal, the curve is divided into many groups, which are subdivided
into successive orders such as subgroup, zone, subzone and micro-
zone, based on the changes of chemical cemposition, according to
tl}e writer's classiflcation, recently proposed.
                                             t    It must be remembered, however, thatthe variation curve is only
a curve made along a rather arbitrary liRe drawn on a crystal, which
had suffered occasionally from the magmatic resorptions during ks
growth. Thus curves constructed in the dlfferent sections may be
somewhat different. Important divisions, which sometimes occur at
points exhibiting no remarkable change IR the variation curve, are
determined through generai observ'ations of zonal structure.

                  K The Preparatery Werk

    In order to construct' an exact composition-variation curve and
to get an effective petrologlcal resgl/t, the following preh'mary work

must be done: First, the thin slide of the roc!< must be examined
under the ordinary petrological microscope to learn the general charac-

teristics of the rocl< and to ascertain the petrogenetic positions of t'fie

crystals to be measured in the rock under questioR.
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    In many kinds of igneous rock, especially among those of vol-
canic orig2n, a few types of pl•agiocl•asephenocryst of different origin

are frequently found. For exampl•e, it is assumed 'chat a volcanic
rock has three kinds of plagioclase phenocryst of different origin.
Among them, the first type of the phenocryst has a mean chemical
composition nearly the same as that of the marginal zories of the
cryst'al; in the second type, t-he inner part is different in i'cs mean
composiLLion from the outer part of the crys'[al, indicating "L'hat boLLh

parts have grown under different chem=Tcal conditions ; and the third

type of the phenocryst is surrounded by a more or 1'ess wide re-
action zone around its per2phery, proving tha'L' it !s a xenolithic felspar.

In such a case at geast three typical phenocrysts of each type and
some microl•ites in groundmass have to be measured, if the research
on the evolution of magma which included these crystals is to be
undertaken.
    After this work has been done, the crystal•s suitable for measur-

ing are selected under the microscope. In order to carry out the
                                     exact measurements, lt ls

 Fig. 1. A plagioclase phenecryst in the lava
of 1657 of Unzen. (the long diameter of the
crystal is ca. 3mm. (+nicols)

necessary to find a crys"Lal

that shows a dis"tinct zonal

structure having at least
three zones with measur-
able w!dths, usually wider

than the thickness of the
thin slide. Of course,
these three zones should
not be of the same com-
positL;on, but two of them

mus't have nearly a maxi-
mLumL and minLlm_urnJ com-

posibon 2n the whole
range of JL'he crystal, while

t,he remainLTng one shoul,d

have an intermediai e com-

positLTon. As there is no
rela'L'ion between the
changes of the extinction-

position and the anorthite

percentage in the plagio-
clase to be expressed with
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a straight line, the

greater the number
of zones actually
measured, the more
accurate will be the

result. If the dif-

ference of the anor-

thite percentage be-

tween the most
calcic and sodic
zones is more than
20o/o, it is neces-

sary to measure
four or more zones
bv the universal
stage method.
    The crystals
satisfying theabove

mentioned condi-
tions are photo-
graphed under the
microscope. Usu-
ally at least three
photographs for
each crystal are
needed to give a
correct impression
is to be taken

whole structure is
in a position that '

zonal structure or
photograph failed
herein as fig. 1,

volcano,
sion that the dark

peripheral zone have
considerably from
of
of zones in fig. 1 is
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                      Fig. 3. The same crysta], illustrated as fig. 1, show-
                    ing the zonal structure due to the inclusions and dif-
                    ferences of indices oE neighbouring zones.

                  of the zonal structure of the crystal; one of them
             between the crossed nicols at the position where the
                  seen most clearly, while the second one is taken
                 mtensifies the most characteristic feature in the
                  that clearly reveals the zones which the first
                 to show. The microscopic photograph reproduced
               which shows the zonal structure of a plagioclase
phenocryst in the olivine bearing biotite-hornblende andesite of Unzen
        the lava fiow of 1657, or the "old lava", gives an impres-
                  zones have nearly the same extinction positions,
but fig. 2 makes it plain that the outer dark zones next to the bright
                    extinction-positions which on the whole differ
                 those of the inner zones. The actual difference
  the extinction-positions between these dark outer and inner groups
                   on an average ca. 60, as seen in fig. 4.
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   If the zonal structure is complicated by a wtae range of varl-
ation in its composition, a few more photographs between the crossed
nicols may sometimes be necessary.
    The third photograph is taken under the microscope, with •the
upper nicol opened. It shows the presence of the zone of inclusioRs
as seen in fig. 3 and sometimes even the zonal sXL'ructure, irf the in-
dices of refracti;on of the neighbouring zones are considerably different.

    A heavy line is next drawn on the first or second photograph
to indicate where the extinckLion- and the composition-variation curve

were construct'ed. But as shown in fig. 2, in cases in which the
crystal is broken or in which many zones appearing partly because
of intervening corrosions cannot be ora2tted in the curve, two or more
Iines will be drawn, the inner 2ine being succeeded at its ou'L'er end

by an outer line at' a different point in the same zone.

    As shown in fig. 1, even ln a crystal which shows coraparatively
weak effects of corrosion some zones are always omitted in any sec-
tion whic"n has been made by cutting through the cenkLer of the crystal.

Therefore, from the petrologlcal point of view, having ascertained
the hisLLory of the growth of the crystal by collec"c2ng as much con-
crete material as is possible, the composition-variation curve should
be m.ade preferabiy on the abscissa, formed by the connections oi
a few successive liRes, which wouEd inciude a greater number ef
zones tre han aRother composkion-variatgon curve which can be drawn
al,ong a single s'traighLL liRe from the centre t6 the periphery.

         III PIotting the Extinctien-Variation Curve

   After the work described in the above chapter has been com-
pleted, the extinction-varlation curve 2s plotted. The four-axial unlr

versal stage of E. LEiTz gs enough to carry out this work, but the
objective ?ens of UM 3 or 4 and the upper hernL?sphere with parailel

leading apparatus for the thin s?ide are ilndispensable for exact
measurements. The refractive index of the hemisphere most des2ra-
ble is 1.557, since, in this case it is not necesSary fo correct the
measurement except' when the thin siide of the mineral-, having the
composXon of albgte or anorthke, is inclined more than 30" around
H or K axis after REiNHARD.i).
   Now the thin s!ide is mounted on the universal stage and the
crystal to be measured is iaid in the position at which it is photo-

  1) M• REiNHARD, Universaldrehtischmethoden, 1931, pp. 30-31.
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,graphed. The work of
coitstructing tlie vari-

ation curve is begun by
measurlng the widffl of

each zone along the
line XY, drawn on the
photograph to establish
tlqe abscissa as shown
in fig. 4. By the term
" zone" , used here tem-
porarily and callect the
"  sec"dlon " in the curve

(fig. 4), is meant only

the light or dark band
distinguishable in the
photograph.
    The relative width
of each zone between
X and Y is measured
by the ocular micro-
meter to represent itself

on the abscissa succes-
sively rightward from
theorigin. ThesezoRes
have been numbered to
facilitate the location of

their positioRs in the
photograph. In the
course of this measure-
ment an examination is
made as to (1) how each
mner zone passes to the
outer; LL'ltat is to say,

continuously or discon-
tlnuously, (2) where the

traces of resorption are,

(3) whether or not fur-

ther minor zonal struc-

tures, which are not
    '-           11seen m tfie pnotograpfl,
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are observable in an individttal zone ancl (4) how the various kinds
of inclusion are distrlbgted.
   Thus the absclssa oi the extinction-variation curve is established.

Then the three axes oi the unlversal stage (N. H. & K axes after
M. REiN}iARD or A{ A,} & At axe' s after M. BEREi<')) will be rotated
to find a position where the zonal structure can be seen more clearly

as a who!e than under the ordinary microscope. When the best
position is de"Lermined, it is fixed on the universal stage and noted
in the note book by the co-ordinates of N. H and K axes.
   Then, rotating the objective stage.or M axis after REiN}iARD, the
extinction position oÅí each zone is rneasured and represented by the
degree which coincides wkh the zero point of vernier, fixed directly
outside the objective stage. As it is shown in the ordinate in the
extlnction-variation curve, the necessary numbers of degree between
0'•---360) will be marked with an equal interval on the ordinate. The
approximate values of the degrees corresponding to the extinctiog-
positions of both ends, the most and least calcic zones, can easily
be determined by a precursory obserSration of the crystal. There is
therefore no practical difficulty knowing how many divisions on the
ordinate are necessary to represent the extinction-position of all zones.

    The rneasurement of the extinction-position of each zone will
now be made. A normal line will be.drawn from each measured
zone to the abscissa and a dot wM be marked on each normal line
to indicate its extinction-position. Connecting each point, thus made,

a preliminary extinction-variation curve along the section XY will
be delineated.

   The rfieasurement of the extinction is necessarily carried on in
a dark r.oom where the light illuninating the thin slide will be so
equipped as to fall only upon the mirror of the microscope. Rotating
the objective stage or M axis both clockwise and cottnter-clockwise,
the positions ef the beginning and ending of LLhe extiRction will be
observed at first, then, the measurement of the extinction-position
will be repeated many times in order to get for the result an average
value that wi}l be within Å}0.5" of correctness.
    To complete the delineation of the extinction-variation curve, the
following characteristic features of the mineral, enumerated already
in...the preceding pages, must be observed again very carefully,
during the process of coRnecting the measured points.

  1) M• BEREK, Mlkroskopische Mineralbestimmung mit Hilfeder Universaldrehtisch-
methoden, 1924. pp. 9-12,
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    (I) As shown in the photograph, sorne inner zones seem to pass
continuously to the outer ones, while others appear to be succeeded
discontinuous!y by zones of different composition. Strictly speaking,

whether or not an inner zone passes continuously to the outer can
only be proved when the boundary zone or plane is brought parallel
to the axis of the tube of the microscope. Otherwise, the neigh-
bouring zones will be piled over each other wedgewise at their ends,
giving an appearance that they pass always continuously from one
to the other.

   Genetically considered, it is very important to distinguish these
cases, because the phenomena would be the reflections of the physico-
chemical condition of the magma during crystaliization.
    (II) It is also often the case that a zone is bounded from the
outer one by an irregular curving face, caused by magmatic corro-
sion, making it impossible to bring the face parallel to the axis of
the microscope-tube. But the presence itself proves, that there took
place a considerable change in the physicochemical condition of mag-

ma. Therefore it must necessarily be noted in the extinction-vari-
atlon curve.
    (III) Even ln an individual zone, it is observed sometimes th'at

the extinction-positions of different parts display a little but never-

theless an appreciable change under the microscope, though they are
not discernible in the photograph. The change from the inner to
the outer side in an individual zone is often directed towards a certain

definite point, while in other cases, it is expressed in an oscillatory

manner yielding faint Iight and dark bands between the crossed
nicols. Such modifications in an individual zone would be liable to
the local heterogeneity, the oscillatory change of pressure or volatiles

in the magma, in which the crystal was moving in some way during
its growth.'
    (IV) Lastly, the inclusions in the crystal must be looked for very
carefully. When they are found, their distributions are to be ex-
amined and if it is observed that they are apparently limited only
to some specific zones, they should be inspected further. This can
be done by bringing the zone parallel to the rnicroscope-tube. This
is effected by rotating the three axes of the universal stage, then
by ascertaining whether or not they are really limited only to a face
or toavery narrow belt in the observed zone. Almost half of the
inclusions which formerly have been believed to be scattered in a
zone of considerable width, will be proved to be distributed only
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along the face or on a very narrow belt in a speeific zone if they
are inspected under the universal microscope. It will not be forgotten

on this occasion, to examine the composition of the substance of
which they are composed and the chemical composition of the zones
including them.
    Zonal inclusions, found even in a relatively inner zone, are oc-
casionally an aggregate of fine minerals which are produced around
a xenolithic felspar fragment by a reaction with the magma. On
the contrary, if the inner part rather than the zone of inc!usion is

proved to be crystallized from the same magma of the outer part,
the presence of the zonal inclusions shows that there occurred a
considerable change in the physicochemical condition of the magma
at the period when they were formed.
    To illustrate the causes resulting in such a change, the foliowing

cases are enumerated.
    On such an occasion as during the injection of magma into the
surrounding crust an opportunity for a rapid temperature decrease
of the magma may be afforded, resulting in spontaneous crystalli-
zations of numerous crystal grains, some of which may attach them-
selves to the existing plagioclases to constitute a zone of inclusions.

A release of pressure in the magma reservoir due to certain causes,
                                       such as the explosion of

      an overlying volcano,      would liberate gas bub-   

   

 Fig. 5. An honey-combed structure of plagio-
clase, illustraing that a phenocryst was formed
by accumulations of m!nute ones. (No. 341091,
Shin-Tak6, Kuchierabu-Jima.) (Diarn. 0.5 inm.)

bles which might yield
a zone of gas inclusions

in consequence of the
subsequent growth of
theplagioclase. Third-
iAy, jf the fluidity of

magma happens to in-
crease due to such a
cause as a release of
the pressure or an in-
creasmg concentratlon
of volatiles, many small

crystals, suspended in
the magma, would seg-
rega'te around the large

crystags of the same
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mineral. In thls case the former would be arranged 2n soi[lte crystallo
graphic orientations as to form an outer zone of the lcarge crystal.
But between the sma2I crystals there rem_a}n many spaces, filled wlth
magma, and they subsequently constitute azoke of glass iRclusions.
    In an example from the basal, lava,i) two pyroxene andesfte, o'f
New CoRe of Kuch2erabtt volcanoes, 2n the Kirishima zone of south-
western Japan, the writer idenkrfied plagioclase, auglte and rnagnetite

that were crystalllzed from t'ne occluded drops of magma in plagio-
clase phenoerysts in consequence of the subseqgent fall in tempera-
ture of the magma. Among these, the plagioclase was absorbed to
the wall while others remained as fine crystals in brown glass in
which many crystallites,and sometimes fine gas bubbles were also
discerlled (fig. 5).

    The above descriptions afford some basis for the be?ief that the
investiga"'oR of zonal inclusions is important to petrogeRetic study.
    The processes of constructing the extinction-variatlon curve wlll

be comple"ted witin ma!<ing an entry oE the above stated character-
istics in the column of remarl<s.

      IV Delineatien ef the Cempesitien-Variatien Curve

    After the cons"Lruction of the extinction-variation curve, two oÅí
the three optic-elastic axes, and one or two optic axes of broad zones

and poles of some ckeavage aBd those of composition planes of twin-
n2ng are meksured'under the um'versal microscope. . As briefiy stated
in the foregoing pages, the zones necessary for the measurement are
those whose reading for the extinction-position are nearly maximum,
minimum, or medium in ali zones of the crystal ; and if the difference

in composition between the most calcic aRd sodic zones is as Iarge
as 2e;?b of anorthite, four zoRes or more should be measured to get
reliable data on the chemicai compositions of all zones. The measure-
ment is always possible if the width of the measured zone is not
lessthan the thickness of tbe thin slide. The homogeneity of this
zone is very desirable, although, even if the composition of a zone
varies within a narrow ISmit, it can Revertheiess often be measured
easily and accurately, while if the composition of the neighbouring
zones is very different from the measured one, opt'ical disturbances
are caused by the nelghbouring zones falling wedgewise on the

  1) R EIo,N!>i,N, On the Zonal Structure of Plagioclase Phenocry$t ln the Basal Lava

of the New Cone of Kuchierabu <in Japanese), `Chikya," Vol. XXIV, 1935, pp- 243-
263. (Full informations wiil be given in near future.1,
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measured one, during tlke rotation of the At'hin slide arouRd t'fte axis

K or H. In such cases the exact measurement of a, p. or Al are
praceicaliy impossible.

    As already stated, the refractive index ef the upper herni"sp"fiere

is preferably 1.557, as it occupies the middle posi"LiQR of the whole
scale of the refractive indices of the plagioclase, ranging from 1.5.9.5

to 1.590. IR thgs case, if the inclination of the K or H axis is sma21,

correction of the apparent pos2tion of t'fie pole to 't'he real oRe is

practically tm;}ecessary, and even if tine plagioclase having nGarly
albite or anorthite compositien has been 'Snclined so mgch as 30'

' around the K or }I axis, the correction of 1.5) only will be necessary ;
the real inclinatloR for albite being nearly 31..5'i, ez' 28.5n for aRorthite.

    The method employed by the writer for an exact' meavsurement
of a, B or b/ is as follows:

        Table 1. • FiiASt an approxirna"L'e measurement
                          of n and lz for a, Bor bl is made tmder
 `X Znv,;2Z5.61Approximate vaiues the tmiversal microscope; t'Ren, the

      I .. position, as for an example n= 277",
   k l i i! i iii IZ:`-10-6' for a, belng fixed, the exact
      llt==-le•6 h:-.8 i h=rr-le

3.v.so I

33so I

34so

 Oo
 15o

2so

 3so

3.0

1.6

l.2

os
0.6

0,6

1.4

o.s I
o.Jr l

o.3 I

1.2 i
2.s l
,., I

,., l

   (z ;::I'2Z7o'61Exact valties

the position for h will be

same measgrement wKi be
posltions around K, re$ulting

table 1, in which we find
systematically for
of the opposite points en
apparent val-ue for m
is considerably large, as is
consideration all possible

a, B or Al, carrie[l oue
resLtricted to rk-1" at its

         positiens of extinct'ien are rp.easured at

         each position on the K axis, such as
   2.ro   1.s 325', 335', 345", 0', 15i, 25" er 35i', by
   i.i t"Re rotation of the ebjective stage, or
   o.6 M axis. If the mean measure;Rent oE
   i.i the different positions of K s'ftould be
   i.s 3", 160, 1.2"', 0.8", 0.6", e.6' and 1.4"' re-

   2•4- spectively, as tabuiated in table 1, the
         val'ue of h will be a ilttle too iarge and
         the valge of n sZ,ightly. smaller. Then
      shlfted to h==8, geaving n unchaRgecl. The
        carried on again a'trhe above meRtioned
         iR the value ai'ab"E•ated in colBmn II of

       that lz is too smal?. Tlnus we can look
an exac'L' val"e for lz, where the extinc".'ion-posfLion

      both siderb of fe=0 are the same, but' the
  becomes incorrect ;f the inclinaXcion of K axis

         seen in table 1. Thus taking into
      errers, the error in 'L'he measurement for
    through t'fte above stated met'bod, vxTould be

     maxlmum,
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    The optical angle (2V) is determinecl usually by cloubling the
measgrer3 angle between one of the opt2c axis and A! or m. The exact
determinatlon of the optic axis is Rot easy in the least thoggh it
would seem to be so theoretically. The maximgm error for k may
attaiR Å}2'i arounCl an optlc axis if the incl,inakLion of the K axis ls

considerabiy great. Thus if the error for es or fil should be added
                           sthe total error of 2V rnay be as 'large as Å}61 Therefore, even if
the other conditions be Regtected, the determination of 2Y for fne
purpose of estimakLin.g Ane; i's practica'ily ef no vaiue.
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       Flg. 6. 0ptic axial angles (21i) of plagioclase measured by the un;/-
     versal stage method by the wr{ter. (TIae solid curve is BErsF.K's curve.
     The broken line :is a probable trace of mean values of 2Y for 3apa-
     nese effusive rocks.) . Effusive rocks x Plutonlc rocl<s

    ReceRtly the writer confirmed the facAL that t'ne variation-curve
of t'fte optical angie of pl•agioclase in caic-all<aline effusive rocks is

uniike those ill"strated in many texzaL-bool<s, in spite of having coR-
sidered all the possible errors in favour of the current curve. The
probable cgrve fgr calc-alkaline effusive rocks is iilus"Lrated wkh a
do"t`ced line between andesine and anorthlte in figure 5. Suc'n a
devlation of the optical angle may be caused first by the dissolution
of some molecules other than a?bilte and anorthite in the crystal aRd
secondv-by the physical condkions under which the crystag was formed,
a concluslon sgggested by the relatioB between ortboclase and sanidine.

Whatever be ffte origin, however, the radical causes are the small-
ness ofB-a and "i-s in tanv-nd-i.)4- "' $'kltl.1ll;il["1.<B.x-.9.r_::..I..ll[.ill[1. in piagiociase.

    The writer does not insist that 2L'he measurement of 2Y is rnean-
ingless. On t'ne coRtrary, he be:/ieves tbeat future researches will
prove that the serial variation of 2V produced by tke compositioR
changes of plagioclase in different igneous districts, explains impor-
tant c'RaracteristLlcs of these igneous series.

    The Rext step is t"fie rr}easuremeftt of the poies of cleavages and
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those of the composition planes of twins. The N and H axis are
adjusSed merely 'co bring these planes parallel to both the longitudinal

wire of the ocular and the axEs of ffie mlcroscope tube. But their
measurement is so difllcult, that an accurate result can be secured
on3Ly by taking the mean of ten or more readings. If there are fine
lamellae of alblte twin, the parallel position to the axis of the mi:cro-

scope tube w2il be easily determinecl by the equai lu!x}ination of all

lamellae whiie the K axis is rotating. Thus the maxlmum dlfferences
of these poles may not be larger thaR Å}1".
    The accuracy of the measurements was greatly increased-since
the discoveries of UM 3 and UM 4 in 1931, which introdgceaf a new
epoc'n for the universal stage method. As we know that ct, rs and

A/ must stand normako each other, we can easily determine the error
o'f the measurements by fi_ndlng that the aRguiar distance between
two of them is not 900 in Woi.F's net. On the other hand, the total

range of shiftiRg of a, B and 7 from An 100 to An 0 is nearly cfi`s
large as 9eO. Accordingly, we believe that the error may be less
than 2% of An in most cases, if the diagrams, employed for the

         

-- n ttY

  
 Fgg. 7. The traces of the poles of (010), (OOI) and those of the
compogition planes of tlie pericline twin. After M. BF.REi< (solicl

lines) and IN([. RF.iNHARD (broken Iines).
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deterniination of
Ang•6, are correct;
and the relative dif-
ferences of Anof6 for
dlfferent zones in a
crystal, whose deter-
minations are of the

utmost lmportance,
will be made far more
exactly than the actu-

al determination of
Ang6, lf in a given
diagram only the
same curve concern-
ing a crystallographic

plane, say (01e), is

used through the
whole cogrse of the
measurements. For
the determination of
th. e An g•5 based on

the actual measure-
ments of optical and
morphological ele-
ments, we usually
gse the diagrams
given by BEREK or l)vl.

REINHARD. But lt is
a matter of regret
that the curves of
both these authors
show a considerable
difference betweep
An 7e-•-4e%, though
they do not differ so
greatly in the deter-
mination of Ang6 as
they appear to. On
the other hand the
most measured poles
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do not fail on any oÅí tlte curve'), so far at' least as the Japarke"be
calc-alkal'ine effusive rocks are concerned. Consequently, for the de-

termination of Ang5, the writer is forced temporarily to employ
BEREK's curve whose intersecting point with a normal l:lne drawn to
it from t'ite measured pole is consiclered to represent the composkion

of the zone. The.writer ttses only (elO), (100) or Rh.S curyes be-
cause a't least one of t'hem is always present in any plagiociase. The

maxim"m difference of _Angb betwee" BenEK aRd REiixTHARD is found
at ehe poiRt desigRated as 60g6 of anor"chite on the former's curve
whereas kthe point for 60% of the latter is estimated at 65gb ii a normal

line is drawn from the point to the former curve, while around the
points oÅí 90g•6 and 10% they practically coincide.
    By the theoretical and mechanical descriptions above given, the
results obtainetl tmder the uRiversal microscope can be'  correctly

judged. ,
    Because t'he extinction-variation curve has been constructed al-
ready, t'fie composition of eac'n zone can eRsily be inferred by inter-
polatioR, if some poinLts corresponding to different extinction-positions

have been actually measuyed. In this manner the ordinate can be
scaled wlth AB% as shown in the lefkL col,umn of ordinate in fig. 4-,
though t"fie intervals corresponding to each lrb of anorthite are not
                        "equal.

    Thus the transformation of the exkLiRction-varia"t'lon curve into
t'fie compos:ltion-variation c"rve is easily done. In the composition-
variatioR curve the ordinate is scaled by Ang-6 with an equal in't'erval

for eac'R lg•6, and the abscissa is doub2y scaled by 0.1mm, repre-
senting the actual length o'f the crys"L'al- measured'al'ong the section

XY and by the 'volumetric ratio, the total volurae being assttmed as
10. The volume`Lric scale serves to show the approximate megn
composition of each group or of the crystal as a whole. However,
the latter scale is Ro'L' applicable to fRe comparison of the volume
of each individual zone. Moreover it does not trea"t sorae zones which

failed to appear on the line XY, afferted by corrosion; If "Lhe thin
sl2de does not made cut through the ceRtre. of the crystal, the scales

for the initer part in the abscissa are quite meaningless. }i{ere it
shoukd be noted t.hat, whiie some unfavourable conditions in the inner

part may be excluded from consideration, the ouLier is usually iar
more imp3rtant, in every respect, than fne inner part of the crystal.



found m Unzen VoicaRoesD. Under
the microscope, it shows a remarkable
mineral association in the phenocrysts
and the zonal structures of tke piagio-
clase, ln which was yevealed an olivine-

bytownite-basalt magraa injected .into
the lava basin of biotite-hornbleqde-
andesine d3cite.

   The phenocrysts iR the rock are
piagioclase, biotite, hornbleitde oliviRe

and quartz. Among them, plagiToclase,
biotite and'hornblende are as largeas
2----4 mm, whlle oiivine is usually 0.3-s-

0.5mm in size. The srealler crystals
cand microlltes in the groundmass are
plagioclase, pigeonite,

biotite and hornblende are quite rare.

of the rock are demonstrated briefly
informatioR is given in the following.

   Almost all rocl<s making up

and hypersthene and augite iit
the normal type of rock in the
of.plagioclase is nearly An 38-----48,

ture with numerable ti'aces of '
the core to the periphery of the
change or tendeRcy to slightly

of Unzen, the rocl< tmder
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       V [l'he ClassifieatioR of the Zonal Structure aRd
                Some .Genetical Explanations

   The plagioclase illuslt'ated in thls paper is contai"ed in the lava
fiow called "Furu Yake" or old lava, which was effttsed in 1657
near the summit of Fugen-Dake in Unzen Volcanoes, Western Kyash",
Japan. The chemical analysis of the rock is tabulated in table 2.
   The rock is characterized che.mi-
cally by the most basic composition Table 2

 Si02

AI:Ou

Fe!03

FeO
MnO
MgO
CaO
Na20
K,,O

Ti02
P20s

Hp.O+

KuO-

l
i

l
l
I

l
l
I

58.15

17.69

2.72 i
    l4.41 i
    i
0.11 I

314s

7.20

2..52

1.68

0.75
    l
0.12

o..e,4

0.60

Total l 99.74
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3.P..57

2.28

12.4tl
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.1.54

0.34
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4

4

4

                                      Analys!st: U. UsHiJurA

                  hyper#hene, olivine, augite and magnetite ; but
                                 Though the general features
                                 in table 3, some important

                             tke Unzen volcanoes, contain horn-
'

biende and biotite as phen. ocryst wl#h additional quartz in acidic ones

                           basic ones; olivine is never found in
                            volcanoes. The mean composition
                               desplte its complex zonal struc-
                          corrosion ; and the coraposkion from
                             phenocryst shows no appreciable
                           decrease of the Ano/i.
    Contrary to these geiteral features of the phenocryst in the rocks

                      consideration contains many ok'vlite pheno-

   1), "Unzen-I)ak6", Bul. of Volcan. Soc. of Japan, Vol. III, 1936, p. Ie9. (editecl
by F. Ho>".iA), (in Japanese>•
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crysts and an abnormal kind of plagioclase, which abruptly increases
in Ano/o in its peripherai zone. The inner part of plagioclase is
quite similar in its compositioR and t'ite structural feature to those

of ordinary roÅëks in Unzen. In most cases hornblende is altered to
opacite; and biotite is bordered always with a wide blac'k reaction

rim, often containing brown hornblende grains. Corroded quartz
grains are found also. All these characteristics give the appearance
that these minerals are foreign to this rock. '

    In the groundmass, there are abundant small crystals of plagio-
clase, whose composition is mostly 78--v55g•o' of anorthite. They
sometimes exkibit a distinct zonal structure, wit'fi a rapidly decreasing

tendency of Anof6 towards the periphery.
    Next to plagioclase, small crystals of a"gite, olivine and pigeon-

ite are .also abundantly present in groundmass, the refractive
index' of the glass in gro=ndmass is 1,503, which is normal for
andesite. If the outermost basic zone of the phenocryst (group V
in fig. 8) is reexamined, we will find that the anorthite percentage

of this zone decreases very rapidly towards the periphery of the
crystal from 8eg/o to 56ofb An. This is the most characteristic feature

of the plagioclase phenocryst in this rock. Let us recail here that
in 1793 the new lava, or Skin-Yake, fiowed out a distance of 1km
from the vicinity of this old lava, whereas its mineralogical and
chemical characteristics are qgite simiiar .to the older rocks wlaich

compose the main body of Unzen. The fact affords almost conclu-
sive evidence that the magma of Unzen underiying this locality was
in a fiuid state in 1657.
    From these facts we can coRclvide that a basic magma of olivine
basakic composition injected itself into a bxanch of magma reservoir

of Unzen when the plagioclase, togetherwith other kinds of pheno-
cryst, had grown to group IV in figure 8. As the olivlne basalt did
not affect the lava of a later eruption from a close vicinity, it is

supposed to have been injected as a dike which happened to cross
only a brcanch of the magma basin of UnzeR.
    By this injection, besides the strong reaction agaiitst the existing

phenocrysts, the microlite in the acidic magma might be entirely
resolved, due to the higher temperature of the invaded magma, while,
with these changes, t'ne crystals suspended in the basic wtagma might
have grown rapidly, accorcpanied by a considerable change ln com-
position, as shown in zone V of figure 8. The eruption in 1657 is
considered 'to have occurred before the magma had restored equi-



Table 3.

No. of Thin Slide 351024, 351037, 3512e5-351207.

Nameof Rock Biotite-hornblende andesite with quartz and olivine.

Locali'ty Hatonoana, the lava fiow of 1657 of Fugen Dak6, Unzen Volcanees.

PKENOCRYSTS(volume % ca 9.2)

Mineral

Plagioclase

Quartz

Biotite

Hornblende

01ivine

Composition

  Inner
An 61-37
 Margin
An 80•-56

Fo 83

Volume
  (%)

61

9

12

i

13

5

Size
<mm)

4 Å~3
0.6 xO.3

1.4 Å~1.4
0.4 xO.4

2 XL5
0.4 XO.4

4 xL7
0.6 XO.3

1.0 XO.7
0.4 xO.3

Jndices of
refraction

 mostly

1.5500(a)
Nl.5600(y)

Ca. 1.6s90(v)

a<1.673
y>1.694

2Y

470 (An41)
79.50(An 53)

850 (An75)

Uniaxial

2E,i,2oo

- 810•v-880

Color & Pleochroism

Colorless

Colorless

X, light yellowish brown
Yk =Z, dark reddish brown

X,
Z,

yellow. Y, brown.
deep reddish brown

E

Colorless

Remarks
 A remarkable reaction zone
with abunclant inclusions be-
tween the inner and marginal
zones. Someremarkabletraces
of corrosion in the inner part
of'the crystal.

Corr'oded and fractured.

 Wide dark
which brown
formed.

reaction rim,
 hornblencle m

IS

  Most ones are entirely opaci-
tized. Sometimes it is altered
into long prismatic pyroxene.

GROUNDMASS(volume gfo ca. 90.8)

Plagieclase

Augite

Olivine

Mypersthene

Magnetite

Pigeon{te

Magnetite

Plagieclase

Apatite

Glass with
crystallites

Remarks

i

i

An 80--55

Fo 83
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65

20

12

1

2

24

8

4

+
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0.3 XO.1
O.05xO.0!

0.3 XO.2

0.3 xO.3
O.02Å~OD2

0.4 xO.2
O.05Å~O.01

O.05Å~O.05
O.02Å~O.02

1.5580(a)
  --1.5730(y)

Ca. 1.7090(y)

a<1.673
y>1.694

1.5030 (glass)

i

l

+44Q+630

Ca-s3o

Colorless

Pale dull green

Colorless

l X,
Y,
Z,

pale brown.
pale yellowish brown.
colorless

BIack and opaque

Pale brown

Blacl< and Qpaque

Colorless

i
l
l

Colorless

Pale brown (glass)

Short prismatic crystals.

  Octagenalorgrainform. Un-
dulatory extinction due to hour-
glass structure.

 Crystallized later than augite.
Long prismatiÅë form.

Always small    '   ' ralng form.

FLTne needles.

Fine grains.

Fine needles.

Fine long prismatic ferms.

Grobulites and belonites.

  Phenocrysts of plagiocla"be (An 61•-v37), quartz, biotlte and hornblende are
while olivine phenocryst and some ef small crystals og olivine and plagioclase
basalt which was injected into the Unzen magina basin.
  XIIiiSll:,Rlahgy;pO,Clg?fi,gr,YStalS} are crystallized from the mixed ;nagma.

crystallized from the Unzen magmE proper,
are crystallizecl from the oEvine-bytownite-
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librium of its tlaermo-chemicai state, for it is believed that, if an

equiiibrium corresponding to the temperature had been attained after
the complete mixing of both basic and acidic magmas, a gentler
manner of change in composltion would have eRsued around the
margin of the plagioclase.
    As stated above, it might be concluded from the study of any
one oi tiite few cinaracterlstics of this rock that it origlnated in the

mixing of two magmas, but a study of the zonal structure in the
plagioclase has given us a more complete history of its origin.

    The inner part of the
crystal ($ee fig. 2, 8 and 9),

is divided into Åíour groups

of zones by traces of deep
corrosion. Though each
outer zone of corrosion be-
gins with a basic zone and
constitutes sometimes of a
zone ef inclusions, the mean '

chemicai composition of
each• group is not much
different. This chatacter-
istic is common to every
kind of Unzen rock. Thus
the deep corrosion is sus-
pected to have been caused
by some dynamic distur-
bance, such as an inner
expansi' on clue to volatiles

in magma. If there oc-
curred'  a power explosion I?ig• 9• Five groups of zones indicatedin
in that part of the volcano fig' 8'

conitected with this raagma basin, it is but natural that the
uRderiying •basic magma would be added to the magma basin.
    The writer has divided the whole structure int.o five groups
composed of 51 zones accordigg to his own classification in order to
make clear the history of crystal growth.
    The first group is composed of three subgroups, of which Ia is
an irreguiar oscillatory normal (VIn), Ib is an even-oscillatory even,

(Ve) and Ic a normal-oscillatory even modified by microzones, if zone
8 is excluded from consideration. As the reiative volume of the first
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        a b c  Fig. 10. EIghteen standard types of zonal structure and thelr combinations. I.
 non-osciilatorynormal (In) even (le) and reverse (Ir). II. Wavy-oscillatory nor-
 nial (IIn), even (IIe) and reverse (IIr). III. rs4Tormal-oscilla. tory normal (IIIn), even

 <IIIe) and reverse (IIIr). IV. Reverse-oscillatory normal (IVn>, even (IVe) and
 reverse (IVr). V. Even-oscMatory normal (Vn), even (Ve) and reverse (Vr). VI.
 Irregular-osc211atory normal (VIn), even (VIe) and rever$e (VIr). a. ]IX,Iultiple struc-

 tuyes.; (A) OrdEnary M. S. [IIn-(O)-IIn]. (B) Promoted M. S.[IIIn-(P)-IIIn], (C) Re-

 tarded M. S. [Vn--(R)-Vn]. b. Composite structtires.; (A> Ie-(O)-IIIe, (B) IIe--(P)-
 IVe, (C) IIIe-(R)-VIe. c. Complex strLictures;(A) Ve-(O)-VIr, (B) IIn-(P)-Iilr, (C>

 In-(R)•-IIe. .
group is perhaps less than one tenth of t"ne whole, the history of its

growth does not throw much light on the general underst'anding of
the crystal.. If we use the notation = to show that the mean coin-
position of Ia and Ib is neariy equal and the notation -> `to show that

the mean compositioR of Ic is more sodic than Ib, the whole struc-
ture wlll be noted as VIn:.. (R)==Ve->(o)-->Me, wheye (R) means a
retarded continuance between zones 4 and 5 and (O) an ordinary
continuance between zoRes 7 and 9 (fig. 8 and 10).
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    IR tlie second group, IIa aRd IIb are irreguiar-oscii}atory normal

(VIn), IIc aRd IId are normal-oscillatory normal (IIIn) aBd IIe is
irregular-oscillatory even (VIe) ; and at the same time the tendency
of the composition to vary from IIa to IIe is hardly appreciable;
tha"L' is, VIn = = (R) = VIn : (R) -- IIIn ::= (R) -ww IIIn -ww (R) ur VIe.

    The rr}ost characteristic feature ef thls group of zoRes is that
the composition of the zones, directly surrounding tbe trace of cor-
yosion, is carried back nearly to the same composition of the first
zone of the preceding subgroup in spite of the decreasing tendency
of Ang6 in each subgroup. Such a phenomeRon is clarified by C.
FENNER's explanation(i) that processes of differentiation have tended to

change tbe composition to sodic, w"nile ascensiQns of eriginai magma
have carrSed the composikLion back nearly to the startin.cr point at the

period of crystallizatio" of LLhe fu`st zone in each subgroup.

    The crystaliization ef the third group was begun by a consider-
able change in the conditions of the magma. Zone 42 is characterizecl

by abundant lnclus2ons of pyroxenes, apatlte and glass, containing a
fine bu'bble of gas. Such characterist'ic zonal inclusions in a basic
zone, sgcceeding a trace of corrosioR, is often observed in plagioclase

in the rock of this volcano, though the amoiJnt of iRclusion varies.
    As has beek explained, such a fact seems to show that a vlolent

exploslon took place in the volcano, connected with the magma re-
servoir, and caused temporary falls of ternperature and pressure of
magma, in whLlch a small quantity of the underlying basic magmac
was supplied d"ring a period of vigorous stirring.
    The same event would be iiRaginab!e at the beg2nnlng of the
feurth group, but soon after the magma seems to have beeR restored
to its unruffled state, which was long held, tlll tifte fifth stage of

crystai growth was begun with the mixing of olivine basalt magma.
    The repeated norrnal-oscillatory structure in a gentler manner
wkhin only a few percent eE anorthYte wiil be underskLood if we sup-

pose there was an up-and-dowRwafd circulation of the growing crystal
in the magma reservoir. If a magma reservoir is connected to a vol-
cano by a channei, as it is in the case in Unzen, gases ln the magmic
wil2 leak off through this chaRnel to the surface of the earth, yield-

lng a three-p"ftase cgrrent, if it' may be so named, of g3s, liquid and

solid phases. In this current the gas phase moves upward incom-

  lf C. Fenner, The I<atmai i)vlagmatic l'rovlnce, Journ. Geol., 1926, XXXIV, pp.
700-703.
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parably faster than the other two, while the solid phase can only
move upward by the aid of attached bubbles of gas. As the gas
phase may pass freely into the liquid phase, the speed of ascension
of the latter is almost negligible compared wkh those of the gas and
solid phases when the volcaRo is in a state of inactivity.

   The upper part of magma reservoir has a little lower tempera-
ture than the lower part, due to the natural gradSent of geotherm
and the endothermic action of the expansive gases at the upper part,
as k is the fact that the pressure of the magma at the upper part is
iighter than at the lower part. CQnsequently the crystal grows
rapidly at the upper part of the reservoir, making the magma there
more acidic than that of the lower part. Thgs, if a plagioclase is
carried upward by the aid of attached bubbles, k grows gradgally,
adding more sodic layers during the rise, whlle it can not do so or
may be even a little reduced in sinking if it separates from the bubble.
Such a movement of the crystal may tal<e place repeatediy in a veyy
gentle manner, effecting a Rormal-osciilatery normal structure as
illustrated in the group IV of figure 8. Concern{ng the origin of the
minor osciilatory structures, classifiect as micyozone, a suggestion
was given i" the preceding pages. Recently F.. S. KiusZ) discussed
the origin of reverse and oscillatory zoning in plagioclase taking
issue at certain polnts with PHEMIsTER's explanation2). He discussed

the effect of pressure and volatiles ln magina largeiy from the stand-
point of physical chemistry, but according to the writer's cons2dered
opinion,as has been suggested in this paper, the effects of these
factors are far more important when they are considered from the
dynamical poi"t of view.

   In conclusion the writ'er wishes to thaRk the Foundation for the

Promotion of Scientific and Industrial Research of Japan by whose
hel-p the work has beeR carried on. Aiso, to Mr. T. OyAMA, who
has prepared 'the illustrations for this paper, the writer owes a debt

of gratitude.
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