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Part I. X-ray Studies on Oxyhornblendes

                                   Abstract

   With oxyhornblendes from I<orea and Japan, rotation and Weissenberg photographs were
taken, and it was found that these minerals were composed of two different lattices, one being the

monocli'nic amphibole lattice (I2kn), the other the monoclinic pyroxene lattice (C2fc). The
proportion of the two lattices in these minerals are likely to vary from specimen to specimen.
The two lattices ic re presumably grown submicroscopically side by side.

                                 Introduction

    T. ITo (1939, 1950) is tke first to find that mooRstone from Korea is composed of

several, different feldspars. He showed that tke mineral is built up from two monoclinic

and two or three triclinic feldspars, the latter ones being twinned after the pericline

law, and that of these one moneclinic feldspar is potash-rich and the remainders soda-

rich. Soon after, I'ro and SADANAGA (1952) described a microcline from Korea which

is alse built up from two different feldspars, both being triclinic, but one being potask-

rich and the other soda-rich. They also reported in the same article that an aRorthoclase

from Korea is built up from two or three different feidspars, one of them being potaslt-

rich and monoclinic, the remainders soda-rich and triclinic. MoRiMoTo (1956) examined

the monoclinic pyroxene found in andesite of Hakone Volcano, Japan, and reported
Åíhat the mineral is built ttp from two different pyroxenes, oRe being pigeonlte (P2i/c)

and the other augite (C21c). Bown and Gay (1959) reported that a horRblende which

is grown with augite is often oriented in such a way that its a, b, aRd c axial directions

are paraliel respectively with those of the augite.

    Recently, the author has been studying amphiboles from the chemical and structural

viewpoints. In the course of this study he, too, found a titaniferous oxyhornblende
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(1963)

In the

and an oxykomblende (1964) which are
following, the details of the study will be

built up

glV.eR.

from two different lattices.

                               Experimental

    Specimens used iR the present experiments were a titaniferous oxyhomblende from

Ullung-do (Dageiet Island), I<orea, and an oxyhomblende from Ikebukuro, Nagano

Pref. Iapan.

    The specimens of a titaniferous 6xyhornbiende were kindly given to the author

by Dr. A. HARuMoTo, aRd are IN4 mm in !engtk aRd ltv2 mm in diameter. The
mineral makes up globular tough masses, 2tlivlO cm in diameter, together with aikaline

basaltic matrix. The globular masses are contained in a rhyoiitic lava and are considered

to be a kind of volcanlc ejecta.

               Table 1. Chemical compositions and optical properties.

Si02

AI,O,

Fe203

TiO,
FeO
MgO
MnO
Ca20
Na20
K,O
H,OÅÄ
H,O-
Total

a
fi

7
2V
x
Y
z

titaniferous oxyhornblende *)

      39.200/,

      13.89
      4.08
      6.S3
       7.33
      11.96
      0.11
      12.37

      1.99
      1.45
      0.87
      0.25
     1OO.03

      1.680
      1.700
      1.709
     -75
pale greenish brown

reddish brown
dark reddish brown

oxyhomblende

      39.580/, **)

      19.42
       7.54

      3.e4
       0.57
      14.92
      0.11
      12.30
      2.S8
      0.20
      o.oo
      O.06
     IOO.32
      1.672 ***)
      1.695
      1.719
     -92 24,
light greenish brown

greenish brown
reddish brown

 *)
 **)
*** )

A. Harumoto (l933) Chil<yu 19, 96. (written in Japanese)
Chemical composition. K. Tomita (1962) Memo. Co}}. Scl., Univ. I<yoto. 27, 4, S49.
Optical properties. S. Kozu & B, YQshil<i (1927) Sci. Rep. TohQkv Imp. Univ,
.rd. 3,. 107,
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    The specimens of an oxyhornblende were found abundantly as phenocrysts in
hornblende andesite which is bitterly fragile. The crystals are usualry elongatcd along

the c-axis with well developcd (11e) and (010) faccs. The surface of the crystals is

always coated with a very thin, black or brown Iayer. The interior is rcddish brown in

colour.

    These spccimens are perfectly homogcncous to the naked cye or under the micro-

scope. The chemical compositions and optical propertics of these specimens are shown

in Table 1.

    With the titaniferous oxyhornblende and oxyhornb!ende rotation and Weissenberg

photographs about the c-axis were tal<en by using Cu-Kcr radiation. On the rotation

photographs all the spots are arranged perfcctly on the Iaycr Iincs. (Fig 1).

Fig. 1. A Rotation photograph of Ti-oxyhornblÅëndc about the C-?IXIS.

Fig. 1. B Rotation photograph of oxyhornb!ende about the c-axts.
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Fig. 2. A Weissenberg
(zero level)

photograph of Ti-oxyhornb]ende about the c-axis

Fig. 2. B X?Sreissenberg
  (zero level)

photograph of the oxyhornblende about the c-axls
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    On the zero level NVeissenberg photograph and the lst and 2nd level equl-inciina-

tion Weissenberg photographs taken with Ti-oxyhornblende (Fig. 2 A), however,
there are number of extra spots as compared with the corresponding photographs taken

with tremolite. The same is the case witk the oxyhernblende. (Fig 2 B).

    The extra spots also constitute an another set of reciprocal lattice poiRts.

Fig. 3. A
Fig. 3. B

A
h k 0 Vgreissenberg
h k 0 Weissenberg

diagram
diagram

         B
of titaniferous oxyhornblende from I<orea.
of oxyhornblende from Japan.

    In Fig. 4 are illustrated the zero level Weissenberg diagrams in which the solid

circles denote one of the sets and the open circles the other set. In position and intensity

the former is the same as that of tremolite and the latter is the same as that of diopside.

It follows from these observations that these minerals are composed of two different

b*
lkO2kO 3KtO4kO

d -1 1 'I•

1 1 t

' : I lh50
l I l I
t j ! I,h20

----nt------ t ------ r h40
'

! : : : I
1

I l : :
d

l I ]h30
Ii---J;- I-----"

II-J--;------ 1I--"-"---- li(2SZ

I 1 1

d 1 t L
t , t t:

t l t
t t E l
' ' t 'hfO

1 , 1

1l 1'';' 1l

A
Fig. 4.A hk0
Fig. 4. B h0l

C;pot7ot

tttjl
tlt Jti

'

ct'
rot2ot"'t;

/,-ttt

30t40t50t60t
l;' /,,1' /lt:

tit:,f/t'/-'---rL;I--f;gSh

ytstltJJttl

ft"/dI-ttt
lli'ir.lii,l`

iii;?ti:://lt,hOl
jltrttJltriii

mai. " I1/t.ttftti!ilti/isttttlka

ttiiif/,,
,,z•ttsit'

iL""rmgT"".{.

.e' :ll
"s,7' "tttl:;ilil'ttt"ttt./JIttt

./....mr-Cut:.....b'hor
t'tttt

Reciprocal
Reciprocal

       B
net plane.
net plane,

h03



52 Katsuteshi 'I'oMi'rA

lattices and the c-axis of the component iattices are parallel in direction and ideRtical

in ieRgth.

    With the "Iii-oxyhornblende rotation and WeisseBberg photegraphs about the b-axis

were next taken. In the rotation photograph ali the sports are arranged perfectiy on

the layer lines. In the zero levei Weissenberg aRd the 2nd Ievel equi--incluinatioR

Weissenberg photographs there appear extra spots as compared respectlvely with the
corresponding photegraphs taken with treraolite. In the ist level Weissenberg pho-

tograph such extra spots are not observed. It follows from these fact the b-axis of

the component !attices are paraiiel in direction, one being twice in ieBgth the other.

    In Fig. 4 are shown the (h k 0) and (h 0 l) reciprocal net planes derived from the

zero levei Weissenberg photographs about the c-axis and b-axis respectiveiy.
Setting the reciprocal axes as a*, but`, c*i in Fig. 4, in one set of spots lz kl reflexions

appear when lz+k+l==2n, lt 0 l reflections when h+l==2n and 0k o refiections when
k==2n, hence the space group: J2im, wkile in the other set of spols hkl rcfiact{ons

appear when h+k=2n, h 0l reflections when h ==2n, l=2n, ancl 0k 0 refiection when
k= 2n, hence the space group: C2ic. Setting the reciprocal axes as a*, b*, c.* in Fig. 4.

in the former set h k l reflections appear wheR h+k=2n, h o Z refiections when h=:2n,

and 0 k0 reflections when k ==2}t, kence the space group: C21m: while iR the latter set

lzkl refiections appear when h+k+l=2n, hOl refiexions when h=2n, l==2n and
0 k e reflectioRs when k==2n, hence the space group: I2Ia.

    Referring the axes a*, bre, ceei Åíhe lattice dimenslons and the axial angles of the two

lattices vtrere caiculated. Resuits are shown in Table 2.

Table 2. Lattice dimemsion.

a

b

c
,Ei

Ti-oxyhornblende

l21m

 9.84--O.01A

ls.2sÅ}o.elA

 5.33Å}O.01A

  105023i

C2ic

9.63 ,h O.01 A

8.96Å}O.01A

5.33Å}e.01A

 105e23t

Oxyhornblende

J2!m

 9.8sÅ}O.01A

ls.esÅ}e.olA

 5.33ti,O.OiA

  105e43,

C21c

9.75thO.01A
8.88 ,L O.01 A

5.33 ,i, 0.01 A

 105043,

  Evidently, tke lattice of which space group is l21m is a monoclinic amphibole !attice,

and that of which space group is C2ia a monoclinic pyroxene iattice.

    XVeissenberg pftotographs about the c-axis were taken with several other specirnens

of both Tl-oxyhornblende and oxyhornblende. In these photographs tke spots brought
by the moRoclinic pyroxeRe are not always in coincidence with one hnother iR number

and in intensity. The ratio of two component minerals, therefore, varies from specimen

to specimen. The monoclinic amphibole ls, however, always more predominant than
the other.
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Consideratien

    The Ti-oxyhornblende and the oxyhornblende examined in the present investiga-

tion are built up from two compoRent minerals, one being moRoclinic amphibole, the

other monoclinic pyroxene, and both being submicroscopic. The two component
minerals are probably arranged side by side, and are associated in such a way that their

three axis are parailei to each other respectively, if an I-iattice is chosen for the mono-

clinic amphibole and a C-Iattice is for the monociinic pyroxene.
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    Relationship between two component lattices are considered as illustrated IR Fig. 5.

The relationship of crystal structure between clinoamphibole (trernolite) and clino-

pyroxene (diopside) were investigated by B. E. Warren (1929). He showed that,
when space groups of tremolite and diopside ls chosen as I21m, C2Ie respectively, the

projection of tremolite structure on (0 1 0) are almost identical with that of diopside

structure on (010). It will be seen, therefore, that the two component minerals of

Ti-exyhornbleRde and the oxyhornblende rnay be connected on the a c plane [(0 1 0) face].

In Fig. 6 is illustrated a diagramatic veiw of the structure of the oxyhornblendes con-

structed by cennecting clinoamphibole and clinopyroxene on the a c plane.

    The chernical formula of the pressent oxyhornblende may be established from

the results of chemical analyses in suck a way that it will be in conformity with the

general formula of amphibole. This is, however, not adequate. For, the present
oxyhornblendes are built up from the two compoRent minerais as said above. The
auther calculated the ratio of the two component minerais from the results of ckemica}

analyses, paying attention to the water content, and obtained a result looked as if

pyroxene were much more predominant than that estimated from the iRtensities in the X-

ray photograpks. In the amphibole composing the present Ti-oxyhornblende and
oxyhornblende, tkerefore, sorne of its OH ions much be replaced by O atorns, electro-

neutrality being balanced by additional elements.
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Part 2. Pkase Change of Calcifetous Amphiboles by Heating

                                 Abstract
   Some of the calciferous amphiboles were heated in air for 2 hours. Tremolite and actinoiite

heated at about 9eOOC and hornblende (tschermakite) heated at about 10000C $how that they
are composed of two phases; one is the clinoamphibole phase, the other the clinopyroxene phase.

The two phases are associated in the same wft,y as in the case of the oxyhornblendes described
in Part 1.

Introduction

    Kozu, YosHii<i and KANi (1927) made a thermo-optlcal investigation on some
common hornbiendes (caiciferous amphiboie). They observed tkat common hornbiende

was transformed to basaltic hornblende (oxyhornblende) at 7500C.

    BARNEs (1930) reported that common hornbleRde was transformed to basaltic
hornblende by heating to about 8000C, and basalÅíic hornblende to original hornblende

by heating to about 8000C in hydrogen gas. He thus showed that the transformation

was reversible. He thought that it was caused by subtracting or adding hydrogens,

the electrical neutrality being maintained by concomitant oxidation or reductioR of iron

respectively.

    PosNJAi< and BowEN (1931) studied the dehydration with a tremolite from Ham

IslaRd, Alaska. They observed that the dehydration took place very slowly up to

8500C, but promptly between 9000C and 10000C, losing about 700/, combined water;
and that dehydration between 9000C and 10eOOC resulted in structural disintegration,

that is a formatlon of pyroxene which beiongs to a clinoeRstatite-diopside series, and

free silica. They thought that the change proceeded according to the following

    equakon:

              H,Ca,Mg,Si,0,, -" 2CaSiO,5MgSiO,+SiO,+H,O T

They aiso observed that the tremolite heated at 9000C for 24 hours gave aB amphibole

pattern together with a pyroxene pattern in an X-ray powder photograph.

    WiTTELs (19S2) and VERMAAs (1952) observed by the D.T.A. that a tremoiite shows

aR exothermic reaction between 6150C and 8240C, and a strong endothermic reaction

between 9300C and 9880C, the former not sltowiRg any apparent change in the crystal

structure, but the iatter showing a disintegration of the structure. They presumed

that the exothermic reaction might take place on account of the oxydation of tke ferrous

iron present in these minerals.

    By the D.T.A. of actionlite, VERMAAs (1952) observed an endothermic reaction,
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and showed that the reaction was accompanied by a loss of water and a formation

of clinopyroxene and cristobalite. BELyANKiN and DoNsi<AyA (1939) obtained almest

similar results.

    KoRzmNI<sy (1955) carried out thermal studies with teR hornblende crystals from

eastern Siberia, covering a wide range ofcomposition. They showedtwo endothermic

reaction between 90e"C and 103eOC, and between 12400C and 13000C, the loss of
weight being frbm 0.30/. to 2.50/,.

    On the basis of thermal, chemical and X-ray investigation of fourteen amphiboles,

OvcHiNNii<ov et. al. (195S) shovved that the constitutional water (about 500/, of the total)

was lost at 4000CN5000C, the lattice not being destroyed, but OH being replaced by

0 and Fe"2 by Fe"3; at 9500C•wl1000C the remaining water was lost, the lattice being

destroyed with a formation ef clinoenstatite aRd hematite.

    WiTTELs (19S2) examined the effect by heating with hastingsite and pargasite.

He reported Åíhat hastingsite was disintegrated at 10900C, and pargasite at 11000C, and

the product of the thermal reactioR was a mixture of po2iaugite, plasioclase and hematite.

    Recently, the aiithor (1963) found a titaniferous oxyhornblende and an oxyhorn-

blende which are made up of two different phases, monoc}ifiic amphibole aRd mono-

clinic pyroxene, both beiRg submicroscopic. The two component minerals are
probably arranged side by side, and are associated in such a way that their three axes

are parallel to each other if an I-lattice is chosen for the monoclinic amphibole and a

C-lattice is for the moRoclinic pyroxene.

    Taking into account the results hitherto obtained by many investigators, the author

presumed that calciferous amphibole might change by heating into two phases, which

may be asseciated in some crystallog{"aphic relationship. He therefore studied the

thermal change of calclferous amphibole r6ntgenographycally. In the following part,

the details of the study will_be given.

                                Experimental

 Speclmens :

    Calciferous amphiboles used in the present investigaÅíion weere picked out from the

host rocl<s and agglomerate shown in Table 1. The specimens were crushed into

grains, the size of which was from 10e mesh to 150 mesh. The crushed specimens
were first separated from magnetic impurities, quartz and feldspars, using isodyramic

separator, and then the specimens were purified under the microscope. The purifies

specimens were puiverized into powder in an agate mortar.

    Single crystals ef tremolite, actinolite and hornblende were also examiRed. They

were IN4 mm in length and e.2NO.5 mm in diameter. Under the microscope no
twlnning or zonal structure was observed and they were perfectly homogeneous.
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  Table

on

1

 Oxyhornbiende

. Specimens.

57

sample

tremolite

actinolite

hornbiende
 (ts{)hermakite)

Ti-c:xyhornblende
 (kaersutite)

oxyliornbiende

host rock

limestone of contact zone

tale shist

aggromerate of volcanic ejecta

aggromerate of volcanic ejecta

hornblende andesite

locality

Table 2. Chemical composltlons and

Antung hsien, Liaotung, China

Sekigawa, Niihama-city, Ehime
 PreÅí

Gaspan, Parao lsland ,

Ullung do (Dagelet Is.). Korea.

Ikebukuro, Fujimi, Suwa, Nagano

 PreÅí Min ..
optical propertles.

Si02
A120:,

Fe20.i

Ti02
FeO
MgO
MnO
caO
Na20
K,O
H20+
H20 ---

Total

Analyst;,

a
s

r

r-a
2V
CAz
X

Y

z

in ll;lllmoiite

  58.54
   0.79
   O.03
   O.04
   O.il

  23.60

   tr.

  12.75
   0.59
   O.07
   2.52
   0.5i

  99.19
K. Tomita
   1.598

   1.635
   O.037
  -7oo3)

   23o

actinolite

     56.74

      t.45

      0.49

      ty.

      3.96

     21.51

      e.2o

     11.76

      0.75

      0.11

      2.47

      0.40

     99.84

  K. Tomita
      1.624

      1.642

      e.olg

    -6so
      17o

very paie green

very pale yei-
 lowish green

pale green

hornblende

     41 .07

     17.94

      3.59

      0.18

      7.79

     13.37

      0.14

     12.es

      1.83

      0.31

      1.46

      0.57

    100.33

  K. Tomita
      1.658

      1.683

      O.025

    -76o
      18o
pale yellowish
 green
pale brown-
 green
dark yellowish
 green

oxyhornblende2)

     39.S8

     19.42

      7.S4

      3.04

      e.57

     14.92

      0.11

     12.30

      2.58

      0.20

      o.oo
      O.06

    1 OO.32

  K. Tomita
      1.672
      1.695

      1.719

      O.047

    -92024t

light green
 brown
greenish brown

reddish brown

Ti-oxyhorn-
  blendei)

     39.20

     i3.87

      4.08

      6.53

      7.33

     11.96

      0.11

     12.37

      1.99

      1.45

      0.87

      0.27

    100.03

 U. Ushizima
      1.680

      1.700

      1.709

      O.029

    -7so

brown pale
 green
reddish brown

darl< reddish
 brown

1)
2)

3)

cited from the repQrt by A. Harumeto (1933) Chikyu, 19, 96.
optical data are cited from the repert by S. Kozu atnd B. Yoshiki
Tohoku Imp. Univ. 3, 143.
approximate value owing to the wave extinction.

(1 927) Sci. Rep.
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    Chemical compositioRs and optical properties of these specimens are shown in

Table 2.

    In Table 3. are shown the atomic ratios based on O=2400, which were derived

from the results of chemical analyses. Al is divided lnto two groups, viz, 4-coordiRa-

tion (AIiV) and 6-coordination (AIVi). The chemical formulas of the Ti-oxyhom--

b{ende and oxyhornblende were not established, because these specimeRs are cemposed

of two component minerals as mentioned iR part I.

                  Table 3. Atomic ratio based on (O, OH)=:2400.

si

AIIv

AIVI

Ti
Fe-'3

Fe+2

Mn
Mg
C,a

Na
K
OH

tremolite actinolite  hornblende
(tschermakite)

792

  8

  4

  o
  o

  o

  o
477
l82

 15
  o

227

784

 16
  8

  o

  5

 46

  2
443

174

 19
  1

227

599

201

108

  2

 39

 95

  2
291

189

 52
  6

142

oxyhornblende

552

248

 70

 32

 79

  7

  2

310
183

 70

  3

  o

    Ti-
oxyhornblende

586
214

 30
 74

 47
 92

  2
267
198

 57

 22
 86

The chemical formulas of these specimens run approximately as follows:
    tremolite Ca2MgsSis022(OH)2
    actinolite (Ca, Na)2(Mg, Fe"'2)sSis022(OH)2
    hornblende (Na, I<)o.,(Ca, NTa)2(Mg, Fe"2)4(F'i'3, AIV!)Si6AiiV2022(OH)2
   (tschermal<ite)

2. X-ray powder diffraction of powdered specimens heated at several temperatures:

    Powdered specimens were heated in air at several temperatures. The temperature

was raised up at the veiocity of S•-vlOOCfmin., up to a definite temperature, where the

specimens were kept for 2 hours. (Table 4) Then, they were cooled rapidly by piaciRg

them on a metal surface. A specimen used for heating at a definite temperature was

not used for heating at other temperatures.

    X-ray powder patterns of the cooled specimens were taken by using diffractometor

(NORELCO. 1)s"Torth Am. Philp Co.). The results are shown in Fig. 1•-v5, Table St•-9.

    Actlnolite and hornblende (tschermakite) change in color by heating at 8500C from

green to reddish brown. .    The X-ray powder diffraction patterns of tremolite and actinolite heated at 8500C

for 2 hours show no change, but the patterns of the specimens heated for 2 hours at
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heated.
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9000C and 950eC show a change to two phases,

pyroxene phase. Further, the patterns show
varies. The pyroxene phase is more abundant

the clinoamphibole phase and the clino-

that the proportion of the two phase

in the specimens heated at 9500C than
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in the specimens heated at 9000C. The X-ray diffraction patterns of tremolite

actinolite heated at 10000C for-2 hours show that tke original phases change to

phases, that ls, cliRopyroxene and cristobalite.

and

two
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Table 4. Ignition Cendition.

Specimen

tremolite

actinQlite

hornb!ende
(tschermakite)

oxyhornbiende

Ti-oxyhornbiende
(kaersutite)

temperature

8seoc
8500C

8500C

8500C

8SOOC

goeoc
9000c

9000C

9000C

9000C

9500C
950eC

9500C

9500c

9SOOc

10000C
1ooeoc

1oooec

teoeoc

1eoooc

10500C

losoec

1OSOOC

duration

2

2

2

2

2

hours

hours

hours

hours

hours

Tabie 5. x-ray power diffraction patterns of tremolite and that heated in air.

hhl
02 01101 O i
0 1 1
2oe
0402200 3 1
1 4 1
240
3100513302 3 1
2 5 Z
1122021 3 2
301400
3214202 7 1
332202
SIO56I480S216oe
1 0 3
1 2 3
57 0}62 2j
2 8 2
212 0

natural speclmen

2e (degree)

 9.75
10.SO
17AS
18.13
18.62

19.63
21.10
22.86
26.30
27.23

28.53
30.36
31.92
32.76
33.08

34.55
35.37
37.3S

37.75

38.SO
39A5
41.74

44.92

48.00
55.65
S6.15
56.88
58AO

d (A) I/Io

59.43

60.30

61.70
64.75

9.07
8A2
5.08
4.90
4.77

4.5S
4.21
3.89
3.40
3.28

3.13
2.94
2.81
2.73
2.71

2.59
2.54
2AO
2.38

2.34
2.30

2.16

2.02

1.90
1.6S
1.64
i.62
1.58

1.56

1.S3

t.se
1.44

 19
aog
 le
  6
 11

 11
 24
  6
 23
 41

leo
 16
 27
 12
 28
  9
 12
  1

  7

 14
  s
 14
  8
 14
  8
  2
  2
  1

2

2

3
18

heated at 8500C for 2 hours

2e (degree) d (A)

 9.84
10.58
17.47
18.20
i8.72

19.68
21.16
22.96
26.40
27.26

28.60
30.42
31.92
32.80
33.12

34.64
35.46
37.80

38.56

38.80
39.20

41 .80

45.00

48.10
5S.70
56.l8
56.94
58.20

60.44

61.70
64.84

8.98
8.3S
5.07
4.87
4.74

4.51
4.20
3.87
3.37
3.27

3.12
2.93
2,80
2.73
2.70

2.S9
2.53
2.37

2.33

2.32
2.30

2A6
2.01

1.89
1.6S
1.64
1.62
1.S8

1.53

1.50
t.44

I/Ie

 11
149
 11
  4
 15

  6
 41
  3
  4
 34
1OO
  s
 38
  zl'

 24
  3
  i'
 11

  7

  s
  2
  3
  4
 25
  7
  2
  2
  2

1

2
8
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Table 5. (continued)

Tremolite

Katsuteshi

heated

ToMiTA

at goooc for 2 hours.

2e (degree) d (A) I/Io hkl note

 9.76

10.46

17.44

18.68

19.71

21.12

26.37

27.26

27.76

28.6e

29.78

30.58

31.96

33.12

34.60

35.01

35.46

35.80

37.75

38.56

39.12

39.77

42.30

44.50

44.92

48.06

SO.28

S5.66

56.IS

S6.64

58.16

61.71

64.80

66.56

i
i
I
i
l
L
i
l
i

l
l

i

i
i
l

i
i
l

l
l
l
l
I
i

I

i

i
i
l
l
l

l

i
]

l
I
i
j

l
l
i
l
l

i
l

9.05

8.45

5.08

4.75

4.50

4.20

3.38

327
3.21

3.12

2.99

2.92

2.80

2.70

2.S9

2.56

2.53

2.5i

2.44

2.33

2.30

2.26

2.13

2.03

2.02

1.89

1.81

1.65

1.64

1.62

!.58

1.50

1.44

1.40

:
;
I
I
i

1

l

i

i
i
i

i
I
i
I
j

i
I

]
i
i

l

i
I
l

 69

  9
  8

 li

  5

 14

  4

 38

 10

100

 10
 18

 21

  9
  4

  5
  8

  9

  5

 10

  2

  3

  4

  3

  4
  8

  5

  5
  4

  4

 17

  5

  4

  3

i
i
l

l

l
I
i
i
i

i
I
I

i
I

i

l

l
I

I
i
i

i
I

i
i

l

o

1

1

2

o

2

1

2

2

3

2

3

3

2

1

2

2

o

3

4

3

4

4

3

o

2

5

3

1

s

4

6

1

2

2

2

1

o

o

4

2

4

4

2

1

2

1

3

s

1

o

o

o

o

o

2

2

o

3

zl'

o

1

1

5

6

8

o

o
8

12

o

o

l

o

o

o

l

o

o

o

l

o

o

1

2

2

2

2

1

o

1

o

o

o

1

2

o

2

o

1

o

o

3

2

o

i

i
i
l

I

l

i
i

i

I
i
I

i
l

l

l
l

refiection

refiection

refiection

reftection

reflection

reflection

reflection

reflection

refiection

reflection

refieetion

reflection

reflection

refiection

reflection

refiection

of clinoamphibole

   )1

   )l

   11

   tt

   71

   tl

   ll
of clinopyroxene

of clinoamphibote

of clinopyroxene

   }s
of clinoamphibole

   7s

   JJ
of clinopyroxene

of clinoamphibole

of clinopyroxene

of clinoamphibo!e

   lr

   ts

of clinopyroxene

   fJ

   le
of clinoamphibole

   tl

of ciinopyroxene

of clineamphibole

   )}
of clinopyroxene

of clinoamphibo!e

   ls

   JJ
of clinopyroxene
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Table 5. (Continued)

Tremolite heated at 9500C for 2 hours.

2e (degree) d (A) I/Io J, kl note

10.54
19.90
21.10
26.78
27.24
27.78
28.60
29.78
30.66
31.88
34.96
35.87
39.76
41.28
42.30
42.80

44S4
46.00
48.04
50.20
S2.28
55.08
56.62
59.90
61.74
66.56

8.39
4.45
4.2i
3.33
3.27
321
3.12
2.99
2.91
2.80
2.56
2.50
2.27
2.19
2.13
2.11

2.03

1.97
1.89
1.82
iJ5
1.67
1.62
i.S2
1.50
1.40

I
      56
       7
      14
      22

l17      S3
     1OO
      83
     102
      20
      28
      66
      11
      14
      24

l. 6i

      17

       6
       7
      15
       6

'7      36
       6
      19
      17

illo[I04oi2 2 0 Il. o21
i240l2 2 0 I
i310l2 2 1 I
li 310Il330l, 2o2
iO021400I02        2
I330l33 -1-
l o 4 1 l
l4 02 1I24i i,l510l'312ii042

i282
            /

reflection

reffection
reflection
refiection
refiection
refiection

refiection
regection
refiection

refiection
reflection

reflection
reflection

of cllnoamphibole
   tr
   tl
of clinopy'roxene
of clinoamphibole
of clinopyroxene
of clinoamphibole
of clinopyroxene
   e)
of clinoamphibole
of clinopyroxene
of clinopyroxene
   tJ
   )t
   vr
   ll

of
of

of
of

tl

JI

clinoamphibole
clinopyroxene

)f

t)

t)

 })

clinoamphiboie
clinopyroxene

tremollte heated actleOOOC for 2 hours.

2e (degree)

26.76
27.77
29.76
30.64
35.00

35.83

39.80
4i.32
42.26
42.84
44.57
46.13

52.28

S5.08
56.64

d (A)

3.33
3.21
2.99
2.92
2.56

2.50

2.26
2.18
2.14
2kl
2.03
3.97

1.75

1.67
1.63

I/Ie

 27
 55
1OO
122
 35

 71

 10
 l2
 20
  6
 12
  4
  4
  4
 3S

natural diopside from Ham Is.*

l

d (A) IIIo

3.33
3.23
2.98
2.94
2.56

2.53

2.29
238
2.12
2.10
2.03
2.002
1.959
1.748
1.668
i.622

  5
 80
1OO
 7e
 10

 40

 10
  5
 20
 3e
 10
 30
  5
 40
  s
 20

hkl
  o
  2
  2
  3
  2
02
12
  4
   e
   3
   4
   o
   zl•

   2
   o

2,
2,

2
2
2
1

o

o
2
3

2
4
o
4
4

1

2

1

o
i
o
2

3

2
o
2
I
'1'

1

2
i
2

i
1

Cu-Ka radiation 3SkV-10mA., time constant 4
10-O.O06'-le, scanning speed 101min.,
* natural diopside from EIam Is., Ala$ka, Ref.,
    space group of clinoamphibole: I2fnt.
    space group of clinopyroxene: C21c.

sec, maltiplier

Yoder, Am.

1, scale

J• Sci.,

factor 4,

245_48, (1950).

slit
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Table 6. x-ray diffraction patterns of actinolite and that heated in air.

hkl
nattiral spealmen

0201101 0 1
0 1 i
200
040220
1 4 i
240
310OSI3302Sil12
2 0 2
400301321420
27i3322e2510530
SOI4 8 0
5216 0 0
1 0 3
6 2 2
570282212 0

I
i
:

]

2e (degree)

 9.80
10.40
17.36
18.16
18.65

19.65
21.12
22.92
26.2S
27.24

28.52
3e.37
31.88
33.04
34.52

35.34

37.71

38.48
39.11

41.68

44.91
48.06
SO.28

54.38
55.74
56.88

58.34

60.40

61.66
64.89

i d (A)

9.02
8.SO
530
4.88
4.80

4.S2
4.20
3.87
3.39
3.27

333
2.94
2.80
2.71
2.6e

2.S4

2.38

2.34
2.30

2.27

2.02
1.89
1.81

1.68
l.65
1.617

1.580

1.531

1.502
1.435

i I/Ie

56
95
33
24
21

65
80
16
37
90

1OO
 49
 85
 60
 19

33

30

34
18

28

26
26
27

9
33
10
24

10

16
49

heated at 8sOOc for 2 hours

2' e (degree)

 9.80
10.55
17.46
18.2S
18.70

19.72

23.00
26.44
27.30

28.70
30.48
32.04
33.24
34.64

l d (A) l

35.5e

37.86

38.65
39.25

41.48

45.07
48.34
50.50

55.86
56.96

58.42

60.S6

61.86
65.10

9.02
8.38
5.07
4.86
4.74

4.50

3.86
3.37
3.26

3.11
2.93
2.79
2.69
2.59

2.53

2.37

2.33
2.29

2.28

2.01
1.88
!.81

1.644
1.615

1.578

1.527

1.498
1.431

Iflo

 4
1OO
 l2
  3
  3

11

4
8

30

1eo
 IO
 41
 24
  6

9

6

25
5

2

10
10
12

13
4

7

3

3

24

actionlite heated at 9000C Åíor 2 hours.

20 (degree) l d(A)

l 0.48

17A6
18.72

19.66

21.24

s
l I/Ie i

i

8.43

5.07

4.74

4.51

4.18

s 77
3

2

3

6

hkl t

110
1 O l
2 0 0
040
220

note

reftection of clinoamphibole

)1

I)

rl

})
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actinoiite heated at 9000C for 2 hours (continued)

20 (degree)

26.42
26.82
27.36
27.36
28.70

29.76
30.S8
32.06
33.16
35.00

35.84
37.86
39.70

4i .82

42.26
44.42
48.36
50.48
52.50
55.88

S6.04
S6.48
56.96
6S.04

d (A)

3.37
3.32
3.26
3.26
3.11

2.99
2.92
2.89
2.70
2.56

2.50
2.37
2.27

2.16

2.14
2.04
1.88
1.81
1.74
1.64

1.639
1.627
1.61S
IA32

Iflo

  4
  2
  9
  4
1OO

  9
  8
 26
  3
  2

  3
  7
  1

  1

1

2
5

4
1

9

1
2
6
3

hkl
1 4 1
021240220310
2 2 r
3103302SI2 0 2
O024eo4202 7 1
3 3 2
330041510530042480

note

'

6002t2 0

refiection
refiection
reflection
reflection
refiection
feflection

reflection

reflection

reflection

of clinoamphibole
of clinopyroxene
of clinoamphibole
of clinopyroxene
of clinoamphibole
of clinopyroxene

   tl
of clinoamphibole
   ls
of clinopyroxene
   7)
of clinoamphibole
   tr

tp

refiection of clinopyroxene

            }I
refiection of clinoampliiboie

            fJ
regection of cKnopyroxene
reflection of ciinoamphibole

refiection of clinopyroxene

            1}
et al. reflection of clinoamphibole

            I}

actinolite heated at 9500C for 2 hours

2e (degree) d (A)

10.S8
26.80
27.77
28.68
29.82

30.66
31.98
35.04
35,88
39.60

41.18
42.36
44.54
48.30
S2.34

56.70
6e12
6S.04

8.35
3.32
3.21
311
2.99

2.91
2.80
2.56
2.50
2.27

2.19
2.13
2.03
1.88
1.75

1.62
1.54
i.43

IXIe hkl
.128
 51
107
1OO
268
241
 41
 45
le7
 18
 17
 70
 41
 14
 14
 54
 18
 14

l
f 11e02i2203102 2 i
3103302 0 2
oe2400
02233 - 1

041510042

note

i
212 0

refiection
refiection

reflection
reflection

refiection
reflection

reflection
reflection

of
of

of
of

of
of

of
of

reflection of

clinoamphibole
clinopyroxene

ts

clinoamphiboie
clinopyroxene

rl

clinoamphiboie
clinopyroxene

})

r7

)7

})

!)

clinoamphibole
clinopyroxene

 vT

 tt

clinoamphibole

t'va'
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Table 6. (continued)

actinolite heated at
       fQr 2 hours

10000c I

natural diopside from Ham Is.

2e (degree) d (A)

19.88
21 .72*
26.78
27.77
29.82
30.66
35.02

3S.82

41.20
42.36
42.86
44.S4
52.32
S6.70
61.74

4.46
4.09
3.33
3.21
2.99
2.91
2.S6

2.50

2,19
2.13
2.108
2.033
1.747
1.622
1.5el

I/Io d (A)

  9
 28
 28
 33
1OO
 63
 29

 46

  6
 23
  7
 16
  4
 2S
  s

4.44

3.33
323
2.98
2.94
2.56

2.53

2.l8
2.146
2AOI
2.034
1.748
1.622
1.520

I!Io lz k l

  5

  5
 80
1OO
 70
 10

 4e

  5
 20
 30
 30
 40
 20
 10

l
l

o
1

o

e
2
2
3

2
o
1

o
3

4
o
o

2

2
2
2
l

o
2,
2,

2
3

2
4
4

1

2

o

1

o
l
o
2
3

2
2
o
i
1

2

I
1

* refiection of cristobalite.

Cu-Ka radiation 35kV-10mA, time
10-e.O06'-10, scanning speed le!min.,
group of clinopyroxene: C21c.

  Table 7. Å~-ray powder diffraction

constant 4sec,

 space group

patterns

maltiplier 1, scale
of clinoamph{bole:

of hornblende and that

factor
f21m.

4, slit

 space

heated in air.

hkl
1
1

o
2
o
1

2
3

o
3

2
2
1

2
4
3

4
3

2
5

5
5

5
1

2
2

1

o
1

o
4
4
4
1

5
3
3
5
1

o
o
2
2
3

o
1

3

6
2
o
8

12

o
l
2

o
o
I
o
o
1

o
1

I
2
2
o
1

o
2
2
o
o
i
1

3

2
o

natural speclmen
2e (degree) l d (A)

10.50

19.60
26.27
27.20
28.50
30.35
31.85
32.60
33.oe
34.S2
35.10
37.75
38.36
39.05
41 .76

45DO
48.0S

55.70
56.97
58.IS
61.65
64.70

8.42

4.S3
3.39
3.28
3.13
2.94
2.81
2.75
2.71
2.60
2.56
2.38
2.34
2.30
2.16
2.01
1.89

1.6S
1.62
1.59
l50
1.44

I/Io

103

 11
 19
 28
1eo
 17
 32
 17
 24
 l3
 13
  6
 16
  7
 18
 10
  4

 16
  6
 10
 11
 11

heic ted at 9500C for 2 hours

2e (degree)

10.60
17.44
18.14
18.84

26A4
27.40
28.81
30.58
32.18

33.22
34.64
35.26
37.96
38.64
38.98
41.94
45.20
48.50
50.66
56.08

58.34

6520

d (A)

8.33
5.08
4.88
4.71

3.37
3.25
3AO
2.92
2.78

2.69
2.59
2.54
2.37
2.33
2.31
2.15
2.00
1.88
3.80
1.64

1.S8

1.43

IIIo

1OO
  3
  3
  3
 11

 24
100
  6
 36

 16
  7
 13
  7
  5
  4
  8
  6
  3
  6
 13

 13

 12

Cu-Ka radiation 35kV-10mA,
le-0,006'-10, scanning speed 10

ting.e

lmin.,
constant 4 sec.,

space group of
maltiplier 1, scale factor 4,
clinloamphibolet f2!m,

slit
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Table 7 (continued)

Hornbiende heated at 10000C for 2 hours

2e (degree)

12.40
20.42
30.86
31.98
32.50

33.74
34.86
3S.60
36.30
37.64

38.76
40.50
41.36
44.50
45.30

49.20
S7.19
59.80
77.77

d (A)

8.28
5.04
3.36
3.25
3.20

3.08
2.99
2.93
2.87
2.77

2.69
2.584
2.54
2.36
2.32

2.15
1.87
1.79
1.43

IIIo

140
  3
  4
 19
  5

ioo
  6
 i2
  3
 23

  7
  3
  7
  2
  2

  3
  4
  zl'

  4

hkl
1
1
1

2
2

3

2
3
3
3

2
1

o
4
3

3
5
3

2

1

o
`l•

4
2

1

2
1
1

3

5
1

o
o
2

3
1
1

12

o
i
I
o
o

o
l
o
i
o

i
2
2
o
1

2
o
2
o

note

reflection

reflection

reflection
refiection

re9ectlon

refiection
reflection

reflection
refiection

of clinoamphibole
  le
  tt
  tl
of clinopyroxene

of clinoamphibo}e
of clinopyroxene
  ll

of clinoamphibole

  rll

of clinopyroxene
of clinoamphibole
  lp

  Ir
  ls
of ciinopyroxene
of clinoamphibole

Co-Ka radiation 30kV-10mA, time constant 4 sec., maltiplier 1.
10-O.O06'10, scanning speed 101min. space group of clinopyroxene:

                     Hornblende heated at 10500C for 2 hours

scale

 C2fc
factor 4. slit

.

2e (degree) d (A) I/Io hkl note

25.60
26,64
2Z56
27.98
32.45

43.78
35.48
35.89
38.76

41.71

42.70
48.88
49.64
SO.88
S2.27

58.52
61 .45
67.00
67.70
72.70
74.70
78.50

l
{

I

j

i
i

i
i

i
l

4.04
3.88
3.76
3.70
3.20

2.99
2.94
2.89
2.69

2.51

2.46
21.6
2.13
2.08
2.03

1.83
1.75
1.62
1.61
1.S09

1.474
1.413

I

I

l

i
I
1

l
i
I
i
l
I

I
l
ll

 40
 20
 20
 17
 8S

 60
1OO
 30
 34
 8S

 14
 14
 18
 IS
 14

 18
 17
 15
  9
 30

 20
 15

I

l
l
i
I
i

I
l
i
l
l

I

           :
           I

           I
           L
2 2 0 l           I
2 2 I i
310 l31i j           i

?g i}l
           Ii

0 2 2 i2g?l
o 4 i I
150 i0 4 2 i
           l
           i
           I
           i
           i'
           I
           1

reflection

refiection
reflection

reflection

reflection

reflection
reftection

reflection

of plagioclase

  IJ
  le
of hematite
of clinopyroxene

  11
  tt
  11
of hematite

of cimopyroxene
of plagioclase
of clinopyroxene
  ))
  ))
  vJ

  )e
  lr
  7t
  rt

of hematote

Co-Ka radiation 301<V--10mA, time
10-0,006'-IO, scanning speed 10/min,

constant 4 sec., maltiplier 1, scale factor 4, slit
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Tab}e 8. x-ray powder diffraction patterns of oxyhornblende and that heated in air

hkl
2 l e
10 - 1

0401 4 - 1

24e
330OSI3 3 0
23125i
1 1 2
2 0 2
400322420
3 3 2
20251053e48e
521282212 0

natural     '        *sp  eclmen
2e (degree) g d (A) l IIIo

10.60

19.68
26.41
27.34

28.70
30.S5
32.02
32.7S
33.14

34.62
35.20
37.90
38.S6

41.9S
45.17
48.43
50.60
56.05

3 8.35

4.51
3.38
3.27

3.11
2.93
2.80
2.73
2.71

2.59
2.5S
2.37
2.33

2.1 5

2.01
1.88
1.80
1.64

 84

  9
 l6
 33

1OO
 12
 14
 14
 28

 14
 13
  5
  9

9
10

5
7

10

heated at 9500C for 2 hours
2e (degree) l d (A) E I/Ie

12.32
20.38
22.98
30.80
31.92

33.60
35.68
37.48
38.38
38.72

40.42
41 .26
44.34
45.12
45.50

49.10
52.20
S6.94
S9.60
66.16

66.60
73.16
77.44

  8.34
   5.06
  4.49
  3.37
  3.2S

  3.09
  2,92
  2.78
  2.72
  2.70
  2.59
  2.54
  2.37
  2.33

'  2.31

  2.1S
  2.03
  1.87
  1.80
  1.64
• 1;63
  1.50
  1.43

156
  5
  6
  9
 44

1OO
 12
 27
  4
 16

 10
 16
 16
  8
  4

  6
  6
  2
  3
 10
  3
 35
  4

* Cu-Ka radiation

oxyhornblende heated at 1oooac for 2 hours

2e (degree)

12.34
20.34
26.68
30.78
31.90

32.46
33.64
34.76
35.68
37.50

38.48
38.72
40.42
41.26
41 .68

44.36
45.16
45.60
49.10
52.96

59.64
66.16
77.46

d (A)

8.32
S.07
3.88
3.37
3.30

3.20
3.09
2.99
2.92
2.78

2.71
2.70
2.59
2.54
2.Sl

2AO
2.33
2.31
2.15
2.01

1.80
1.64
1.43

I/Io

 78
  8
  6
 17
 35

  8
1OO
 10
 17
 20
  8
 20
  6
 21
  6

  4
  7
  6
  4
 10

  5
  8
 18

hkl note

1
1

o
1

2

2
3

2
o
3

2
2
1

2
o

4
3
4
3

2

5

4
2

2

o
3
4
4

2
1

2
5
3

3
s
1

o
o

o
2
2
3

o

3

8
12

o
l
1
1
o

o
o
1
1

o

1
l
2
2
2

o
1

o
2
2

o
o
o

refiection

refiection
reflection
refiection
reflection

reflection

refiection

of clinoamphibole
  t7
  tl
  ls
  tr

of clinopyroxene
of clinoamphibole
of clinopyroxene
of clinoamphibole
  )l

  le
  Jt
  11
  ll
of clinopyroxepe

of clinoamphibole
  sf
  1)
  11
  Ts

  17
  1}
  r)



Studies on Oxyhornblende 69

oxyhornbiende heated at losoec for 2 hours

2e (degree)

   25.60
   26.40
   27.50
   28.46
   32.46
   34.80
   35.48
   35.92
   37.78
   38.72

   41.19
   41.74
   42.72
   42.76
   52.20
   S8.14
   61.62
   63.62

Co-I<a
1O-O.O06i_1O,
group of

d (A)

4.04
3,92
3.76
3.64
3.20
2.99
2.94
2.90
2.76
2.70

2.543
2.51
2.4S
2.21
2.03
1.84
1.75
1.696

radiation, 30 kV-10 mA,
     scanning speed
 clinopyroxene: C2ic.

 I!Ie

 27
  16
  19
 14
  74
  57
 1OO
  38
  t4
  30

  3e
  62
  16
   8
   8
  14
  11
   s

  tlme
1 Olmin.,

hkl

22022i31e31I

2e2oe2
4000411 5 0
042313

constant

 space

4 sec.,

group of

               note

 reflection of plagiociase

             Jf
             pt
             Tl
 reflection of clinopyroxene

             tl
             tl
             )s
 refiection of plagioclase
 reflection of hematite

 reflection of clinopyroxene
 reflection of clinopyroxene
 refiection of plagioclase
 reflection of clinopyroxene
             sJ
             17
             })
             )e

maltiplier 1, scale factor 4, slite

  clinoamphibole: lei,n. space

Table 9. x-ray powder diffraction patterns of kaersutite and that heated in air

hkl
1 1 0
1Oi2 0 0
e4o2201 4 I
240310e513 3 0
23125i1122024003214 2 0
332202510
5 3 0
480S216 0 0
1032 8 2
212 0

natural specimen
2e (degree> l d (A)

}

i
'

} IIIe

10.50

26.30
27.15
28.54
30.33
31.80

32.46
32.96
34.43
35.30
37.66
38.2S

41.66
44.88
48.00

56.80

58.06

64.S6

'

8.42

3.39
3.29
3.13
2.95
2.81

2.7S
2.71
2.61
2.S4
2.39
2.35

2.17
2.02
1.90

1.62

1.59

1.44

69

 13
 32
1OO
 11
 21

 le
 13
 11
 16
  9
 10

8
7
6

7

9

7

heated at 9500C for 2 hours
.2e (degree) l d (A) .I IIIo

10.60
17.42
18.74
19.66
21.20
26.41
2Z30
28.70
3e.56
32.eo

32.68
33 J8
34.S8
35.16
37.82
38.66
39.14
41 .86
45.12
48.26

50.SO
55,98
56.26

S8,38
64.78

f

'

8.34
5.09
4.73
4.Sl
4.19
3.37
3.26
3.11
2.92
2.79

2.74
2.70
2.59
2.55
2.38
2.33
2.30
2.16
2.01
l.88

1.81
1.64
1.63

158
1.44

132
  3
  6
  4
  3
 11
 47
1OO
 10
 6S

  5
 11
  7
  5
  7
  6
  2
  6
  4
  5

 12
  8
  zl'

8
4
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Table 9. (continued)

kaersutite heated at leOOOC for 2 hours

2e (degree)

   IO.58
   18.74
   19.68
   26.44
   27.28

   27.68
   28.74
   29.80
   30.58
   32.02

   32.68
   33.18
   34.56
   35.l2
   37.86

   38.40
   39.14
   41.88
   45.12
   48.26

   50.44
   55.98
   S8.42
   64.80

, (A) l

2igg

gigg

3.27

3.22
g•68

2Ig2

2.79

2.74
2.697
&ge
2I37

3•g8

211S

2.01
1.88

1.81
l•gg

l[437

IIIo

117
 11
  6
 l6
 45

  2
1oe
  1
 12
 28

 10
 22
 12
 13
 12
 21
  4
 11
  4
  zl'

  8
 10
  s
 18

lh, l

o
o
o
1
o

o
o
I
1

o

1

i
2
2
o

1

o
2
2
o

o
o
1

o

I
i

i'

   11
   20
   04
   14
   24
   22
   31
   22
   05
   33
   23
   25
   ll
   20
   40
   32
   42
   33
   20
   51
   53
   48
   52
   212

refiection

reflection
reflection
reflection
refiection

    note

of clinoamphibole
  tJ
  st
  tr
  tl

of clinopyroxene
of clinoamphibole
of clinopyroxene
of clinoamphibole
  )t

  r)
  ls
  }l
  )e
  Tr

  IT
  tl
  )f
  lp
  sr

  tl
  ee
  tt
  ts

kaersutite heated at losooc for 2 hours

2e (degree)

   25.68
   27.68
   29.8e
   30.35
   30.78

   32.40
   33.32
   3S.20
   3S.70
   36.52

   39.12
   42.36
   42.90
   44.52
   56.52
   60A2

Cu-Ka

group of

d (A)

3.47
3.22
2.99
2.94
2.90

2.76
2.69
2.55
2.51
2.46

2.30
2.13
2.11
2.03
1.63
3.S4

IIIo

       radiation, 3S 1<V-1 S mA,
10_O.O06'-10, scanning speed
         Åëlinopyroxene: C21c

  38
  39
 1OO
  80
  37

  22
  18
  40
  44
  l8

  11
  11
  l8
  22
  16
  11

   tlme
1 Of min.,

'

hkl
0212202213193   11

2 0 2
O03
4003304 2 1
e41

constant 4 sec.,
space group of

note

 refiection of clinopyroxene

            7Å}
 refiection of clinopyroxene

            }l
            l)
 refiection of plagioclase
 refiection of hematite ?
 refiection of clinopyroxene
 reflection of clinopyroxene
 refiection of plagioclase

 refiection of clinopyroxene

            IJ
            el
            tl
            le
            )s

maltiplier 1, scale factor 4, slit

 clinoamphibole: I21m. spacce
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    The horRblende (tschermakite) heated for 2 hours at 8500C, 9000C and 9500C does

not show any change, but that heated at 10000C for 2 hours shows two phases, that is,

clinopyroxene phase and clinoamphiboie phase. The hornblende heated at 10500C
for 2 hours shovsTs a structure collapse, producing clinopyroxeRe, plagioclase and hematite.

The temperature at which the structure collapse of horRblende takes place in higher tkan

that at which the structure coilapse of actinoiite and tremo!ite takes place, and the

temperature range at which c!inoamphibole and clinopyroxene phases coexist is narrower

in the case of hornbleRde than in the case of tremoiite and actinolite.

    The oxyhornblende and [Iri-oxyhornblende were also heated. Before heatlRg,
tkese specimens were composed of two phase, that is, clinoamphibole and clinopyroxene

phases, but the latter phase was somewhat didicult to observe by an X-ray powder

diffraction. Specimens heated both at 9500C and at 10000C for 2 hours show a distinct

coexistence of the two phases, clinopyroxene and clinoarnphibole, the !atter being more

predominant. Specimens heated at 10500C for 2 hours shows the disappearance of
amphibole phase and the coexistence of pyroxene, piagioclase and hematite.

    SpecimeRs did not show aRy trace of melting by heating, so the reations may have

occured iR a solid state.

3. Thermo-gravimetric analysis:

    The thermo-gravimetric ana!yses were ca, rried out with tremolite, actinolite, horn-

blende (tschermakite) and Ti-oxyhornblende in erder to find ottt the relationship between

dehydration and pkase .change. The anaiyses were carried out by using recording

thermobalance equipment (Rigaku Denki Co.). •
    Thermo-gravimetric curves obtained are shown iR Fig. 6, and the resuits of thermo-

gravimetric anaiyses are illustrated in Table 10.

    Tremolite and actinolite show a continuous, gradual weight loss from room tem--

perature up to about 9000C. In tkis range absorbed water may be driven off. At the

temperatures from 9000C, tke welght !oss curves show an abrupt rise. In this range,

a removal of the hydroxyl ions in the structures may take place and may be driven off

as water molecules.

    The dehydration temperature of tke hornblende is higher than that of tremolite

and actinolite as seen from the weight loss curves. The weight loss curve of the former

skows an abrupt rise at the temperatures from 1050eC to 11500C.

    The weight loss curve of the Ti-oxyhornblende does not show an abrupt rise.

This may be due to the fact that the Ti-oxyhomblende does not ltold any hydroxyl
ions, or holds only a little amount which is not visible with this equipment. in the

rl'i-oxyhernbleRde oxygen ioRs may have taken the place of the structurat po$ition of

hydroxyi ion, that is, in tkis mineral the secession of hydregens from hydroxyl ions may

have already taken piace.
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       Table

 a) tremolite,

       (sample

                    Katsutoshi ToM!TA

10. Loss of weight of calciferous amphiboles by heating
     up to about 1100"C

prismatic crystal

weight, 1.904g at start; heating velocity, 2000Cfhr.)

progressive!y

temperature
    oC

}oss of weight
    (mg)

i

      percent of
    loss of weight

     200

     300

     400

     500

     600

     700

     800

     900

    1000

    1100

actinolite

  (sample weight,

e  9.2

15.2

20.0

22.4

24.4

28.0

29.6

32.0

48.8

zg.3.6.

t

0.49

0.79

1.05

l.17

1.24

1.47

1.55

1.68

2.56

3.95

percent of totai
 !oss of weight

b)

2.440 g at start;

l i

heating

 12.22

 20.16

 26.53

 29.72

 32.37

 37.IS

 39.27

 42A6
 64.75•

io g•9..9..

velocity, 2000Cfhr.)

temperature
    oC

    1eo
    200
    300
    400
    500
    600
    700
    800
    900
    930
   1OOO
   1100
   1200

ioss  ?S,w)eigbt

     gl;

    l2Il

    elg

    i?i2

    ;gg

    gglg

    70.1

  percent of
loss of weight

0.13

0.29

0.41

0.58

0.64

0.71

0.82

0.88

1.02

1.e4

150
2.81

2.87

percent of total
 loss of weight

  4.56

 10.27

 14.27

 2e.ll

 22.39

 24.67

 28.53

 30.S3

 35.37

 36.09

 S2.06

 97.86

loo.eo



 c) hornblende (tschermakite)

. (sampie weight, 1.860g
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at start;

 on Oxyhornblende

heating velecity, 200eC/hr.)
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temperature
    oC

loss of weight
    (mg)

 1OO

 200
 300
 400
 500
 600
 700
 800
 900

leoo
1080
11OO

1130
1200

 2.8

 4.8

 6.4

10.2

10.5

11.8

12.9

16.4

20.0

22.0

2S.2

29.6

36.1

37.7

      percent of
    ioss of weight
'

         0.15

         0.26

         0.34

         O.S5

         0.56

         0.63

         0.69

         0.88

         1.08

         IA8
         1.36

         1.S9

         1.94

         2A3

percent of totai
 loss of weight

      7.42

     i2.73

     16.97

     27.05

    27.85

     31.29

    34.22
    43.50
     53.05

     58.35

    66.84
    78.Sl

    9S.7S

   leo.ee

d) Ti-oxyhornblende

  (sample weight 1.6S2g at start; heating velocity, 2ooeclhr.)

temperature loss of weight
oC

 1OO
 200

 300
 400

 500
 600
 700
 800
 900
1OOO

11OO
1200

(mg)

 2.4

 7.2
11.6

13.6

14.8

16.4

18.8

21.6

23.2
tt

24.0

24.8

26.8

i"

percent of percent of total
loss of weight

    0.14
     0.44

     0.70

    0.82
    0.89
     0.99

     1.14

     1.31

     1.40

     1.45

     1.50

     1.62

ioss of weight

     895
    26.86

    43.28

    50.74

    55.22

    61.19

    70.1S

    80.S9

    86.56

    89.55

    92.54

   1OO.OO
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Fig. 6.

         TeMPeretUre

Thermo-gravimetric

eC

curves of caiciferous amphibo!es.

    In the Åíremolite and actinelite, the dehydration temperature colRcides with the

temperature of phase change, but iB the hornblende it does not coincide; the dehydra-

tion temperature is higher than that of the phase change by about 50eC.

    The loss of weight of tremolite, actinolite, hornbleRde and Ti-oxyhornblende near}y

coincides with the weight of total water determined by the gravimetric chemical analysis.

4. X-ray analysis with heated single crysÅíals:

    X-ray powder patterns of the tremolite and actinolite heated between 9000C and

10000C for 2 hours show that the clinopyroxene phase coexists with the clinoamphibole

phase. Thls is aiso the case with tke hornblende heated between 10000C and 10SOOC

for 2 hours. Therefore Weissenberg photographs were taken with singie crystals of

tremolite, actinoiite and hornblende heated to see whether the clinopyroxene phase

coexists witk the amphibole phase iR the s{ngle crystals as well, and if these two phases

coexist, vuTheÅíher there is any crystallographic relationship between them.

    Specimens used in the present experiment were 0.2NO.5 mm in diametey and
2.-v3 mm in lefigth. 'I'hey were queRched rapidly after heatiRg.

    Rotation and Weissenberg photographs of these specimens about the c-axis were

taken by using Cu-Ka radiation. In the rotation photographs all the spots are

arranged perfectly oR the layer lines. However. in the zero, lst and 2nd level
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Weissenberg photographs of the

there are always found an extra

photographs of natural tremolite

ordinary Iattice. (Fig. 7NIO)

tremolite and actinolite heated at

set of spots which, compared with

and actinolite, are not accountable

9000C for 2 hours,

 the corresponding

on the basis of an

Fig. 7. (A) Rotation photograph of tremolite about c-axls.

Fig. 7. (B) Rotation photograph of tremolite about c-axis, heated at 9000C for 2 hours.

    When the lattice rows on the Weissenberg photographs are traced and observed

closely, it is found that there are two sets of spots, of which one is the same as that of

natural clinoamphibole, the other is the same as that of diopside (Fig. 8 (C), Fig. 10 (C).

    It follows immediately from these observations that the tremolite and actinolite

heated at 9000C for 2 hours are made up of two different lattices, e.g. clinoamphibole and

clinopyroxene lattices, b* c* reciprocal net planes being overlapped and the direct
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Fig . 8. (A) Weissenbergphotograph of tremolite about c-axls.

Fig. 8. (B)

 9000c
X"Yeisscnbc:g
for 2 hours.

1)1iotograph
 (zero level)

of' t'rc:noTite aboLit c-artrs, h)atecl at



Studies on Oxyhornblende 77

          

          

           3.. e  o ,e
           '              '                               .           '           f          b                              a
         Fig. 8. (C) h k 0 Weissenberg diagram of tremolite heated at 9000C for
             2 hours. Solid circles denoted one set and open circles the other
             set of spots.

c-axcs being similar in direction and identical in length. The spft, ce group of the former

is I21m, that of the latter C2ic. These are sirnilar to the facts observed with the

natural Ti-oxyhornblende from Korea and oxyhornblende from Japan (part I).
    In the zero, lst and 2nd level Weissenberg photographs of the hornblende heated,

at 9500C for 3 hours, there is not found any "extra" spot when compared with the

Fig. 9. (A) Rotation photograph of actino[ite about C-t)XIS.
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"i'- t'Ll:-l';'i5,'':.{::/1,/•:'',e'1 ''A.iL"1•,;t ',•

   Fig. 9. (B) Rotation photograph of uctinolite about c-axis heated at 9000C for 2 hours.

photographs of the natural hornblende. Therefore, although the hornblende changes

to reddish brown in color, the crystal structure does not change. On the other hand,

Weissenberg photographs of the hornblende, heated at 10200C for 2 hours, about the

c-axis show that the hornblende changes into the two phases stated above, associated

in the same way, and clinopyroxene being predominant over the other. (Fig. 11, 12).

Fig. 10. (A) Weissenberg photograph of actinolite about c-axis. (zero leve))
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Fig. 10. (B)
 9000c

 Weissenberg
for 2 hours.

photograph of
(zero level)

actinolite about c-axis, heated at

i'

it'''

11. •

1'1
/

T.

.

1•l:.t"

-'"

h''
a

;/

Fig. 10. (C) hk 0 Weissenberg diagram of actinolite heated 9000C
 for 2 hours. Solid circles denote one set and open circles the
 other set of spots.
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Fig. 11. (A) Rotation photograph of the hornblende (tschern)al<ite) about C-21XIS.

Fig. 11. (B) Rotation photograph of the hornbl ende about c-axis, heated at 9500C for 3 hours.

Fig. 11.

 for
(C)

2

  Rotation
hours.

photograph of the hornblende about c-axis, heated at 1020UC
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Fig. l2. (A) Weissenberg
level)

photograph of the hornblende about c-axls. (zero

Fig. 1 2.

at

(B) W'ei,s3enl)tig
950''C for 2 hours.

photograph of
 (z3ro level)

the hornl)lende about c-axls     ,
heated
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Fig. 12.

 21t

(C) Weissenberg photograph of
1020"C for 2 hours. (zero level)

the hornblende about c-axis, heated

.

 ' b''•

. 12. (D) h k
  for 2 hours.
  of spots.

Fig 0 Weissenberg
  Solid circles

diagram of
denote one

a

the

set

-t

hornblende heated
and open circles the

at lo2ooc
 other set
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from China

Studies on Oxyhoonblende

celi dimensions of the amphiboles examined•.
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              naturai specimen
            (space group I 2/m)

    a 997A
    b 18.12
    c S.29
    6 106025,
 asin fi 9.56.A

(B) actinolite from Jn.pan

heated
51"

9000C for 2
,.g,g,----......tttt",....._

 amphibole iattice
.gE.p..e.g.e...g.rgRR I...ZZm).

       g.s2 A

      18.18

       5.32

     105022i

           o       9.56 A

  pyroxene lattice
(space group C 2Xc)

       g.s7 A

       8.96

       5.32

     105e22i

       g.31 A

  a

  b

  c
  fi

a sin fi

 'natural !pe'cimen

(space group I 21m)

heated at
,66'g. fo' r '

2
l{ours' 't

 amphibole
(space group

Iattice
 I 2/m)

18.12A

 S.30

     e 9.52A

  g.g4 A

 18.08

  5.30

108018,

  g.44 A

  pyroxene iattice
(space group C 2fc)

  g.77 A

  8.93

  5.30

1080!8,

  g.27 A

(c) hornblende (tschermakite) from Parao Is.

I

 natural specimen
(space group I 21m)

heated at 10200C for 2 hours

 amphibole
(space group

rmlattiEe

 I 21m)

  a
  b

  c
  6

a sin 6

 ie.oi A

 18.25

  5.32

107014,

      e  9.56 A

 g.g6 A

18.02

 5.34

99042t

 g.sl A

  pyroxene iattice
(space group C 21c)

 9.s6 A

 8.98

 5.34

9904.2t

 g.43 A
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    In Table 11 are shown the
hornblende (tschermakite), and

cell dimensioRs of the

of the phases produced

naturai tremolite,

by heating.

actinolite and

Consideration

    The
tion, the

Fig. 13.

the more
are likely

temperatures at which calciferous amphibo!es, used in the present investiga--

phase chaRges and dehydration take place are diagramatically iilustrated in

The temperatRres of the phase changes vary with their chemical composition;

the Al substitutes for Si, the higher the temperatures of tke phase changes

to become.

Temperature

oC

115e

1100

1050

leoo

950

900

sJro

pyroxene phase

     'lt'

cristobalite phase

amphiboie

     -l-

pyroxene

phase

phase

=
.9
Fv

k
r }?

ltA

vn)
__ww___w__" J_
  amphibole phase

l

t

1

l

i
t
I
1
l

1
i

l
I
l
t
i
L
t

I
l

t
I

'

1-
I

l
l

l

I

l
t

I

I
l

L

l

l
I
l

l
1
I
l
l
I

1
I
1
I

pyroxene phase

     +
hematite phase

     't'

plagioclase phase

amphibole phase
     +
pyroxene phase

a
.9
""
ts

"'i

8

amphibole phase

l
1

t
l
L
l
j

t
1
t

1

1
i
1
'
1
I

l'
I

1
I
I
I

t

l-
l
1
l
1
s

1
t

l

I

1

1

I
1
l

I

l

I
l
I
l

L

1

1
l

I

1

1

pyroxene phase

     '{'

hematite phase

     't'

plagiocaase phase

amphibole phase
      +
pyroxene phase

amphibole

<p.vroxene

phase

phase)

'
1

I

I

1
1

l

s

1
t
s
L
I
t

i
L

i

]
l

i

1

t
I
l

I
1
t

I

l
l

f

L
1
I

I
t

1
l
i
l

'

I

'
f

1
i
1

i
1

t
l
]
L
t

t

1
1

Fig.

  tremolite, actinolite hornblende
                          (tsÅëhermakile)

13. The relationship between structur.al change
 amphiboles. Specimens were heated one by
 temperature shown on the left side.

and
one

 Ti-oxyhornblende,
  oxyhornblende

the temperature for
for 2 hours at the
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    ActiRolite changes in colour by heating at about 8500C from green to reddisk
browR, the lattice not being destroyed. The change may be brought about by an oxyda-

tion of ferrous irons to ferric state, electroneutra!ity beiRg baianced by the simultaneous,

partial ioss of kydrogens from the hydroxyl ions. The chemical change may run as
foliows :

    Ca,IX(Ig,.,Fe"2 ,., Si,0,,(OH), --) Ca,Mg,.,Fe'i'3 ,., Si,O,,[(OH),.,O,.,] +0.5H T

    The phase change of tremolite and actiRolite to clinopyroxene takes place at about

9eOOC and simultaneously dehydratien may take place. Before the phase change is com-

pleted, there exist two phases, e.g. clinoamphibore and clinopyroxene phases, crystallo-

graphic axes being iR common to both. At about 10000C the product changes toa
mixture composed of ciinopyroxene and cristobalite. Tke change may run as fo!lows:

       tremolite: 2Ca,Mg,Si,0,,(OH), . 7 (Ca, Mg),Si,0,+2SiO,+2 }{,0 T

                                      clinopyroxene cristobaiite

       actinoHte: 4Ca,Mg,.,Fe'"3 ,.s Sis022(OH)i.sOo.s

                          - 13 (Ca, IV{g),Si,0,+6 SiO,+Fe,0,+2K,0 T

    IEE{ornblende (tschermakite) changes in colour by heating at about 8500C from

green to reddish brown, as in the case of actinolite, not being accompanied by the lattice

destruction.

    The chernical change may be the same as in the case of actinolite and may run as

follows:

     (Na, K),.,(Ca, Na),(Mg, Fe'i'2),(Fe-'3, AIVi)(Si, AIiV),0,,(OH),

            . (Na, K),.,(Ca, INa),Mg,(Fe"3, Al"i),(Si, AIiV),0,,(OH)+H T

    The phase change of hornblende to ciiRopyroxene takes place at about 10000C.

Before the phase change is completed, there esixst the two phases mentioned above, and

arranged in the same way. The dehydration of hornblende may take place at nearly the

same temperature; a!though in the present investigation the temperature was somewhat

higher than that of the phase chaBge. The hornblende changes to a mixture of ciiRopy-

rexene, plagioclase and hematite at about 10SOOC,

    The cinopyroxene phase of Ti-oxyhorRblende and oxyhornbleRde iRcrease by
heating at about leOeOC and change to a mixture of clinopyroxene, plagioclase and

hernatite at about 10500C. Dehydration, however, does not take place anyvLThere. This

may be due to the fact that in the clinoamphibele phase of these miRerals a great part

of the OH positions in the structure has already been occupied by O ions and a great

part of the Fet'2 positions by Fe'P3 ions.
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    ln the present investigation the author observed that two types of phase changes

of calciferous amph{boies to a mixture of clinopyroxene and cristobalite or a mixture of

clinopyroxene, plagioclase and hematite, take place by heating. The one, through two

steps; first, to an oxyhornblende which retains originai structure, and secondly, to an

oxhyornblende composed Åíwo phases, the crystallographic axes of which are common

to both. The phase change of actinolite and hornblende progresses in the way mentioned

above. The other, through one step, omitting the first step mentioned above. The

phase change of tremolite goes on in this way.

    The author is certain that natural oxyhornblende is a product of some calciferous

amphiboles heated and oxydized in nature, aRd there may be two kinds, one which

still retains amphibole phase, and the other which is composed of amphibole and pyro-

xene phases.
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