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Ansrnlcr

Orthopyroxenes from volcanic rocks covering a composition range from bronzite to

eulite were studied and the result is compared with the properties of orthopyroxenes from

plutonic and metamorphic rocks. Orthopyroxenes crystallized at high temperatures con-

tain from 0.104 to 0.057 ca in atomic proportion, whereas those crystallized at low tem-

peratures contain less than 0.033 Ca. Pleochroism appears to depend on Ti content. The

volcanic orthopyroxenes having compositions about Mg : Fe+2f Fe+rf Mn: 1 : 1 show optic

angles (2V about X) 7' Iarger than those of the plutonic and metamorphic rocks. This

departure gradually diminishes as the composition becomes either more magnesian or

more ferriferous. unit cell dimensions a, b, and c all increase with Fe+z substituting for Mg.

But the a and c dimensions increase more markedly with Ca substituting for Mg than with

Fe+2. Aluminum substituting for Mg causes contraction of the b dimension.

INrnouucrroN

Orthopyroxenes from volcanic rocks have been less studied than those

from plutonic and metamorphic rocks, chiefly because of the difficulty

of obtaining pure materials for analysis owing to their fine granularity'

close association with clinopyroxenes, and abundance of minute inclu-

sions. However, in orthopyroxenes from plutonic and metamorphic

rocks, most of the Ca which was originally contained in the crystals has

been exsolved to form lamellae, resulting in the orthopyroxenes of the

Bushveld type (Hess and Phillips, 1938). Exsolution of Ti to form ilmen-

ite lamellae was found by Sugi (1951) in diallage, and exsolution blebs

or rods of sphene were also described by Hess (1949) in ferrosalite from

metamorphic and plutonic rocks. Thin ilmenite lamellae in some ortho-

pyroxenes were probably formed by exsolution. Therefore the plutonic

and metamorphic orthopyroxenes have a very narrow range of Ca and

perhaps Ti contents after slow cooling and complete adjustment of

equilibrium. The volcanic orthopyroxenes have a wider range of Ca, its

amount depending on the temperature of crystallization. The efiect of

Ca on the physical properties of orthopyroxenes can be determined from

the study of the volcanic orthopyroxenes.
The result of the present study offers a method for determining the

Ca content in orthopyroxenes. The Ca content may be used as a geother-

mometer.
Another dificulty attached to the study of the volcanic orthopyrox-

enes is their strong zoning. The writer has never seen unzoned pyroxenes

from volcanic rocks. In order to make correlation between the optical

constants and the chemical composition of the same specimen, we should

determine the exact range of the optical constants and take the mean
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values. However, the variation of physical constants with Fe+2 content
can be known more exactly by studying unzoned pyroxenes from plutonic
and metamorphic rocks. This study has been made by Hess (1952).

The writer's study has not yet been completed because of the lack
of analyses of ferrohypersthene and eulite (the nomenclature by Polder-
vaart, 1947) from volcanic rocks. But in view of the difficulty of obtaining
such data in the near future, the writer intends to publish the results so
far obtained.

The present paper includes 13 analyses of the volcanic orthopyroxenes
and 6 analyses of the plutonic and metamorphic orthopyroxenes. Only
one of them has not been examined by the writer (eulite from Manchuria
described by Tsuru and Henry, 1937). To complete the curves showing
the variation of 2V and unit cell dimensions, several wanalyzed pyrox-
enes were also studied.
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CurMrc.c,L CoupostrroNs

The analyses of orthopyroxenes are given in Table 1. The modes of

occurrence and localities are shown in Tables 3 and 4, respectively, in

which those of unanalyzed pyroxenes are also included.
The general formula for pyroxenes may be written as follows (Hess,

re4e):
(W)'-o(X, Y)+oZzOt

W : Ca+2, Na+1, K+l

X : Mg+1 P"+2, |,4n+2, Ni+2

y : Al+8, pg+s, e1+3, Ti+a

Z : Si+4, Al+3

The atomic proportions are calculated on the basis of six oxygen atoms
(Table 2).It is assumed thatZ positions should be always fi l led up com-

pletely. The result of calculation shows that in most pyroxenes both the

Zions and the sum of the W, X, and Y ions become approximately 2.000,

agreeing with the theoretical formula of pyroxenes.

Tasre 1. CnnMrc.cr Couposr:rroNs ol OntuopvnoxrNns

Sio: 57 .63
AI:O3 1.2O
TiOz tr.
FeuOg 0.32
FeO 3 .20
MnO 0 .02
MeO 36.07
CaO 0 .89
NazO n.d.
KrO n.d.' \
.rrzuf tr.o.l
HzO- n.d.J

PzO; none

Total 99.33

Analysts K. Tada
and

M.Huzi-
moto

5 5 . 7 3  5 5 . 8 4
0 . 9 3  1 . 6 0
t r .  0 .19

0.65 none
9 .30  9  .92
0 . 1 5  0 . 1 5

3r .22  30 .96
1 . 8 0  1 . 3 6
0 . 2 1  n . d .
tr.  n.d.

n r l
0.32 " ' : '

n.o.

n.d.  n.d.
100.23 100.02

Y. Kawano K. Tada

and and
K. Endo M. Huzi-

moto

5 4 . 1 1  5 3 . t 7
|  .52  0  .45
0 .  1 9  0  . 2 2
none t .32

15.73  17  .18
0 . 3 4  0 . 4 8

2 7  . 0 3  2 3 . 8 r
t . t 6  2 . 6 7
n.d .  0 .47
n.d .  0 .00
n.d. n.d.
n . d .  0 . 2 1
n.d. n.d.

100.08  99 .98
K. Tada K. Naga-

and shima
M. Huzi-

moto

53 .  t 8  52 .83
3 .08  2 .42
0 .2 t  0 .29
0 .25 1 .53

18.05 18.0s
o .41  0 .36

23 .26  23 .05
2 .O9 1 .45
n.d.  n.d.

n .d .  n .d .

n.d.  n.d.

O .20  n .d .

n.d.  n.d.

100 .73  99 .98
T. Kusida K. Tada

and
M.Huzi-

moto

Note: Analysis No. 5 is corrected for 0.5/s hematite and recalculated to l\lVo.
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Tral;r L-Conlinueil

t21 110No.

sioz 53.24 53.24 53.32 53.51 53.20 52.07 52.22

A l z o r  ' 1 . 3 8  1 . 8 6  0 . 8 8  0 . 4 0  1 . 1 5  1 . 7 0  0 . 4 3

T ioz  0 .23  0 .38  0 .05  0 .06  0 .13  0-47  0 .08

FezOr  1  .05  1 .23  o .7 l  1 .50  none none 0 .70

FeO 18.70  Ls .z r  19 .91  19 .57  2r .64  22 .65  25 .9r

M n O  0 . 8 5  0 . S 7  1 . 2 2  1 . 0 5  0 . 7 8  0 . 4 8  0 . 8 3

MgO 23.34  22 .18  23 .26  23 .12  22 .50  21 .13  18 '54

C a O  1 . 2 3  0 . 6 1  O . 7 4  0 . 8 6  O . 8 2  1 . 5 5  1 . 2 8

Naro tr.  0.35 n.d. n.d. n.d. n.d. n.d.

KrO tr.  0.07 n.d. n.d. n.d. n.d. n.d.

HrO+l n.d. n.d. n.d. n.d. n.d. n.d.

HrO- I 
u'  ru 

n.d. n.d. n.d. n.d. n.d. n.d.

P:Os tr. none n.d. n.d. n.d. n.d' tr.

Total 100.12 100.00 100.09 100.07 100.22 100'05 99'99

Analysts S. Tanaka G. Kozima K. Tada K. Tada K. Tada K. Tada Y' Konisi

and and and and and
S.Taneda M.Huzi- M.Huzi- M.Huzi- M.Huzi-

moto moto moto moto

Note: Analysis No. 9 is corrected for 0.8/s magnetite ancl0.55/s apatite' and No' 14

Ior 0.3/6 ilmenite, and both recalculated to l\O/s.

Trsr,F. l-Contrinueil

191815No.

SiO: 50.26
Al2o3 3.I3
T ioz  0 .16
FezO: 0.65
FeO 26.54
MnO 0 .76
MgO 16.36
C a O  1 . 7 6
NurO 0.24\
KzO o .13J
HzOf n.d.
HrO- n.d.
&Os n.d.
Total 99.99
Analysts K. Naga-

shima

49.43
0 . 3 8
0 .  1 7
0.04

34.91
1 . 1 9

12.96
0 . 7 1

0 . 0 2

n.d.
n.d.
n.d.

99 .81
Y. Konisi

50.04
t .47
o.00
0.08

30.07
4 .88

r2 .54
0 .63

0 . 1 0

n.d.
o.02
tr.

99. 83
Y. Konisi

46.56
o . 2 3
0.03
o . 2 0

48.  10
0 .  1 5
3 . 7 0
o . 7 7

0.04

n.d.
n.d.
n .d .

99.78
Y. Konisi

45.95
0.90
0 .10
0 . 3 1

4r.65
5 . 0 2
3 .49
| .43
. .c t . l
n.d.J
0.  65
0.09
n.d.

99 .59
N. F. M. Henry

Note: Analysis No. 15 is corrected for 0.5Vo hematite, 0.8/6 ilmenite, and 1.0/s apatite

and is recalculaLed Lo 10070.
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Ttnt-n 2. Arourc PtoponrroNs or OrrnopytoxENEs CALcuLATED oN THE
Besrs or 6 OxycnN Arous

No.

Si
AI

A1
Ti
Fe+3
- r e ' "
Mn
Mg
Ca
Na
K

2.009
0 .272
0.004
1 .648
0.068
0 .013
0.00c

2,O22

0 .013
0.006
0.000
0 .47 r
0 . 0 1 1
1.460
0.045
0.000
0.000

2.006

1.9i0\? orxr
0.030J -  - - "

0 .019
0.000
0.008
0.090
0.000
1 .849
0.033
0.000
0.000

l:353)'''
0.000
0.000
0 .017

r  o < c l
o. on;;''ooo

1.948\? ooo
0 . o s 2 j - ' " - "

o. o22l
0.006]
0.0001
o.2eo I
0.00411.ee7
r .62s l
0. oso I
o.0001
0.0001

No.

Si
AI

AI
Ti
Fe+3
Fe+2
Mn
Mg

Ca
Na
K

1.958\1  oro
0  . o 2 2 ) -  

'  ' " "

o.oool
o. oool

l:3ii)'*' lSli)''' l:31$'*'
0.o44
0.009
0.040
0.  552
0 .011
1 .267
0.057
0.000
0.000

1 . 9 8 0

0.022
0.007
0 .031
t ,  . ) / .1

0.o27
1 .291
0.049
0.000
0.000

2.OO2

121 110No.

Si
AI

AI
Ti
Fe+3
r e ' '
Mn
Mg
Ca
Na
K

1 .989

0 .014
0.002
0 .018
0 .613
0.038
1 .292
0.029
0 000
0.000

2.006

0.000
0.002
0.040
0.604
0.033
1.283
0. 033
0 000
0 000

1 .995

l:ffi' o*
0.0,14
0 .011
0.035
0.590
o.027
1 . 2 2 7
0.024
0.o27
0.004

"zi\\, 
*, i:3?3)' '' 1.96e\2 ooo

0 . 0 3 1 J - ' " - "

0.022)
o.oo4l
o.oool
0.6681
0.02+11 eee
1 .2s01
0 .031  |
o. oool
0.0001
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Tp^st-n 2-Cont,inued.

18I J74l3No.

r.gA\.) ,oto
0.0s6J - ' """Si

AI

AI
Ti
Fe+3

Fe+2

Mn
Mg

Ca
Na
K

1.ee2\? onn
0 .008J  - ' " " "

0.010
0.002
0 .018
o.824
0.027
1.063
0. 053
0.000
0.000

1.969\1 oRR
o . 0 1 e J - ' - " "

o. oool
0.000J

r .997

1 . 9 2 7
0 073

0.065
0 005
0 . 0 1 8
0.849
0.025
o.941
0 . 0 7 1
0 . 0 1 8
0.005

1.997

2219No.

o. ooo]

'o'1J,1|'oooSi
AI

AI
Ti
Fe+3
Fe+2
Mn
Mg
Ca
Na
K

IZIXI'*'l:3?l)','
0.047
0.000
0.005
0.995
0.  166
o .7M
0.026
0 .010
0.000

0.o22
0.003
0.010
r.491
0. 183
0.224
0.067
0.000
0.000

2.000 1.996

Ca content. As seen from Table 2, the atomic proportion of Ca ranges
from 0.104 to 0.057 in Nos. 2, 5, 6, 7 , 13, and 15, from 0.053 to 0.045 in
Nos.3,4,  8 and 14,  and f rom 0.033 to 0.024 in Nos.  9,  10,  and 11.  The
Ca content can be correlated with the temperature of crystallization of
the pyroxenes. Thus the pyroxenes Nos. 5, 6, 7, and 13 crystallized in
pyroxene andesite (some basaltic andesite) magmas of high tempera-
tures (the pigeonitic rock series of Kuno, 1950); Nos. 3, 4, and 14 in
pyroxene andesite and dacite magmas of slightly Iower temperatures
(the hypersthenic rock series of Kuno, 1950); Nos. 2, 8, and 15 also in
pyroxene andesite and dacite magmas but the temperature relations of
the magmas are not certainl and Nos.9, 10, and 11 all in hornblende
andesite and dacite magmas of still lower temperatures (the hypersthenic
rock series).

The pyroxene No. 5 crystallized during or immediately before the
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Teer.a 3. Mooe ol OccunneNcr or OntuopvnoxENEs AND RnpnnnNcrs

No. Mode of occurrence Reference

1 Main constituent of harzburgite. Few exsolution Kuno, 1941

lameiiae.
2 In beach sand. Originally phenocrysts in bronzite Kozu and Kawano,

andesite. 1931

3 Phenocrysts in bronzite andesite. Kuno, 1947b

4 Phenocrysts in bronzite andesite. Kuno, 1947b

5 Microphenocrysts in hypersthene-oiivine andesite. Kuno and Naga-
shima, 1952

6 Phenocrysts in augite-hypersthene andesite. Ota,1952
7 Phenocrysts in augite and olivine-bearing hypersthene Kuno, 1941

andesite.

8 Phenocrysts in hypersthene-augite dacite (pumice). Kuno, 1938

9 Phenocrysts in hypersthene-hornblende dacite Taneda, 1946
(pumice).

10 Phenocrysts in hypersthene-hornblende-quafiz dacite Kuno, 1941
(tufi).

11 Phenocrysts in augite-hypersthene-hornblende ande- Kuno, 1941

site (tufi).

12 Inhypersthene-cummingtonite-hornblendeamphibo- Kuno,1947a
Iite. No exsolution lamellae.

13 Phenocrystsinaugite-pigeonite-hyperstheneandesite. Kuno,1950

14 Phenocrysts in augite-bearing hypersthene dacite. Unpublished analysis

15 Phenocrysts in augite-bearing hypersthene dacite Unpublished analysis
(obsidian).

16 Phenocrysts in garnet-bearing ferrohypersthene dacite. No analysis

t7 Phenocrystsin ferrohortonolite-ferrohyperstheneda- Noanalysis

cite (obsidian).

18 In ferrohypersthene-hornblende gabbro. A little ex- Unpublished analysis

solution lamellae.
19 In eulysite or iron-rich hornfels. No lamellae. Unpublished analysis

20 Phenocrysts in biotite-ferrohypersthene rhyolite No anaiysis
(pitchstone).

2l Phenocrysts in subcalcic ferroaugite-eulite-fayalite Noanalysis

dacite (pitchstone).

22 In eulysite or iron-rich hornfels. Tsuru and Henry,

1937
23 In eulysite or iron-rich hornfels. A little exsolution Unpublished analysis

lamellae. Parting parallel to 100 and 010.

extrusion of the lava. The exceptionally high proportion of Ca in this
pyroxene is discussed elsewhere (Kuno and Nagashima, 1952).

The proportion of Ca in the pyroxenes of the pigeonitic rock series
agrees with that in orthopyroxenes crystallized from normal basaltic
magmas such as those of Sti l lwater and Bushveld complexes (CaO:1.65
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+0.37o, Hess, 1952). Probably this proportion is normal to the pyroxenes
of the pristine basaltic magma whose temperature of crystallization is
from 1200" C. to 1000" C. The temperature of basaltic lava of the pigeon-
itic rock series in Osima volcano, Japan, lies between 1200o C. and
1100" C. (Minakami, 1951). As has been discussed elsewhere (Kuno,
1950), the temperature of crystallization of contaminated magma (the
hypersthenic rock series) is lower than that of the pristine basaltic
magma.

The proportion of Ca in the pyroxenes from the hornblende-bearing
lavas is nearly equal to that in the pyroxenes formed by contact-meta-
morphism of granitic intrusions (Nos. 12, 19, and 23, Ca:O.035-0.026)
and also to that of the pyroxenes from low-temperature plutonic rocks
(Nos. 1 and 18, Ca:0.033-0.031).In the metamorphic rocks, the ortho-
pyroxenes are associated with cummingtonite, griinerite, and green
hornblende. These rocks belong to amphibolite facies. The proportion
of Ca in No. 22 is exceptionally high, although the mineral was collected
at the same locality as that of No. 19.

The pyroxene No. 1 occurs in serpentinized peridotite which was prob-

T,q.sr,n 4. Locl,t,rrrrs or OnnropypoxnNns

No. Localities

1 Kamogawa, Tiba Pref.
2 Titi-zimq Bonin Islands.
3 Tyosi, Tiba Pref.
4 Kokubudai, Kagawa Pref.
5 Tengu-zawa, near lfatazyuku, Hakone volcano, Kanagawa Pref.
6 Akagi volcano, Gunma Pref.
7 Tono-mine, near Yumoto, Hakone volcano, Kanagawa Pref.
8 Odawara, eastern foot of Hakone volcano, Kanagawa Pref.
9 Ikaho, Ilaruna volcano, Gunma Pref.

10 Near Kentyo-zi, Kamakura, Kanagawa Pref.
11 Sitisei-zan, near Tai-pei, north Formosa.
12 Hokizawa, Tanzawa Mountainland, Kanagawa Pref,
13 Hakone-toge, Hakone volcano, Kanagawa Pref.
14 Hirogawara, near Yugawara, Kanagawa Pref.
15 Kaziya, southeastern foot of Hakone volcano, Kanagawa Pref.
16 Northeast of Taguti, Sidara Basin, Aiti Pref.
17 Yosimura, southwestern margin of Sidara Basin, Aiti Pref.
18 Kasimine, near Nizyo-san, southeast of Osaka.
19 Yu-hsi-kou,An-tung-shen,southManchuria.
20 Kaore, east of Ebi, Sidara Basin, Aiti Pref.
2l Matuki, north of Asio, Totigi Pref.
22 Yu-hsi-kou,An-tung-shen,southManchuria.
23 Wang-chang-tzu, Je-ho-shen,southwest Manchuria.
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ably formed at a temperature lower than that of the ordinary basaltic
magma (Hess, 1938). The pyfoxene No. 18 occurs in hornblende gabbro
closely associated with syn-ofogenic granite and is quite difierent in its
petrographic character and mode of occurrence from the normal gabbro.

Probably the orthopyroxenes of these hornblende-bearing igneous and
metamorphic rocks and the serpentinized peridotite were formed at
temperatures between 900' C. and 600o C.

Hess (1941) postulated tha]t Ca is more soluble in orthopyroxenes at
higher temperatures than at lower temperatures. Atlas (1952) demon-
strated the relation by his synthetic experiments on the system MgSiO3
-CaMgSirO6. It is evident phat the larger Ca ion can substitute for
smaller Mg ion only at high te!'nperatures and the limit of this substitution
narrows as the temperature fdlls.

According to Atlas' diagram, atomic proportion of Ca in enstatite
solid solution is 0.115 at 1100" C., which is the maximum limit of solu-
bil i ty in orthopyroxene, 0.050 at 1000o C., and 0.030 at 700" C. These
figures agree very closely with the Ca proportion in the natural ortho-
pyroxenes and the inferred temperature of their formation. We may
safely conclude that Ca content in orthopyroxenes can be used as a geo-
thermometer.

Al and, Mn content. The proportion of Al varies with that of Ca al-
though there are some exceptions. Thus Al is high in the pyroxenes Nos.
6 ,7 ,13 ,  and  15 ,  whe reas  i t  i s  l ow  i n  Nos .  10 ,  11 ,  14 ,  18 ,  and23 . In  No .
5 AI is low in spite of high Ca.

Mn content is higher in the pyroxenes from hornblende-bearing igneous
rocks (Nos. 9, 10, 11, and 18) than in those from the other igneous rocks.
It is markedly high in the two pyroxenes (Nos. 19 and 22) from Yu-
hsi-kou mine which were formed from sedimentary rocks rich in Fe and
Mn. The associated magnetite deposit is also rich in Mn and was used
as manganiferous iron ore.

Oprrcal PnopBnrrns

The optical properties are listed in Table 5, together with the atomic
ratios Mg:Fs+zfps+3f Mn calculated from the analyses. In Fig. 1
NqN"N.-No, &nd 2Y are plotted against these ratios and the curves
showing the variation of the optical constants are drawn. The pyroxenes
Nos. 3, 4, 19, and 22 are not used for drawing the curves, because the
former two show strong zoning and the latter two are unusually rich in
Mn.

The change of the type of dispersion of 2V is also shown in the figure.
The true change takes place twice throughout the series (Kuno,l94l),
but as the dispersion is written in reference to the acute bisectrix in Table
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Testn 5. Oprrclr- Pnopnttrns ol Onmopvnoxnxns

Mg:Fe+2+Fe+3

*Mn
1f" (mean)
'N'? (mean)
/r'a (man)
Range of 1[,
Nr -N"
2V (mean)
Range of 2V
Dispersion

) lvz anc corre-

lspondrng zv
Pleochroism

9416 85 :  15  85 :  15
1 . 6 6 0  1 . 6 7 2  1 . 6 7 5 5
1 . 6 6 4  1  6 7 6 5  1 . 6 8 1 5
1 . 6 6 9  1 . 6 8 i  1 . 6 8 6 5

1 0 . 0 0 0  f 0 0 0 5  1 0 . 0 0 9 5
0.009 0 .009 0 .01  1
(+)68 '  n  d .  ( - )80 '

10"  n .d .  +  13"
r>v  None r<0

1 . 6 6 9  1 . 6 8 3  n d .
(+)68 '  ( - )84"  n .d .
None None None

7 5 : 2 5  6 9 : 3 1  6 9 : 3 1

1 .6855 1  .691 n  d .

1 .6935 r .699 n .d '

1 . 6 9 7 5  r . 7 0 3  1 . 7 0 6 5
+ 0 .02  15  +  0 .004 t  0 .0045

0 . 0 1 1  0 . 0 1 2  n  d .
( - )82 ' .s  ( - )63"  n  d .

+ 9 " . 5  +  1 '  n . d

r< ! ,  r>v  r> t  n .d .

n d. 1-703 n.d'

n d  ( - ) 6 4 "  n d .

None to Moderate n d.

weak

68132 67 t33
1 . 6 9 6  1 . 6 9 1
1 . 7 0 3  1 . 7 0 1
1 . 7 0 8  1 . 7 0 5

t  0 .005 +  0 .005
0.0r2  0 .014
( - ) 6 2 ' ( - ) 6 0 " . s
+  4 '  +  3 ' . 5

r > r  r > ,
1 . 7 0 8  I . 7 0 4
( - )62"  ( - )61"

Strong Moderate

l 410No

Mg:Fe+2+Fe+3

fMn
Nc (mean)
No (mean)
ilz (mean)
Range of ntr2
N"-N"
2V (mean)
Range of 2V
Dispersion

1ny', and cor.e-

lsponding 2V
Pleochroism

66134 66,34
1 . 6 9 1 5  1 . 6 9 5 5
1.7005 1 .7045
1 .  7055 1 .707 5

t0 .0045 t0  0025
0  0 1 4  0 . 0 1 2

( - ) 6 0 " . s  ( - ) 6 3 " . s
+ q o  (  + ? o  5

f  > t  t>a
1 . 7 0 6  1 . 7 0 7 5
( - ) 6 2 "  ( - ) 6 3 ' . s

Moderate Moderate

65:35  64 :36
1.6945 1  693
1 .7035 1  .704
|  7075 1 .709

+ 0 . 0 0 2 5  + 0 . 0 0 1
0 . 0 1 3  0 . 0 1 6
( - )60 '  ( - )s8"

+ 1 '  +1 '
r > !  r > a

r .706 |  709
( - )61 '  ( - )s8"

Moderate Moderate

6 2 t 3 8  5 5 : 4 5  5 1 : 4 9  ?

1 7015 ;.d. n.d. n'd'

f .7115 n .d .  n  d .  n 'd '

1 . 7  1 4 5  1 . 7 2 1  1 . 7 2 6  1 . 7 3 5

t  0 .0025 +  0 .003 +  0 .004 t  0 .006

0.013 n  d .  n  d .  n .d '

( - )se ' .s  ( - )s4" .s  ( - )s2"  ( - )s4"
+ r o  q  + 1 "  + 1 "  t l '

r>a r>v None r <t

1 . 7 1 6  1 . 7 2 1  1 . 7 2 6  1 . 7 3 7

( - )s7 ' .s  ( - )s4 ' .s  ( - )s2"  ( - )ss"
Strong Moderate Weak Weak

* Optical data except {or "1[, and correspondinc 2V" by Taneda (1946) '

232 l19t 7No.

Mg:Fd'+Fe+3+Mn
Na (mean)
1[s (man)
1[z (mean)
Range ol 1[3
N"-Nt
2V (mean)

Range of 2V
Dispersion
-l[, and corresponding 2V

Pleochroisn

?

n.d
n d .

1 . 7 3 5 5
+ 0 .0085

n d .
( -)s8"

t < u
1 . 7 4 r
( -)sE'
Weak

39161 39 :61
n.d .  n .d ,
n d. n.d.

1 . 7 3 8 5  1 . 7 3 4 5
+ 0 .0025 t  0 .0025

n.d. n.d.
( - )s3 '  ( - )s4 ' .s

l r o  + n o  q

f < t  t < v
1  7385 1 .7345
( - )s3"  ( - )s4" .s
Weak None

? ?  12 :88  12 i88

n d  n d .  1 . 7 5 5  1 ' 7 5 4 5

n d .  n .d .  t '763  1 .7645

n . d  7 . 7 7 0 s  1 . 7 7 3  l ' 7 7 4 5

n d .  +0  0035 +0 '000? 10 .0025

n d .  n .d  0  018 0 .0201

(-)6s" (+)8e".s (+)83" (+)E4'
1 3 "  + 7 ' . 5  t 0 " ?  + 1 '
/ < s  f < v , f > o  f > t  r > 1

1 . 7 5 1  1 . 7 6 8  1 . 7 7 3  r . 7 7 4 5

( - )68"  ( - )83 ' .s  (+ )83 '  (+ )84"

Weak Strong Weak? Moderate

* Optical data by Tsuru and Henry (1937)

f Determined by Hess.
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Frc. 1. Variation of optical properties of orthopyroxenes. The numbers in the lower
part of the diagram refer to those in Table 1. s----enstatite from shallowater meteorite.

5, it is shown in the figure as changing also at two points where the 2V
curve passes 90o.

Refractizte'indices. The ranges of the refractive indices were determined
on the powders used for the analyses. All the pyroxenes except No. 1
show considerable range of .n/,. The error in each determination for the
moderately zoned crystals is *0.001.

In Fig. 1, points for /y', a\d N, of the pyroxenes containing less than
0.070 atomic proportion of Al (both in Si and Mg positions) are shown by
open circles. They lie on or very close to a straight line (full lines in Fig.
1). The points for enstatite from Shallowater meteorite (Foshag,
1940) which contains no Al lie a little below the lines. Points for ly'" and
Iy', of the pyroxenes containing 0.140-0,070 Al (solid circles) Iie above

roo 90 60 70
MgSi03

6 0  5 0  4 0  3 0

M s %
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the full lines. A dotted line is drawn to show the N" variation for these
aluminous pyroxenes.

Hess (1952) has also drawn the 1[, variation curve for the orthopyrox-
enes of Bushveld type which lies in the middle of the dotted and full lines
in Fig. 1. His curve represents 1y', variation for orthopyroxenes with
medium AI content.

The ly', variation curve given by Poldervaart (1950) nearly coincides
with the dotted line.

Mn in orthopyroxenes increases the refractive indices less markedly
than Fe+2, as is shown by the lower refractive indices of the manganiferous
pyroxene No. 19 than those of No. 18 in spite of their having the same
Mg: Fe+2f Fe+3*Mn ratio.

Birefringence. The points ior N"-Nn of the pyroxene No. 23 and the
Shallowater enstatite are connected by a straight line. Most of the points
for the other pyroxenes lie on or close to this line.

Optic angle. 2V was measured on several crystals of each ana\yzed
pyroxene. The error in each determination for the moderately zoned
crystals is * 1o. The mean values of 2Y are plotted in Fig. 1 with open
circles.

In order to know the exact variation ol 2Y of the volcanic ortho-
pyroxenes, several unanalyzed pyroxenes were also studied. Iy', and the
corresponding value of 2V were measured on one and the same cleavage
flake lying on 010 (usually about 0.2 mm. long). The results are given
in Table 5. The 2V is plotted against Mg percent inferredfromthe cor-
responding Iy', (crosses in Fig. 1).

The points for the volcanic orthopyroxenes lie on a smooth curve
(full line in Fig. 1). Hess' (1952) curve for the 2V variation of the ortho-
pyroxenes of Bushveld type (dotted line) lies 7o above the curve for the
volcanic pyroxenes at the composition Mg 50, but gradually approaches
the latter until the two curves coincide with each other in bronzite and
eulite.

Pleochroism. Tables 1 and 5 show that the intensity of pleochroism
has no relation to Fe+2 or Mn contents. The manganiferous pyroxene
No. 19 is colorless. Some relation appears to exist between pleochroism
and Ti content.

The strongest pleochroism is seen in the pyroxene No. 13 which has
the highest Ti content (0.013). The pleochroism next in intensity is
seen in No. 7 which has Ti content (0.009) higher than those of the other
pyroxenes except  No.  9 (0.011) .  Nos.  5,  8,  9,  10,  11,  12,14,  and 23 show
moderate pleochroism, their Ti contents (except No. 9) varying from
0.007 to 0.001. The colorless pyroxenes (Nos. 1, 2,3,and 19) have no Ti
except No, 3 (0,006).
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There may be some exceptions to this rule in the pyroxenes of Bushveld

type, because a part of Ti may have been exsolved together with Ca or

with Fe+2.
The pleochroism of the two orthopyroxenes are shown below:

Hypersthene No. 13:

X-pale reddish brown
Y-pale greenish brown

Z-pale smoky green

Absorption X>Z>Y

Eul i te No. 21:

X-smoky brown

Y-pale brown

Z-smoky green

Absorpt ion Z>X>Y

Uwrr Corr DruoNsrolls

Unit cell dimensions a, b, and, were determined by a North American

Philips r-ray spectrometer, using Fe K", radiation. The method was

described by Hess (1952) in detail and wil l not be repeated here. How-

ever, instead of using a bakelite slide as described by Hess, the writer

used mixture of the powder of the pyroxenes and that of silicon

mounted on a glass slide with Duco cement. The correction for the in-

strument, the thickness of the layer of the sample, and the roughness of

its surface was made by reading the known 20 angles of the reflections

from sil icon. For the pyroxenes Nos. 16 and27, the bakelite slides were

used. For Nos. 5 and 14, determinations were made on the two different

types of slides; the results agreed within 0.001 A.
The o and b dimensions were determined by the reflections (14,5,0),

(060), (12,0,0), and (650). The average values of these determinations

are given in Table 6. The figures include errors usually Iess than 0'003 A

and rarely +0.005 A. 1'6e values are further checked by the reflections

(610) and (a20) .

T,c.rr,e 6. UNrr CBu DrurNsrons (rN A) or Oxrnopvnoxrrns

1 0

o(observed) 18.281 18 333
o(calculated) \8 282 18 325
6(observed) 8. 853 8. 88-5
c(observed) 5 .200 5 .2 18
c(calculated) 5.205 5.220
M g : F e + 2 : C a  8 3 : 1 3 . 5 : 3  5  6 7  5 : 2 7 : 5  5

18.320 18 .326 18 .314 18 .309

18 321 18  313 18 .307 18 .303

8 . 8 8 4  8 . 8 8 1  8  8 8 4  8 . 8 9 0

5 . 2 1 5  5  2 1 7  5 . 2 1 4  5 . 2 1 1

5 218 5 .216 5 .213 5  212

6 6 . 5 ' . 2 9 : 4  5  6 7  5 : 2 9 : 3 . 5  6 7 . 5 i 3 0 i 2  5  6 7 : 3 1 . 5 : 1 ' 5

2 11 l

olobserved)

o(calculated)

b(observed)

c(obsened)

c(calculated)

Mg: Fe+2: Ca

1 8 . 3 0 2  1 8 .  3 4 0
18 303 18  323
8. 88.i 8 893
5 . 2  1 0  5 . 2 2 1
5 . 2 1 2  5  2 ! 9

6 7 : 3 1 . 5 : 1 . 5  6 1 : 3 6 : 3

18.337 18 .34 ' t
1 8  3 3 2  1 8 . 3 5 0
8 . 9 2 0  8  9 3 3
5 . 2 2 0  5 . 2 2 5
5  2 2 2  5 . 2 2 9

5 5 : 4 2 . 5 : 2 . 5  5 0 . 5 : 4 5 . 5 : 1

18 343 18.429

I  962 9  016
5 221 s.219

4 5 : 5 5 *  1 7 : 8 3 *

* Mg:Fe+'1+Fe+3+Mn estimated from Nz (mean)
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The c dimension was obtained by the reflections (004), (502), and

(202), using the already known values of o. The average values given

in Table 6 include errors less than 0.0004 A. These values were further

checked by the reflections (11, 3, 1) and (131)'

In Fig. 2 the observed values of a, b, and c ate plotted against Mg:
pg+zfps+3fMn calculated from the analyses or estimated ftom N"
(mean).

z

----
I

c o . ,ftZo ttess l

")
q

Y
/=

'v"o-
o

'"tio-ol
c c i

,o-4- # s\

q

o - '' $ -  
-

o /

o

2
t t o
t m I  1 3 k t6 2l

c i
5.250

5.200

5 . 1 5 0

o i
t8 .450

t8 .400

18.350

t8 .300

r8 .950

t8.200

b i
9.O50

9.OOO

8.950

8.900

8.850

8.800

5 0 4 0 3 0 2 0 1 o o
olo trit ri*t lrtntsio.

Fro. 2. Variation of unit cell dimensions of orthopyroxenes. The numbers in the

lower part of the diagram refer to those in Table 3'

a ilimension. The o dimension increases with the amount of Fe+2 sub-

stituting for Mg but more markedly with the amount of ca substituting

for Mg. This is because Fe+2 is Iarger in ionic radius than Mg, but Ca is

larger than Fe+2.
The full line in Fig. 2 is a reproduction of the curve given by Hess

(1952) showing the variation of o dimensions of the pyroxenes of Bush-

veld type including Nos. 18 and' 23. The last two pyroxenes contain only

0.031 and 0.035 Ca respectively, yet they show a little exsolution lamel-

lae. Therefore the full line in Fig. 2 represents the o variation for pyrox-

enes with about 0.020 Ca or with the ratio Mg*Fe+2: Ca:99:l '

90 80 70 60

Mg
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The points for the volcanic pyroxenes all lie above this line and the
amount of departure from this line is proportional to the ca content of
the pyroxenes. Thus the pyroxenes Nos. 10 (Ca:0.029) and 11 (Ca
:0.033) l ie fairly close to the full l ine, whereas No.5 (Ca:0.104) is
most removed from the line. A line representing the a vaiation for
pyroxenes with 0.060 Ca or Mg*Fe+z:Ca:96:4 is drawn with a dotted
line.

The o dimension of any orthopyroxene may be caiculated approxi-
mately from the following formula:

o : {(o-Mg) X I * (o-Fe+\ x m a(o-Ca) X z - (o-Mg) x tooy
x 0.03e6 + 18.228 A

where l, m, and n are atomic per cent of Mg, Fe+2, and Ca of the given
pyroxene respectively, (O-Mg), (O-Fe+z;, and (O-Ca) are the inter_
atomic distances between oxygen and Mg, ps+2, and ca ions respectively,
and 18.228 A is  the o d imension of  enstat i te  (Mg:  Fe+2:Ca:gg:O:t )
obtained from the full l ine in Fig. 2. The interatomic distances used
here are as follows : (O-MS) : 2.t A, (O-ns+1 : 2.IS A, (O-Ca) : 2.3
A .

The atomic per cent Mg: Fe+2:Ca of the analyzed,pyroxenes and the
calculated o for these compositions are shown in Table 6. The calculated
values agree fairly closely with the observed values.

b ilimensions. The 6 dimension increases with the amount of Fe+2 but
decreases with the amount of Al substituting for Mg, because Fe+2
is larger than Mg but Al is smaller than Ms.

In Fig. 2 is reproduced the line given by Hess (lgl2) showing the &
variation for orthopyroxenes with about 0.010 Al in Mg position, in-
cluding the pyroxenes Nos. 18 and23.

Most of the volcanic pyroxenes contain larger amounts of Al in Mg
position, so that the points lie generally below the line. A dotted line is
drawn to show the D variation for pyroxenes containing 0.050 Al in Mg
position.

c d'imension This also increases with the amounts of Fe+2 and ca
substituting for Mg, but the rate of increase is smaller than that in o
dimension. The full line in Fig. 2 shows the c variation for pyroxenes with
0.020 Ca, whereas the dotted l ine for those with 0.060 Ca.

The c dimension of the analyzed pyroxenes can be calculated from the
following formula:

,: [(o-Ms) X l* (o-Fe+,) xma (o-Ca) Xz - (o-Mg) x tool
x 0.0142 + s.1ss A.

The result of calculation (Table 6) shows a close agreement with the ob-
served values.
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DrscussroN ol rHE Rnsurr
The present study indicates that the refractive indices and unit cell

dimensions of the volcanic orthopyroxenes vary with the chemical com-
positions entirely in the same way as found in the orthopyroxenes of the
Bushveld type. These physical constants show straight line variations
if they are plotted against the atomic ratio Mg: pg+zf ps+3f Mn, provid-
ed the proportion of Ca and Al is constant.

The efiects of Fe+2, Ca, and Al on the unit cell dimensions can be ex-
plained as due to the difierence of their ionic radii from that of Me for
which they subst i tu te.

The only difference between the volcanic orthopyroxenes and those of
Bushveld type is found in the variation of 2V according to Mg per cent.
Even this might be a result of the difference of Ca content between the
two groups (Hess, 1952). It is also possible that the order-disorder re-
Iation in the orthopyroxene structure causes this difference. In order to
decide whether this difierence is related to Ca content, it is necessary
to study volcanic orthopyroxenes about Mg50 but with low Ca content.

We can determine Mg per cent of orthopyroxenes by measuring ly',.
Then by measuring the o and b dimensions, we can find Ca and Al content
of that crystal.

It will be interesting to determine Ca content of orthopyroxenes
crystallized in recent lavas whose temperatures are actually measured.
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