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                               by

                       Ken-ichi HIJIKATA

                       (with 2 'I'ext-Figures)

        (Contribution from the Department of Geology and Mineralogy,
              Faculty of Science, Hokl<aido University, No. 1087)

Abstract

    The clinopyroxenes in 1O mole per cent intervals between the two end rr}embers

along the join CaMgSi206-CaFe3+AISi06 have been synthesized, and their unit-

cell dimensions have been determined by X-ray powder method. The variation of

unit-cell dimensions of these clinopyroxenes is as follows: a-dimension increases

regularly from Diioo (9.74SA) to CFioo (9.783A), b-dimension decreases lineally

from Diioo (8.925A) to CFioo (8.787A), c-dimension and cell volume increase from

Diioo (5.250A, 439.2A3) to CFioo (5.372A, 444.3A3) and fi-dimension increases from

Diiee (10S.870) to DisoCF2o or Di7eCF3o (106.040) and then decreases to CFioo

(10S.820) with increasing CaFe3+AISiO, molecule in diopside.

    It is considered that the substitution of Al for Si in tatrahedral site is more ef-

fective for the increase of a-dimension of these clinoproxenes than the substitution of

Fe3+ for Mg, and that Fe3+ ion replaced for Mg contributes to increase of c-dimen-

sion as well as Al for Si. Judging from the linear changes of unit-cell dimension

and calculated densities of the clinopyroxenes along this join, this series of clino--

pyroxenes form a complete series of solid solutions.

    Several effects of the ionic substitution along this join are discussed as compared

with that along the two joins CaMgSi20,-CaA12Si06 and CaMgSi206-CaFe3S-
Si06･

introduction

    There are several series of solid solutions with a coupled substitution of ions for

Mg and Si in diopside; that is, AIAI, GaAl, Cr3+Al, Fe3+Fe3+ etc. for MgSi. Among

them, SAKATA (1957) investigated the unit--cell dimensions of diopside solid solutions

along the join CaMgSi20,-CaA12Si06 up to 20 weight per cent of CaA12Si06.
He mentioned that the data are in harmony with the theoretical consideration; that

is, a- and b-dimensions decrease by the substitution of smaller Al for Mg in octa-
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hedral site and c･-dimension increases by the substitution of larger Al for smaller

Si in tetrahedral site with increasing CaA12Si06.

    CLARK (1962) reported that the join CaMgSi206-CaA12Si06 forms complete
solid solutions at 20 kb. The variation of unit-cell dimension along the join ob-

tained by CLARK is in good agreement with the results by SAKATA up to 20 weight

per cent of CaA12SiO,, and the unit-cell dimension of the end member (CaA12Si06)

of the join agrees well with that obtained by HiJiKATA and YAGi (1967).

    The clinopyroxene of the composition CaGaAISi06, which is considered an

end member of the substitution GaAl for MgSi in CaMgSi206 was synthesized at

10 kb and 11000C by means of a girdle type high pressure apparatus (HiJmATA,

1966 unpublished). The unit-cell dimensions of this clinopyroxene has a similiar

relation to that of CaA12Si06; a- and b-dimensions are samller, but c--dimension

is larger than those of diopside.

    CoLEMAN (1962) determined the unit-cell dimensions of the series of clinopy-ny

roxenes along the join CaMgSi20,-CaFe3+AISi06 up to about 10 mole per cent

of CaFe3+AISi06.

    The object of the present investigation lies in the synthesis of the clinopyroxene

of the composition CaFe3+AISi06 (abbreviated CF), which is an end member of

the join CaMgSi206-CaFe3+AISi06, as well as in the investigation on the effect

of the ionic substitution of Fe3+Al fbr MgSi. For this purpose the clinopyroxenes

along the join CaMgSi20,-CaFe3+AISi06 in 10 mole per cent intervals between

the two end members have been synthesized, and their unit-cell dimensions have

been determined. They were compared with those of the clinopyroxenes along the

joins, CaMgSi206-CaA12Si06 and CaMgSi206-CaFe3SSiO, (HucKENHoLz,
ScHAiRER, and YoDER, 1968). Several effects of the ionic substitution on the clino-d

pyroxene solid solution are also discussed.

Ple'cparation qf the samples

    Homogeneous glasses were prepared in 10 mole per cent intervals between the

two end members, except compositions DiieCFgo and CFioo, by melting pure cheb･

micals in a platinum crucible at about 14000C. Reagent grade chemicals CaC03,

A1203, Fe203, MgO and pure quartz were used. The crushed glasses, heated at

subsolidus temperature of 12000C for 2 days, were found to consist of minute

granular crystals of clinopyroxene. For the compositions DiioCFgo and CFioo,

sintering technique instead of melting was used, because it was impossible to make

the glasses of those compositions owing to the separation of iron oxides in the liquid

state. The chemicals, which were carefu11y weighed stoichiometric to each com-

position of CFioo and DiioCFgo, were ground well in an agate mortar with pure ethyl

alcohol. The mixture was first ignitted at 12000C for 2 hours in a platinum crucible

to fbrm a sintered cake. They were crushed and ground again in the agate mortar.
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The well-mixed powder, transfered into a platinum crucible, was heated again at

12500C for 3 hours. After repeating the treatment of sintering for five times,

almost homogeneous crystals, except a trace of hematite included, were obtained.

    These crystals prepared either from crystallization of glasses or by sintering of

oxide mixtures were found optically or by X--ray powder pattern to consist of a

single phase of clinopyroxene.

X-nyray method.

    X--ray powder diffraction patterns of the clinopyroxenes along the join CaMg-

Si206-CaFe3+AISi06 were obtained by the diffractometer (Rigal<u Denki, Tokyo

Japan) with a crystal monochromator, using CuK. radiation at 35 KV and 20 mA.

    The clinopyroxene crystals ground until the grain size of powder becomes

under 300 mesh in an agate mortar, were pressed in an aluminum sample holder

with an open window. The surface of the holder was polished by fine alumina

powder in order to obtain a completely flat surface 6f the pressed cake.

    After complete patterns were taken with a scanning speed of 10 per minute

from 700 to 200 in 20, special reflections of O02, 022, 531, 600, 060 and 531 by which

the unit-cell dimensions were determined, were obtained by scanning speed of

1/80 per minute. Measurement of 20 was made to ±O.OOSO and reproducibility

for the 20 measurements in triplicate was found to be ±O.OIO. Pure quartz powder
was used as an external standard.

    Indexed powder pattern of pure diopside was compared with patterns obtained

on the clinopyroxenes along the join, Each peak of these clinopyroxenes cor-q

responds to that of pure diopside but its position shifts regularly as a function of

the composition. The dffraction data of Diioo, Diso CFso and CFioo are given in

Table 1.

Results and discussions

    The unit-cell dimensions of the clinopyroxenes along the join CaMgSi206-

CaFe3+AISi06 listed in Table 2 are believed to be accurate to ±O.O03A for a and

c, ±O.O02A for b, ±O.030 for rs, and ±O.4A3 for cell volume. Calculated densities

of these clinopyroxenes are also listed in Table 2, The variation of unit-cell

dimensions and calculated densities of the clinopyroxenes along the join is shown

in Fig. 1.

    b-dimension: There is a linear decrease of b-dimension from Diioo to CFioo.

The rate of decrease of b-dimension for every 10 mole per cent of CaFe3+AISi06
in CaMgSi206 is O.O138A. The substitution of smaller ions such as Al, Fe3+ and

Ti`+ for Mg in diopside causes generally a reduction of b-dimension. The rate

of decrease of b-dimension resulting from the substitution of Al for Mg along the
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1. X-ray powder diffraction data of the clinopyroxenes, CaMgSi206,

    (CaMgSi206)so (CaFe3"AISi06)so and CaFeS'AISiO,
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Intensities were determined by the relative value of peal< height.
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Fig. 1

The changes of unit-cell dimensions of the clinopyroxenes along the join CaMgSi206-

CaFe3+AISi06

join CaMgSi206-CaA12Si06
Mg along the present join.
er Fe3+ (O.64A) in octahedra

is larger than that by the substitution of Fe3+ for

                                       o This fact shows that the ionic radius of Al (O.50A)

1 position has a direct influence on the b-dimension in
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Table 2. Unit-cell dimensions and calculated densities of the clinopyroxene along

                the join CaMgSi,06-CaFe3'AISi06

Diioo DigoCFio DisoCF2o Di7oCF3e Di6oCF4o DisoCFse

ao (A)

bo (A)

eo (A)

P (deg)
l7 (A3)

D (g/cc)

 9.745
 8,. 92S .

  5.250
105.87

439.2

 3.274

 9.746
 8.912.
 5.265
105.99

439.6

 3.317

 9.746
 8.897
 S.280
106.04

440.1

 3.360

 9,749
 8.883
 5.293
106.04

440.7

 3.401

 9.753
 8.869
 5.308
106.01

441.3

 3,442

 9.758
 8.8S5
 5.319
106.01

441.8

 3.484

Di4oCF6o Di,oCF7o Di2oCFse DiioCFgo CFieo

a, (A)

bo (A)

e, (A)

P (deg)
   o7 (A3)

D (glcc)

 9.762
 8.841
 5.330
10S.9S

442.3

 3.526

 9,768
 8.828
 5.340
10S.96

4xF2.7

 3.568

 9.773
 8.813
 5,351
10S.91

4zF3.2

 3.610

 9.779
 8.800
 5.362
105.89

443.8

 3.651

 9.783
 8.787
 5.372
1OS.82

444.3

 3.692

(CF : CaFe3'AISiO, mole per cent)

these two series of clinopyroxenes. Since, however, the rate of change of b--

dimension along the join CaMgSi206-CaFe3+AISiO, is larger than in the case of

the join CaMgSi206-CaFe3iSi06 (HucKENHoLz et al., 1968), the difference in the

rates of decrease in b-dimension along these two joins should be ascribed to the

substitution of Al or Fe3+ for Si in tetrahedral position. The substitution of Al or

Fe3+ for smaller Si in tetrahedral position contributes to an increase in b-djmen-

sion, whereas the substitution of Al or Fe3+ for larger Mg in octahedral position

contributes to a decrease in b-dimension,

    In the case of clinopyroxene solid solutions of the joins CaMgSi206-CaTiA1206

and CaMgSi206-CaMgTi206, the b-dimension of diopside decreases with increas- ･

ing CaTiA120, and increases with increasing CaMgTi20,. The substitution of

smaller Ti4+ for Mg contributes more to the decrease in b-dimension than the in-

crease of b--dimension resulting from the substitution of Al for Si. In the clino-

pyroxenes along the join CaMgSi206-CaMgTi206, b-dimension increases with
increasing number of Ti4+ in tetrahedral position, as described elsewhere (ONuMA,

HiJiKATA, and YAGi 1969).

a-dimension: The a-dimension of the clinopyroxenes along the present join
slightly increase (O.O063A per 10 mole per cent of CaFe3+AISi06 in CaMgSi206)

from Diioo to Di7oCF3o and increases lineally from Di7oCF3oto CFioowith increasing

CaFe3+AISiO, molecule. The rate of increase of a-dimension from Di7oCF3o to
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                                                              oCFieo for every 10 mol per cent of CaFe3+AISi06 in CaMgSi20, is O.O027A, The

a sin ff decreases from Diioo to DisoCF2o and increases from DisoCF2o to CFioo,

having a minimum at the composition of DisoCF2o. It is, however, unknown why

the minimum exists at this composition.

    The decrease of a-dimension is expected generally by the substitution of

smaller Fe3+ for Mg, but nevertheless in both cases of the joins CaMgSi206-

CaFe3+AISiO, and CaMgSi206-CaFe3;Si06 a-dimension increases with increasing

CaFe3+AISiO, or CaFe3;Si06 in CaMgSi20,. This apparentdiscrepancy may be

explained by the assumption that the substitution of Al or Fe3+ for Si in
tetrahedral position is more eflective to the increase of a-dimension than the con--

traction of octahedra resulting from the substitution of Fe3+ for Mg.

c-dimension: The c-dimension increases from Diioo to CFioo with increasing

CaFe3+AISi06. The rates of increase of c--dimension for every 10 mole per cent

                                     oeof CaFe3+AISiO, in CaMgSi206 are O.O138A from Diioo to DisoCFso and 0.0106A

firom DisoCFso to CFioo. It is generally expected that the c-dimension of this type

of clinopyroxene solid solution increases with increasing number of larger ions,

such as Al, Fe3+, Ti`+, replacing smaller Si in tetrahedral sites of the clinopyroxene

chain. The maximum value of c-dimension in the series of CaMgSi206-CaFe3+-
AISiO, is about O,IA greater than the value of the clinopyroxene CaAl2Si06. The

c-dimensions of the three clionpyroxene solid solutions, that is (CaMgSi206)so

(CaAl,SiO,)2, (SAKATA, 1957), (CaMgSi,O,),, (CaFe3'AISiO,),, and (CaMgSi,-

                                                  eo                                                                    o06)7g.3(CaFe3tSi06)2o.7 (HuCKENHoLz et al., 1968) are S.266A, S.280A and S.293A

respectively. From these data, if Si is replaced only by Al, but not by F'e3+, in the

substitution of Fe3+Al for MgSi, the increase of c-dimension of the clinopyroxene

along the join CaMgSi206-CaFe3+AISiO, should be regarded as the results of not

only the substitution of Al for Si, but of Fe3+ for Mg in octahedral sites.

    According to the study by PEAcoR (1967) on the crystal structure of apyroxene

of formula MiMii(Sii.sAlo.s)06, Al substitutes for Si in a ratio of about 1 : 3, and

about a half of Mi sites (octahedral site) are occupied by Mg and the other halfby

Fe2+, Al, Fe3+ or Ti`+. Thus this pyroxene corresponds to DisoCFso with respect
to the ratio of Si and Al in terahedral positions. The c-dimension (S.319A) of this

                                            opyroxene is in good agreement with the value (5.319A) of DisoCFso･

Cell vohtme: Cell volume of the clinopyroxene along the present join increases

lineally from Diioo to CFioo with increasing CaFe3+A!SiO,. The rate bf increase

                                                                   eof cell volume for every 10 mole per cent of CaFe3+AISi06 in CaMgSi20, is 0.SIA3.

The increasing tendency of cell volume is also found in the clinopyroxene along the

join CaMgSi206-CaTiA1206 (ONuMA, HiJiKATA and YAGI, 1969). The expansion



of tetrahedra resulting from the substitution of Al for Si is considered more effective

to increase the cell volume of these series of clinopyroxene solid solutions than the

contraction of octahedra resulting from the substitution of Fe3+ and Ti4+ for Mg.

    CoLEMAN's (1962) data along the join CaMgSi206-CaFe3+AISiO, show the
same tendency but a large discrepancy from the data of the present investigation.

    The linear decrease of b-dimension, the linear increase of c-dimension, cell

volume and calculated density shown in Fig. 2 and regular increase of a-dimension

D(g/cc)

3.800

3.700

3.600

3.500

3.400

3.300

3.200

          CaMgSi206 50 CaFe3'AISi06
Fig. 2

The change of the calculated densities of the clinopyroxenes along thejoin CaMgSi206-

CaFe3' AISi06

with increasing CaFe3+AISi06 molecule indicate that the join CaMgSi206-
CaFe3+AISi06 fbrms a complete series of solid solutions, and X-ray powder patterns

of these clinopyroxenes also show that all of them belong to a same space group

C21c.

    The structural analysis of these clinopyroxenes is expected to throw more light

on the problems of clinopyroxene solid solution.
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