
American Mineralogist, Volume 62, pages l2l6-1224, 1977

Structural variation in the ferrobustamite solid solution
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Mineralogical Institute, Faculty of Science
Uniuersity of Tokyo, Hongo, Tokyo, Japan

Abstract

Ferrobustamite, WorrFs,r, from the Ofuku mine, Yamaguchi Prefecture, Japan, is close to
the Fe-poor end of the ferrobustamite solid solution. Its crystal data are: space group Al, a :
7.862,  b :  7 .253,  c  = 13.967 A,  a :  89"44'  [3  :  95o28' , 'y  :  103o29' ,  and
l2[Cao.rrFeo,uMnoorSiOr] in the unit cell. Our refinement of its structure reveals that it
possesses pseudo-mirrors which are more nearly true mirror planes than those in the WouoFsuo
structure, and the small size of one cation site, M3, in the structure induces the concentration
of the Fe(Mn) content into it, thus giving the solid solution the Fe-poor l imit of Worr rFs,u 7.
The Mdssbauer spectra of the specimen showed that, after a heat treatment at 1,140"C, the
degree of concentration of Fe at M3 decreases, suggesting that the site occupancies of Fe
atoms vary with the temperature of formation and the cooling process of the crystal.

Introduction

Bowen et al. (1933) presented a phase diagram of
the system CaO-FeO-SiO, showing an extensive
sol id  solut ion at  temperatures above 1,000oC, and
cal led i t  the "wol lastoni te sol id  solut ion."  T i l ley
(1937) f i rs t  descr ibed a mineral  wi th a composi t ion of
77 mole percent CaSiOe and 23 percent FeSiO,
(WorrFsrr )  f rom Scawt Hi l l ,  County,  Antr im,  and
named it "iron-wollastonite." He further reported
another  i ron-wol lastoni te f rom contact  skarns at
Skye,  Scot land (Ti l ley,  1948).

A reexaminat ion by Rutste in (1971) of  the
CaSiOs-CaFeSirO. system showed that there are two
different phases in this system, and these are compo-
sitionally separated from each other by a gap extend-
ing from WorrFs, to WorrFsrr. Rutstein and White
(1971) analyzed infrared spectra of these samples,
and suggested that those rich in iron have a structure
analogous to that  of  bustamite.

The crystal structures of two pyroxenoids, a syn-
thetic phase, Cao uFeo uSiO, (WouoFsuo), and a natural
phase, Cao rnFeo ,rMno.orSiO, (WornFsrr), both refined
by Rapoport  and Burnham (1973),  are s imi lar  to
each other and to that of bustamite. This species was
therefore named ferrobustamite by these authors,
who pointed out that the Fe-poor end-member of this
phase region is expected on structural grounds to l ie
at Wou7uFs,r..

From chemical analyses of natural samples,
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Shimazaki  and Yamanaka (1973) d iscovered a mis-
cibil i ty gap between wollastonite and ferrobustamite,
and suggested that ferrobustamite with an Fe content
larger than that of CauTuFe,TuSiO, (Worr 3Fs16.7) wil l
be stable at the low temperatures appropriate for
skarn formation, probably 300-600oC. Matsueda
(1973, 1974) also reconfirmed that ferrobustamite is
distinct from wollastonite in optical and chemical
propert ies and cel l  d imensions,  and considered para-
genetic relations between ferrobustamite and wol-
lastonite. Compositional l imits of wollastonite, bu-
stamite, and ferrobustamite were also discussed by
Mason  (1975 ) .

Since the structure refinement of the natural phase,
WornFsrr, reported by Rapoport and Burnham
(1973), was hindered by the twinned crystal used for
the structure determination, we consider it necessary
to reexamine the structure with a well-specified crys-
tal. Also the structure of ferrobustamite in the Fe-
poor l imit was of particular importance for clarifying
structure var iat ions of  the sol id  solut ion.  We have
therefore undertaken a structural investigation of
Cao ,rFeo ,uMno orSiO, and compared our results with
the data previously obtained from other members of
the series.

Refinement of the ferrobustamite structure

The crystal used in the present investigation was
found in the Ofuku mine, Yamaguchi Prefecture,
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weight f r  Weight%
( r  )  l z )

Table l .  Chemical  analyses of  Wo.rFs, . ter were varied. Three successive cycles shifted atomic
parameters and isotropic temperature factors, result-
ing in R=8.8 percent (non-weighted residual factor).
The next three cycles varied site occupancies at the
metal sites and reduced R to 5.6 percent. The refine-
ment of anisotropic temperature factors was achieved
in three more cycles. The final R value was then 3.5
percent. Atomic coordinates and anisotropic temper-
ature factors thus attained are presented in Tables 2
and 3 respectively. Interatomic distances are given in
Table 4. Observed and calculated structure factors
are presented in Table 5.' Atomic coordinates and
interatomic distances of the bustamite structure ana-
lyzed by Peacor and Buerger (1962) and ferrobusta-
mi te (Wo,oFsuo) by Rapoport  and Burnham (1973)

are also presented in Tables 2 and 4 for comparison.

Structural variations due to Ca-Fe substitution

We shall here compare the structure of WorzFs'e
with those of WouoFsuo and bustamite, thereby dis-
cussing some crystal chemical characteristics of the
ferrobustamite solid solution. As discussed by Peacor
and Prewi t t  (1963) on the st ructure re lat ionship be-
tween wollastonite and bustamite, the ferrobustamite
structure is characterized by the gliding by b/2 of unit
slabs of wollastonite structure cut parallel to (001)

and d6o,1/2 th ick.  The Ca(1)  and Ca(2)  s i tes in  wol-
lasonite nearly correspond respectively to the M1 and
M2 sites in ferrobustamite. On the other hand, the
Ca(3)  s i te  in  wol lastoni te spl i ts  in to two d is t inct  s i tes
in ferrobustamite, M3 and M4, at inversion centers.
Among the four metal cation polyhedra in ferro-
bustamite, M3 is the smallest and M4 the largest
(Table 4) .

The four metal cation sites l ie in a plane parallel to
(102). Between two such cation layers sil icate chains
are located, each being a repetit ion of a unit of three
tetrahedra, SirOr, running parallel to the b axis.

Pseudomirror
The salient feature of the structure of ferrobusta-

mites is that it is composed of a kind of substructure
or a slab with cell dimensions (in the case of
Wo.rFsrr ) :

a" = t1;1s1/4 : '7.645 A,

b " = b : 7 . 2 5 3 4 ,

c s = c : 1 3 . 9 6 7  A ,

'To receive a copy of  Table 5,  order document number AM-77-

054 f rom the Business Off ice,  Mineralogical  Society of  Amerrca,

Sui te 1000 lower level ,  1909 K Street ,  N W ,  Washington,

D.C. 20006 Please remit  $ l  00 in advance for  the microf iche.
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(I) Wet chemica.l. m'algsis by H. HARAIIURA.

\2 i  LLpc t ron  p robe  ana l xsLs .

(3)  These ta. lues uere aaLculated using the
dnta fron the electron px<;be analyzer"

Japan. The chemical composition determined by
an electron microprobe analysis is approximately
Cao r rFeo,rMno orSiO,  (WorrFs,r ) ,  which is  very c lose
to,  but  has a s l ight ly  smal ler  Ca content  than
CarTuFerruSiOr,  the Fe-poor composi t ional  l imi t  o f
ferrobustamite suggested by Rapoport and Burnham
(1913) and Shimazaki  and Yamanaka (1973).  The
chemical  composi t ion of  the specimen is  l is ted in
Table L The lattice parameters are a : 7.862, b =

7.253,  c  :  13.967 A,  a :  89"44' ,  0  :  95 '28 ' ,  ̂ y  :

103"29' ,  and i ts  space group is  I  l .
Intensities of 3083 reflections up to 20 = 70o were

measured with an automatic four-circle diffractome-
ter  wi th MoKa radiat ion and a graphi te mono-
chromator. Reflections with integrated intensities
lower than three times the standard deviation were
ignored.  Thecu -  2d scanning was carr ied out  at  lo  in
20 per minute. The intensities were corrected for
Lorentz and polarization effects and subjected to ab-
sorpt ion correct ion us ing the computer  program
ACACA wr i t ten by C.  T.  Prewi t t .  As an in i t ia lmodel
for our structure refinement, we adopted the atomic
parameters given by Peacor and Buerger (1962) for
the bustamite structure, and made a plausible as-
sumpt ion on the d is t r ibut ion of  Fe atoms.

A full-matrix least-squares refinement was carried
out  us ing the program LINUS (Coppens and Hami l -
ton, 1970). During the first two cycles of refinement,
the scale factor and the isotropic extinction parame-
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where those with the suffix s
substructure, the remainder

p" = (100) : (010):  91"54' ,

are the constants of the
the constants of  the t r i -

clinic true cell, and /raor indicates the unit lattice
vector in the zone 14T01. fne symmetry of this sub-
structure is pseudo-monoclinic (space group A2/m)
with pseudo-mirror planes parallel to (140) of the

Table 2.  Atomic coordinates of  ferrobustamite and bustamite

Fer robus tami te

w o B 2 F " l B wo, or  s,  [1 
)

Bustami te  (  2  ) Fer robus lami te

w o 8 2 F " 1 8  w o 5 o F " 5 o

B u s t a n a t e
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C a : 0 . 9 7 2  ( 6 )
F e : 0 . 0 2 8 ( 6 )

0 , 2 0 0 6  ( 2 )
0 . 4 I 7 5 ( 2 )
0 . 3 7 7 5 ( 1 )
0 . 4 1 7  ( 5 )

C a : 0 . 9 8 3 ( 7 )
F e : 0 . 0 1 7 ( 7 )

0 . 1 9 8 8  ( 1 )
0 . 9 3 2 9  ( 3 )
0 . 3 7 s 7 ( r )
0 . 5 3 6  ( 7 )

C a : 0 . 0 3 5  ( 6 )
F e : 0 . 9 6 5 ( 6 )

r /2
r /4
1 / A

0 . 5 0 s ( B )

C a : 0 . 9 8 6 ( 6 )
F e : 0 . 0 1 4 ( 6 )

\ / 2
3 / 4
r /4
0 . 5 3 6 ( 7 )

1 . 0 0 0
0 . 1 8 8 8 ( 1 )
0 . 3 9 6 0  ( 1 )
0 . 6 3 6 5 ( 2 )
0 . 3 5 s  ( 7 )

1 . 0 0 0
0 . 1 9 2 5  ( r )
0 . 9 s 7 0  ( 3 )
0 . 6 3 1 5  (  3  )
0 . 6 3 1 ( 6 )

1 . 0 0 0
0 . 3 9 7 r ( 2 )
0 . ' 7 2 6 3 ( 2 )
0  .  5 2 3 r  ( 2 )
0 . 3 4 9  ( s )

C a : 0 . 2 3 ( 1 )
F e : 0 . 7 7 ( 1 )

0  . 2 0 6 7  ( 2 )
0 . 4 2 6 6  ( 2 )
0 . 3 7 3 1 ( 1 )
0 . e 3 ( 3 )

C a : 0 . 7 8 ( 1 )
F e : 0 . 2 2 ( 1 )

0 . 1 9 8 9  ( 2 )
0 , 9 3 9 1 ( 2 )
0 . 3 7 5 9 ( I )
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0 . 6 3 6 8 ( 2 )
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0 . 7 1 7 9  ( 3 )
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x

v
z
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O c c u p a n c y

v
z
B

o ( 9 )  2
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x
v
z
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1 . 0 0 0
0 . 4 2 9 2  ( 2 )
0 . 2 3 4 6 ( 1 )
0 . 4 0 2 6  ( 2 )
0 . 7 2 4 ( ' 7 )

r . 0 0 0
0 . 4 0 0 8
o . 7 2 3 7
0 . 4 0 8 5
0 . 5 1 9

t .  0 0 0
o  . 3 r ' 1 1
0 . 4 8 0 8
0 .  7 3 1 5
0  . 6 8 1

r .  0 0 0
0 . 3 1 0 3
0 . 9 2 8 0
o  . 7  2 9 2
0 . 9 0 0

1 . 0 0 0
0 .  0 1 5 0
0 . 6 2 L 3
0 . 3 5 5 6
0 . 8 7 0

1 . 0 0 0
0 .  0 1 2 9
0 . 1 3 3 9
0 . 3 7 3 8
1 . 0 4 3

1 .  0 0 0
4 . 2 6 3 1
0 .  5 1 8 3
0 . 5 4 3 4
0 . 7 7 2

1 . 0 0 0
0  . 2 7  8 7
0 , 8 8 3 8
0 . 5 4 0 0
0 , 8 2 3

1 . 0 0 0
a  . 2 2 3 8
0 . I 8 6 0
0 . 6 1 8 8
1 . 1 0 7

1 . 0 0 0
0 . 4 3 0 4 ( 8 )
o . 2 3 7  6  ( 9 )
0 . 4 0 1 r  ( 4 )
0 . 8 0 ( 9 )

1 . 0 0 0
0 . 4 0 2 r ( 7 )
0 . 7 0 9 6 ( 8 )
0 . 4 0 6 8 ( 4 )
1 . r 8 ( 1 1 )

1 . 0 0 0
0 . 3 1 4 1  ( 8 )
o  .  4 ' 1 2 4  ( 9 )
0  . ' 1 3 r 2  (  4 )
1 . 1 8 ( r 0 )

1 . 0 0 0
0 . 3 0 3 2
0 . 9 2 7 9
0 . 7 3 0 3
1 . 0 0

1 . 0 0 0
0 . 0 2 ' 7 6
0 . 6 1 s 5
0 . 3 5 1 0

r . 0 0 0
0  . 0 2 9 5
0 . 1 6 3 8
0 . 3 1  4 4
r . 7  6

1 . 0 0 0
o  . 2 5 4 0
0 . 5 1 0 8
0  . 5 4 2 4
1 . 0 5

1 .  0 0 0
0  . 2 7  4 0
0 . 8 8 0 0
0 . 5 3 8 8
1 . 0 1

1 .  0 0 0
0 . 1 8 6 6
0 . 1 7 0 3
0 . 6 1 7 6
2 . 1 5

1 . 0 0 0
0 .  4 3 1 6
0 . 2 4 0 0
o  .  4 0 2 7
1 .  L 0

1 . 0 0 0
0 . 4 0 3 6
o . ' 7 r 7 4
o . 4 0 6 9
0 , 5 ' 7

1 . 0 0 0
0 . 3 1 2 6
0 . 4 7 2 5
0  . 7  2 9 3
0 . 4 8

1 . 0 0 0
0 . 3 0 1 7
0 . 9 3 0 3
0 .  7 3 1 5
0 . 4 8

t .  0 0 0
0 . 0 2 6 r -
0  .  6 1 6 ' 7
0 . 3 5 4 9
0 . 6 4

1 .  0 0 0
0 . 0 2 8 0
o  .  1 6 2 1
0 . 3 7 L 7
0 . 6 6

1 . 0 0 0
0  . 2 5 ' 1  4
0  . 5 0 4 7
0 . 5 3 9 3
0 . 5 7

r . 0 0 0
0 . 2 7 2 8
0 . 8 7 3 9
0 . 5 4 1 1
0  . 2 9

r . 0 0 0
0 . 1 8 5 2
0 . 1 6 7 6
o  . 6 1 4 7
1 . 3 4

(1) From Rapoport  and Bumhan (1973).

(2) From Peacar qnd Bueryer (1962).

* Ihis nmber indieates a muLtipl ic i ty in the al tonic si te.

The nmbers in parentheses indieate standard detiatians in the

Isotropic terrpepaa)re factors rep"e,ented bg B uere ealculqted

Least significant f igure,

fron antso tempePdtwe faetars,
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Table 3. Anisotropic temperature factors of WorrFs,,

8r. Etz 3:: B12 Br3 Bzz

VARIATION IN FERROBUSTAMITE

tr icl inic cell, just as in the wollastonite structure (lto,

1950;  Peacor and Prewi t t ,  1963).
Though members of the ferrobustamite solid solu-

tion are isostructural with bustamite (Peacor and
Buerger, 1962), the mode of their simulating mono-
clinic symmetry varies with composition. The projec-

t ions a long the b ax is  of  WorrFs* and WouoFsuo in

Figure I show that the pseudo-mirror perpendicular
to b is closer to a true mirror in the former than in the
latter; atoms related by these pseudo-mirror planes

are more nearly superimposed in the former than in
the latter. This tendency is in harmony with the fact
that the local pseudo-mirrors in wollastonite are even
closer to true local mirror symmetry (lto et al., 1969).
The displacements between the true atomic positions

and the posi t ions due to the pseudo-symmetry in
WorrFsl6 and WoroFs5. are expressed by distances
between pseudosymmetrically related atom pairs in
Table 6. Atom displacements in wollastonite are also
presented in Table 6 for comparison.

t2t9

M (  r )  0 . 0 0 2 1
M ( 2 )  o . o o 2 3
M f  3 )  A . A A 2 2
M ( L )  o . o o 2 3

s i ( r )  o . o o 1 5
s 1 ( 2 )  o . o o r 8
s i ( 3 )  0 . 0 0 1 5

o ( r )  0 . 0 0 3 r
o ( z )  o . o o 2 t
0 ( 3 1  0 . 0 0 3 0
o ( ! )  o . o o 3 9
o ( 5 )  o . o o 3 8

o ( 5 )  o . o o \ t
0 ( 7 )  0 . 0 0 3 3
o (  B )  0 . 0 0 3 6
o ( 9 )  o . o o \ 8

0 . 0 0 2 5  0 . 0 0 0 6
0 . 0 0 2 7  0 . 0 0 0 7
0 .  0 0 2 5  0  .  0 0 0  /
0 .  0 0 2 7  0  . 0 0 0 7

o  .  o o t S  t )  .  o o o 5
0 . 0 0 2 1  0  o 0 i ) 5
o . o o 1 8  o , o o o 5

o . o o 3 6  o . o o o 9
0 . 0 0 2 9  ( r .  0 0 0 1
0 . 0 0 3 5  0  .  o o 0 9
0 . 0 o l r 5  0 . 0 0 1 2
0 . 0 0 4 4  0  . 0 0 1 1

0  . 0 0 5 2  0  . 0 0 1 3
0  .  0 0 3 9  0 . 0 0 1 0
o . o o l 2  o . o o L 1
0 .  c . ro5b 0 .  00 f  4

o . o o o !  o . o o o 1  o  o o o o
0 . 0 0 0 1 +  o . o 0 o 1  0 . 0 0 0 0
0 "  L roo l r  0  .  0001 0 .  0000
0  .  { ) 0 0 1 +  0  . 0 0 0 1  0 . 0 0 0 0

0  . 0 ( 1 0 3  0  . 0 0 0 1  0  . 0 0 0 0
c  .  0 0 0 3  0  . 0 0 0 1  0 .  0 0 0 0
0  . 0 0 0 3  0  . 0 0 0 1  0  . 0 0 0 0

o " o o o t  0 . 0 0 0 2  0 . o o o o
0  . 0 0 0 4  ( )  .  0 0 0 1  0  . 0 0 0 0
0 . 0 0 0 5  0 " 0 0 0 2  0 " 0 0 0 0
0 . 0 0 0 7  0 . 0 0 0 2  0 . 0 0 0 0
o  .  0 0 0 6  o .  o o o 2  o .  o o o o

o . o o o 8  o . o o o 2  o , o o o o
r . r " 0 0 0 6  0 . 0 0 0 2  0 . 0 0 0 0
0  . 0 0 0 6  0 . 0 0 0 2  0 .  0 0 0 0
o  .  o o o 8  o  .  t o o 3  o .  o o o  L

The erpression used for the anisotropic tenperature factors

uas  er t ,  -  { l t r rhz  *  Br r / r2  +  3 r r l2  +  z f i  j zhk  +  29  j .h " r  +  2SrJ l tL ) .

Table 4 Interatomic distances

Fer robus tar i te  .aus tami te (2)
w o o ^ _ F s . o  w o _ ^ - t , s _ ^ \ 1 /

a1  fu  )u  )v

Ierrobustalrite Bustamite
woB2F"lB 

"o5ou"5o

M ( 1 ) - o  (  1 )
0 ( 2 )
o ( r + )
0 ( r  )
0 ( 6 )
0 ( 7 )

me an

u ( z ) - o ( r )
0 ( 2 )
0 ( 3 )
o ( 5 )
0 ( 6 )
o ( B )
0 ( 9 )

me an ( -t ,l*
m e a n ( f I ) * x

M ( 3 ) - o ( 1 )
0 ( 3 )
o ( r+ )

me ar

z . ) + 6 9 Q )
2 . 1 + I B ( 2 )
2 . 3 1 3 ( r )
2 . 3 0 8 ( 2 )
2 . 2 3 3 ( 2 )
e . \ o l ( z )

z . \ 9 8 ( z )
z . \ r 2 ( 2 )
2 . 2 9 2 ( 3 )
2 . 3 8 3 ( 3 )
z . z 9 r ( 3 )
2 . 3 6 8 ( z )
3 . 2 1 + o ( 2 )

2 . 3 8 1
2 . r o 3

2 . 2 ) + 9 ( 2 )
z . t z 6 ( z )
e .  r B B (  e  )

z . t + z z ( 6 )
z . z r \ ( 6 )
z . t6 t+(6)
z . r \ g ( 6 )
2 . 0 3 r ( 7 )
2 . 3 T r l 5  )

, 2 ' B

2 . t + t B ( 5 )
2 . 5 3 r ( 6 )
2 . 2 ) 1 r ( 6 )
2.365rc)
2 . 2 9 2 ( ' ( )
2 . 3 3 0 ( 5 )
^  O O ^ /  ? \

2 ] r ( l .
2 . \ 3 9

2 . L 9 2 ( j )
2 .  r 3 8 (  6  )
2 . L 9 r ( 6 )

M ( \ ) - o ( 2 )
0 ( 3 )
0 ( l + )
0 ( 9 )

rnean( I  )*
m e a n ( r r ) * x

s i ( 1 ) - o ( 3 )
0 ( 5 )
o ( T )
0 ( e )

me an

s i ( 2 ) - o ( l + )
0 ( 6 )
o (  B )
o ( 9 )

me an

s i ( 3 ) - 0 ( r )
0 ( 2 )
0 ( 7 )
0 ( B )

MC AJI

z . t + o g ( z )
2 . ) + ) + 2 ( 2 )
z . t + 6 2 ( s )
z . 6 s B ( z )

2 . 1 + 3 8  ,
2 . \ 9 2

t . 6 z t ( z )
! .  > y z \  5  )
r . 6 L B ( e )
r . 6 3 3 ( 3 )
L $ ^

r . 6 1 6 ( z )
r . 590 \2  )
r . 6 ) + B ( 2 )
r . 6 3 3 ( 3 )
L . 6 2 2

t . 6 0 6 ( z )
r . 60 l+ (2 )
r . 6 6 \ Q )
t . 6 6 z Q )

1.63)+

2 . L 9 L 2 . L 7 5

e . : t+B(>  )  2 .3 \5
2 .37  j r c )  2 . t 4o2
z . t+zo (6 )  z  . \ 29
2 . 8 2 1 , 7 )  2 . B B B
2 .381  2 .392
2 . \92  2 .5L6

r . 6 1 3 ( T )  1 . 6 3 0
r . : r \ ( 6 )  r . 5 B l
r . 6 t + : ( : )  t . 6 \ t
r . 6 r : ( 6  )  L .616

r .6 r r  r . 619

t . 6 t t  G )  r . 6 2 5
L . r 8 3 ( ? )  r . r B 5
r .6 t+ r (6 )  r . 6 )+4
1 .618 (  6  )  r . 613

r . 6 r j  r . 6 1 8

r . 6 o r ( 6 )  r . r 9 9
r . 6 o : ( 6 )  L . j 9 6
r . 6 [ o ( :  )  t . 6 6 5
t . 6 6 > ( 6 )  t . 6 6 \

r . 621  1 .63 r

2 . \ 8 7
2.29)+
2 . t 6 3
t  I  Q q

2 . 0 4 8

,2A

2  . 4 4 5
2  . , L g
) too

2.390
2 . 2 9 3
2 . 3 5 8
2 . 8 9 \

2 . 3 d {
z . \ 5 \

t  t 1 q

2 . I 6 L
)  ) ? 1

2 . 2 0 2

( f )  From Rqpopov' t  and Butmhan (1973).

(2)  RecaLcuLated f ron the dnta publ lshed bg Peacor and &mger (7962).

x Mean ualue i' 'tcLuding M-0(9),

* * Mean ualue ereluding M-0(9).

The nwnbers in payentheses indicate standaxd deuiations in the Least significant

figures.
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Table 6 Deviat ions of  atom pairs f rom true mirror  symmetry

Compositional limit and site occupancies

As referred to in the foregoing section, the ferro-
bustamite structure is characterized by the gliding by
b/2 of  uni t  s labs.  This g l id ing causes the Ca(3)  s i te  in
the wollastonite structure to split into two crystallo-
graphically distinct sites in the ferrobustamite struc-
ture. M3 and M4. The size differences between the
four  metal  cat ion coordinat ion polyhedra determine
the s i te  occupancies of  Ca and Fe.  The smal lest  M3
polyhedra are certainly better able to accommodate
the smal ler  Fe atom. As repor ted by Rapoport  and
Burnham (1973),  based on thei r  s t ructura l  s tudy of
ferrobustamites,  th is  s i tuat ion accounts for  the Ca-
r ich composi t ional  l imi t ,  Caur.Fer /6Sios,  of  the ferro-
bustamite sol id  solut ion.  Takeuchi  et  a l .  (1976)have
observed that the same conclusion can be drawn from
the features of cation ordering observed in the seran-
dite-pectolite series. In the ferrobustamite, whose
composi t ion a lmost  corresponds to the Ca-r ich l imi t ,
Fe is indeed preferentially located at M3 (Table 2).

Wollaston i t  -^

"ornoF" o

F e r r o b u s t i l i t e

"o8ro"a8 "o50""50
M(1 ) -1 , { ( 2 )

c a ( 1 ) - c a ( 2 )

M ( 3 ) - M ( ! )
c a ( 3 ) - c a ( 3 ) '

s i ( r ) - s i ( 2 )
s i ( 3 ) - s i ( 3 ) '

o ( r ) - o ( r ) '
o ( 2 ) - 0 ( 2 ) ,
0 ( 3 ) - 0 ( \ )
0 ( r ) - o ( 6 )
o ( 7 ) - 0 ( 8 )
o ( 9 ) - o ( e ) '

o .  o o L T  A

o . oool+

0 .  0 0 0 8
o .  ooo8

0.  0001+
0 . 0 0 1 5
0 .  0 0 1 9
0 . 0 0 2 3
o .  o o 8 5
0 . 0 0 0 7

0 . 0 0 3 2  A

0

0  . 0 1 0 9
0 . 0 0 3 3

0 . 0 0 3 6
0 . 0 0 1 7
o .  0 0 6 6
o . a 2 r 6
0 .  0 1 8 2
o .  0 0 8 6

0 . 0 1 5 9

0

0 .  0 0 8 2
0 .  0 0 6 1

o .  o o 8 3
0 . o 2 r 2
o .  o o 8 o
0 . 0 3 5 8
0 .  0 1 9 0
0 . 0 0 3 0

A

mean o . a o 2 2 0 .  0 0 8 2 0 .  0 1 2 7

For ea.h pai,r of atons, uhieh qre related to each oth.er
h.y a 1 :.tf i6 nt).rror plcne, the dexiation frrtn true m,Lrror

s  e to? lFsz t  h . .  ,h t  d is fon .e  baruee, t  n )  a lon  o f  the  pa in
md qn aton uhich. utould be- rp.Lated to the other if the
oreudost rye tn .  a ,  re  | ru r '  a . 'poa .
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Fig 2.  Project ion of  the structure of  ferrobustamite on to (  102),

showing the movement of  s i l icate chains due to change in

composi t ion f rom Wo"oFsro to WourFs'"  Arrows at  oxygen atoms

and in the s i l icate tetrahedra indicate respect ively the di rect ion oi

movement of  the atoms and tetrahedra An extreme expansion of
the Ml s i te due to the subst i tut ion of  Ca for  Fe in the s i te induces
the rotat ion of  s i l icate tetrahedra as indicated,  reducing the bond
ang le  S i ( l ) -O (9 ) -S i ( 2 )  The  ro ta t r on  axes  a t  S i ( l )  and  S i ( 2 )  a re

t i l ted i rom the plane of  project ion roughly by l5 '  for  WoroFsuo and
20' for  Wo"rFs," ;  the movements of  tetrahedra are in fact

expressed by rotat ions about these axes combined wi th the

movement of  the axes as suggested by the di f ference in t i l t ing angle

In  bustamite wi th the ideal  composi t ion Ca-
MnSirOu,  Ca and Mn atoms are ordered;  one Ca
atom and one Mn atom are located at  the Ca(2)  s i te
and the Mn(2)  s i te  which correspond respect ive ly  to
M4 and M3 in ferrobustamite, and two Ca atoms and
two  Mn  a toms  a t  Ca (1 )  and  Mn(1 )  co r respond ing
respectively to M2 and Ml. A slight excess of Ca
from the ideal  composi t ion in  the bustamite specimen
studied by Peacor and Buerger (1962) replaces Mn at
the Mn( l  )  (M 1)  s i te .  On the other  hand,  Mn(2)  (M3)
accommodates very l itt le Ca (Ohashi and Finger,
1975),  which is  in  harmony wi th the fact  that  Mn(2)
(M3) has the smal lest  coordinat ion polyhedron.
Based on the results of these studies, the variation of
cat ion s i te  occupancies in  the bustamite sol id  solut ion
is  a lso g iven in F igure 4 for  compar ison.

SisOs chain and cell parameters

Owing to Ca-Fe subst i tu t ion in  the ferrobustamite
sol id  solut ion,  the conf igurat ion of  s i l icate chains
var ies considerably,  as shown in Table 7.  Wi th in-

F e r r o b u s t a m r t e

+ c
+

a

20 30

Wopq-; Fs;

Fig 3.  Var iat ion of  cel l  parameters in the ferrobustamite sol id

solut ion.  Those of  WoroFsro and Wor"Fs'  are f rom Rapoport  and

Bu rnham (1973 ) ,  and  t hose  o f  WoroFs .o  f r om Ma tsueda  (1973 ) .

Others are obtained in the present study by least-squares

ref inement using powder d i f f ract ion data The space group of

ferrobustamite is  descr ibed in terms of  the l -centered cel l

creasing amounts of the larger cation, Ca, in ferro-
bustamite structure, the tetrahedra rotate as shown in

Figure 2.  Since thermal  expansion of  cat ion poly-

hedra is in general geometrically similar to the expan-
s ion due to cat ion subst i tu t ion,  thermal  expansion of

Table 7 Si-Si  and O-O distances and Si-O-Si  angles

Fer robus t .

Woll .  
"OB2F"IB 

WorOFsrO Bust

0 1 0

CaSt03

o ( 3 ) - o ( l + )
o ( 5 ) - o ( 5 )
o ( 7 ) _ o ( 8 )

s i ( 1 ) - s i ( 2 )
s i ( 2 ) - s i ( 3 )
s i ( r ) - s i ( 3 )

s i ( 1 ) - o ( T ) - s i ( 3 )
s i ( 2 ) - o ( B ) - s i ( 3 )
s i ( 1 ) - 0 ( 9 ) - s i ( 2 )

o o

3 . \ 7 3  A  3 . 2 5 8  A
3 . 6 1 5  3 . 5 ) + o
)+ .682 )+ . 632

' 3 .165  3 .192
3 .L25  3 .070
3 . 1 1 6  3 . o 9 2

r39 .2 \ "  r 37 .95 "
r \ 0 .19  L35 .97
1l+9.11+ r55 .56

?  t q o  A

3 .24+
) + . 5 2 6

3 . 1 9 0
3 . 0 ) | 3
3  . 0b0

1 3 7 . 5 0 0
1 3 4 . 0 1
L6z.) .+9

o

3 . 2 9 T  A
J . 1 0 J

\  '  51*5

3 . f 8 4
3 . o 7 7
3 . a 6 5

135 .  )+2"
137 .0 )+
160 .7)+

These dnta af WoLL., tlo50Fs50, and BustQnLte are
recalculated fz'on the dtzta pub|ished bg Peacor and
Preuitt (1963), Rapoport and Bumtiunn (1973) and Peacot'

and Buez'qer (1962).

8 9 8
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Fig 4.  Var iat ion of  M-O interatomic distances of  polyhedra in
the ferrobustamite and bustamite sol id solut ion.  The numbers in
parentheses indicate the s i te occupancies of  Ca atoms in four s i tes
in the two ser ies Mean interatomic distance of  the M(2) s i te
excludes the M(2)-O(9) d istance.  The data of  bustamite sol id
solut ion are obtained f rom Ohashi  and Finger (1975) and peacor
and Buerger (1962).  Those of  WoroFsuo in ferrobustamite sol id
so lu t i on  a re  f r om Rapopo r t  and  Bu rnham (1973 ) .

the cation octahedra in ferrobustamite would be ex-
pected to impose a similar rotation effect upon sil i-
cate tetrahedra. It has in fact been shown by Ta-
k6uchi  (1971) that  a g l id ingby b/2 of  a s i l icate chain,
which is in general required in transformations in the
wollastonite-group minerals, can be effected not by
actual translation by b/2 of the chain but by simple
rotations (or twistings) of its constituent tetrahedra.

The structure variation due to Ca-Fe substitution
in the ferrobustamite solid solution is reflected in its
cel l  parameters,  as shown in F igure 3.  As ev ident
from the figure, the cell dimensions a, b, and c,
change linearly in the same way, indicating that the
larger the Ca content the larger the dimension. This
figure also shows that, when extrapolated, the trend
of each of the parameters is not l inearly connected to
the corresponding one of  the wol lastoni te sol id  solu-
t ion.  This ' is  consistent  wi th the resul ts  of  Rutste in
(197 1) ,  ind icat ing that  the changes of  some d-values
show a sudden break at  around WorrFs,r .

Thermal variation of cation ordering

The variation in site occupancies in WorrFs* in-
duced by heat treatment was studied with the aid of
Mdssbauer spectra.  I t  was conf i rmed by EPMA anal-
yses and X-ray precession photographs that the
sample,  af ter  being heated at  l , l40oC for  96 hours in
an evacuated sil ica tube. remains unaltered both
chemically and structurally, although site occu-
pancies differ in detail. At temperatures above

A
2.60 w$oR\o

*Tt*o
WoraRhre I

wos{l8t 
M4 1l-o-0,

,.rrl]-.=.,r:1-"'""' 
wforftse
'T  

83)
S zso
I
z
F
o
o

9 2AO

F

o
:
= 2 &
E

t00
Co SiO3 ( wo )

.J"or,pg
CqFcSi 206

Mr6iO3( Rh)

F.gO3( Fs)

Table 8.  Parameters of  Mdssbauer soectra

Sample
(Treatment  )

S i te  I "S .  Q .S .  Ha l f  W id th  Pc .ak  Tn tens i t y
( r nm lsec )  (mrn / sec  )  ( r un l se  c )  (%)

toBBF"12

(No heat treatment)

"oBBF"12
(Heat ing  a t  I1 \OoC

for 96 hours in the
evacuated tube)

IT?

MI

M3

M1

M2

r . 3 ) + ( 3 )

1 . 3 3 ( 3 )

1 . 3 7 ( 3 )

r .  J 2 ( 3 )
1 . 3 2 ( 3 )

3 . o r ( 6 )
2 . 2 5 ( 5 )

3 . 0 7 ( 6 )
2 . 1 1 ( 5 )

r " t + B ( : )

0 . 3 r ( 2 )

0 . 2 9 ( 2 )

0 . 3 1 ( 2 )

o . 3 2 \ 2 )

a . 2 B ( 2 )

o ?  q

6 6 . 8

t q  ?

7 . 9

The spectz,a obtained a.t a eonstant DoppLer ueloer.tll caLibrated by
th.ose in metallic iy,on utere ana.Lyzed uith the ai.d of a conrputez,
pvogran uhich perfowned the fitting of erper,inental dnta to the
Lorentzian function by a Least mean squ(]y,e nethod.

LS" represents the isomer shdfts uhich uere measured uith refet'enee
to that of 310 stainless steel.  Q.S" represents the quadrupoLe
spLitt i .ngs.

Standan'd deuiatiorts in. parentheses r,epresent uncertainty in. the Least
signifieant figures.



I ,160'C the sample is  t ransformed into one having
both the wollastonite and parawollastonite struc-
tures, which wil l shortly be reported elsewhere.

The Mdssbauer spectra of "Fe of the sample be-
fore and after the heat treatment were obtained at
room temperature by the experimental technique de-
scribed in previous reports (Yamanaka, 1973;Yam-
anaka and Kato,  1976).  The spectra thus obta ined
were analyzed with the aid of a computer program
which performs least-squares fit of the observed data
to a Lorentzian curve. The variable parameters were
peak position, full width at the half-maximum in-
tensity, peak intensity, and background level of the
off-resonance count. The isomer shift, quadrupole
splitt ing, l ine width at the half-maximum intensity,
and peak intensity are shown in Table 8.

The result indicates that before heating as much as
93.5 percent of the Fe content in WorrFsr. is concen-
trated at one site, which probably corresponds to M3
and the remaining 6.5 percent occupies another site,

t223

probably Ml ,  based on compar ison wi th the s i te
occupancies determined by X-ray means and given in
Table 2. However, as seen in the variation in peak

intensities in Figure 5, after heat treatment the con-
centration of Fe at M3 decreases to 66.8 percent,
whereas those at Ml and M2 increase.

The quadrupole splitt ing at M3 is a l itt le larger
after the heat treatment than before, while that at Ml
shows a reverse tendency. Since the quadrupole split-
t ing depends on the gradient of the electric f ield at an
Fe nucleus that is induced by the valence electrons of
the Fe atom and the surrounding anions ( Ingal ls ,

1962, 1964), the above facts indicate that the varia-
tions in site occupancies at these sites have caused
some change in coordination polyhedra formed by
oxygen atoms about certain Fe atoms in the site. On
the other hand, the identical value of isomer shift for

each of these sites before and after the heat treatment
reveals that the Fe atoms share the same ionic charac-
ter.

YAMANAKA ET AL: STRUCTURAL VARIATION IN FERROBUSTAMITE
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From the thermal change in site occupancies estab-
lished above, it is suggested that the less orderly
cation distribution in the WouoFsb. structure studies
by Rapoport  and Burnham (1973) was due to the
high temperature of l,000oC at which their sample
was synthesized.

The results of the present study suggest that in the
process of decompositional transformation from fer-
robustamite to wollastonite, Fe, preferentially lo-
cated in the M3 site at low temperatures, is redistrib-
uted into Ml and M2 giving a more disordered
ferrobustamite structure that then transforms to wol-
lastoni te.
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