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Abstract

Crystal structures and cation occupancies have been ref ined using single-crystal X-ray

diffract ion data for natural specimens of ( l)  manganoan, intermediate, and calcian bus-

tamites; (2) ferroan and manganoan wollastonites; and (3) serandite and manganoan pecto-

l i tes (schizol i te). Although the si l icate chains of three-tetrahedral repeat are similar in these

minerals, the dif ferences in cation arrangements in the octahedral layers result in three

structures with dist inct stacking schemes of tetrahedral and octahedral layers The unchanged

occupancies in the M3 and M4 sites of bustamite, M3 site of wollastonite, and Na site of

pectol i te are important for determination of the structure types, whereas the stepwise sub-

st i tut ions in Ml and M2 exolain the observed composit ional variat ions in bustamite and

pectol i te.

Introduction

Silicate minerals are usually classified according to
the manner in  which the s i l icate tet rahedra are l inked
together  (e.9.  Zol ta i , l960;  Bragg et  a l . ,  1965:  L iebau,
1972).  This  scheme of  c lass i f icat ion is ,  unfor tunate ly ,
sometimes overemphasized to the extent that the
roles of other cations are regarded as of secondary
importance.  One except ion is  Belov (1961),  who em-
phasized the ro le of  large cat ions.

In a shor t  note on the amphibole st ructure,
Thompson (1970) proposed his model of biopyriboles
(biotite I pyroxene * amphibole). Rather than em-
phasizing a sheet or chain nature of the tetrahedral
arrangement, he considers these minerals as made up
of  (a)  tabular  uni ts  para l le l  to  (010)  and a lso (b)
alternating octahedral and tetrahedral layers parallel
to  (  100)  of  pyroxene and amphibole or  (001)  of  mica.
Thus. in his model the octahedral cations have an
importance equal to that of the tetrahedra. A recent
d iscovery by Veblen and Burnham (1975,  1976) of
minerals intermediate between chain and sheet sil i-
cates indicates the practical significance of the
biopyr ibole model .

Geometrical relationships between octahedral and
tetrahedral layers have been extensively discussed for
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pyroxene (Papike et  a l . ,  1973) and for  amphiboles
(Papike and Ross,  1970).  Pyroxenoids,  which a lso
have s ingle tet rahedral  chains,  but  wi th a uni t  repeat
longer than in pyroxenes, can also be regarded as

composed of alternating octahedral and tetrahedral
layers (Prewi t t  and Peacor,  1964).

In a series of papers on pyroxenoid crystal chem-
is t ry ,  the ro le of  octahedral  cat ions in  pyroxenoids in

re lat ion to ( l )  the repeat  d is tance of the tet rahedral
chains and (2)  the stacking scheme of  the octahedral
and tet rahedral  layers wi l l  be examined.  In th is  f i rs t
paper the results of cation-occupancy refinements in
wollastonite, bustamite, and the pectolite-schizolite-
serandite series are discussed in an effort to analyze
crystal structural factors that might control the l imits
of  cat ion subst i tu t ions in  the octahedral  s i tes or  the
composi t ional  l imi ts  observed in natura l  pyroxenoid

minerals .
The composi t ion of  wol lastoni te is  commonly c lose

to the ideal  composi t ion CaSiO3,  and other  com-
ponents such as MnSiO' or FeSiO. rarely exceed a
few mole percent. In contrast, bustamite, which is
closely related to the wollastonite structure, has a
very wide composi t ional  range,  wi th a CaSiOr con-
tent ranging from approximately 30 mole percent to

more than 80 mole percent  (Mason,  1973,  1975;
Hodgson,  1975;  Shimazaki  and Yamanaka,  1973;
Matsueda,  1973).  Both wol lastoni te and bustamite
are structurally characterized by single sil icate chains
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with a repeat of three tetrahedra. Hydrous counter- later confirmed to have the bustamite structure, was
parts for wollastonite and bustamite are pectolite also reported from Kagata Mine, Japan, by Shima-
(end member: NaCarHSi'O') and serandite (end zaki and Yamanaka (1973) as a phase distinct from
member:  NaMnrHSirO')  wi th complete sol id  solu-  ord inary wol lastoni te.  Rapoport  and Burnham
t ion between the end members (Schal ler ,  1955).  A (1972,1973) suggested that  the maximum Ca l imi t  o f
mineral name, schizolite, is used for manganoan pec- the bustamite structure would occur at the Caur.Ferr.
to l i te .  SiO,  composi t ion.

These three mineral groups-wollastonite, bus-
tamite, and the pectolite-schizolite-serandite series-
have similar sil icate tetrahedral chains yet differ
greatly in the extent of substitution of octahedral
cat lons.

Previous work

Crystal structure

Wol lastoni te,  bustamite,  and pecto l i te ,  main ly  ow-
ing to thei r  s imi lar i ty  in  morphology,  were long re-
garded as minerals that belonged to the same family.
Proposed structures of wollastonite (Mamedov and
Belov,  1956) and pecto l i te  (Buerger ,  1956),  however,
were not the same. This difference led Buerger and his
coworkers to more detailed analyses of the structures
of the minerals. On the basis of structural refine-
ments,  Buerger  and Prewi t t  (1961) concluded that
both proposed structures were correct. Prewitt and
Buerger (1963) described the differences and similar-
it ies between these two structures. The pectolite
structure was further refined by Prewitt (1967). Schiz-
olite, manganoan pectolite, is isostructural with pec-
to l i te  (L iebau,  1958).

The st ructure of  bustamite,  once descr ibed incor-
rect ly  as Mn-r ich wol lastoni te (Sundius,  l93 l ;  Schal-
ler ,  1955),  has been shown to be d is t inct  f rom wol l -
astoni te (Peacor and Buerger ,  1962).  These two
minerals differ in the arrangement of the tetrahedral
layers relative to the octahedral layers (Peacor and
Prewi t t ,  1963).

Chemical compositions

The distinction between wollastonite and Ca-rich
bustamite was not clearly stated in the mineralogical
l i terature unt i l  the ear ly  1970's.  From phase-equi l ib-
r ium and spectroscopic s tudies,  Rutste in (197 l )  and
Rutste in and Whi te (1971) suggested the ex is tence of
immiscib i l i ty  between the two minerals .  Matsueda
(1973, 1974) described "iron-wollastonite" of the
composi t ion (Cao.r2Feo.rnMnoe2Mgoor)SiO3 f rom the
Sampo Mine, Japan, which shows properties more
like those of bustamite than those of wollastonite in
infrared, Mdssbauer, and powder, X-ray diffraction
exper iments.  Simi lar  " i ron-wol lastoni te,"  which was

Composi t ional  l imi ts  of  wol lastoni te and bus-
tami te have recent ly  been d iscussed by Mason (1975),
who examined several  natura l  specimens of  the min-
erals. The most important occurrence is coexisting
wol lastoni te and bustamite in  a specimen f rom
Frankl in ,  New Jersey.  The gra in s ize is ,  however,  too
small for the single-crystal diffraction method (see
Mason,  1975,  F ig.  I  o f  photomicrograph).  Mason
(1975) a lso repor ted a manganoan wol lastoni te wi th
approximately l0 mole percent MnSiO, from Gjelle-
bekk,  Norway,  which was k indly  donated for  fur ther
X-ray study.  Al though the Gje l lebekk sample is  large
enough for single-crystal study, precession photo-
graphs of  the sample show a bustamite- l ike (not  wol l -
astonite-l ike) pattern. There are diffuse streaks, how-
ever, radiating from the ordinary spots. An electron
microprobe analys is  of  the same gra in used for  the
precession study y ie lded 9- l  l  mole percent  MnSiOr,
conf i rming the or ig inal  chemical  analys is  of  the
samp le .

The wollastonite field extends from the CaSiO,

MnSiO3

? Frankltn

iiellebekk
Broken Hill

(  Mo le  "L )

Fig.  l .  Composi t ional  var iat ion of  bustamite ( t r iangles)  and
wol lastoni te (c i rc les)  Open symbols indicate mineral  samples used
in th is study.  Sources of  data:  Broken Hi l l  (Hodgson, 1975;
Mason, 1973, 1975);  Sampo (Matsueda, 1973);Kagata (Shimazaki

and Yamanaka, 1973);  Skye and synthet ic  bustamites (Rapoport

and Burnham, l9 '73);  and Frankl in bustamite (Peacor and
Buerger, 1962). For discussion of wollastonite samples from
Franklin and Gjellebekk, see text (section on "Chemical

composi t ions" ) .
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corner  to l0  mole percent  MnSiOs and 5 mole per-

cent  FeSiO, (Mason,  1973,  F ig.  3) .  For  h igh-manga-
nese compositions, however, crystal grgwth of a
single phase of wollastonite seems to become ex-
tremely diff icult. The Gjellebekk sample and prob-
ably the Frankl in  sample could conta in compl icated
microstructures such as stacking disorders with pre-
sumably inhomogeneous d is t r ibut ions of  Mn.

Cation occupancies

In thei r  or ig inal  repor t  on determinat ion of  the
bustamite st ructure,  Peacor and Buerger  (1962),  us-
ing peak-height analysis of difference Fourier maps
and interatomic distances, suggested Lhat M2 and M4
are occupied by Ca and M3 is  occupied by Mn.  Their
bustamite sample wi th 54 mole percent  CaSiOr has a
sf ight  excess of  Ca that  was assigned Lo Ml ,  which is
mostly Mn. Thus, the Ml site was recognized as a
multiple-occupancy site when the structure was first
so lved.

Rapoport  and Burnham (1972,  1973) have con-

firmed this general cation-ordering scheme for inter-
mediate compositions in an iron analogue, ferro-
bustamite (Cao.uFeosSiOs),  synthesized at  l l08 'C.
From the least-squares refinement of cation occu-
pancies they have obtained Ca occupanices of 23, 78,
7, and 92 percent, respectively, in the Ml, M2, M3,
and M4 sites in bustamite. For M3 and M4, the
ordering of Ca and Fe is almost complete, but M1
and M2 are more disordered, probably reflecting the
relatively high temperature at which the crystal was
synthesized.

The second crysta l  Rapoport  and Burnham (1972,
1973) investigated is a very Ca-rich ferrobustamite
f rom Skye,  Scot land.  The composi t ion of  th is  sample
is  cr i t ica l ly  important  in  d iscussions of  cat ion order-
ing,  especia l ly  wi th re lat ion to the stabi l i ty  of  the
bustamite and wol lastoni te s t ructures.  Al though a
twinning problem prevented a meaningfu l  occupancy
ref inement ,  Rapoport  and Burnham concluded f rom
bond d is tances that  Fe is  concentrated pr imar i ly  in
M(3). They have further pointed out that a compo-

Table l .  Descr ipt ion of  pyroxenoid specimens

Sample*
Bustamite

Mn-BS BS Ca-BS

Local i ty
Lat i tude and
longitude

Geological
set t ing

Reference to
mineralogy

Octahedral  Ca
cat ions** Mn

FE
M9

Mitsuka,  Gi fu,  Japan
3 5 ' 3 0  |  N

1 3 6 "  3 0 ' E

Mn-ore lens asLde
dolomite marble

H i j i kuzu ,  Iwa te ,  Japan
3 9 ' 4 5 ' N

l 4 r "  4 5 ' E

Bedded Mn-ore deposi t
in chart  hornfels

0 .  3 1 4
0 .  6 0 0
0 . 0 4 3
0 . 0 4 3

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

Nambu et al
(  r 9 7 0 )

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

Local i ty

Lat i tude and
Iongi tude

Geological
set t ing

Reference to
mineralogy

Octahedral  ca
cat ions** Mn

Broken f l i l l
New South Wa1es
Austra l ia

32" S
1 4 1 ' 3 0 ' E

Pb-Ag-Zn hypo-
thermal  deposi t

Hodgson  (1975 )

0 .  9 6 1
0 . 0 3 4
0 .  0 0 5
0 .  0 0 0

Scawt Hil l
Antr im Co.
Ireland

5 4 ' 4  5 ' N
5 ' 4 5  r W

Doleri te contact
zone

r i l l e y  ( 1 9 3 7 )

0 .  9 4 9
0 . 0 0 5
0 . 0 3 6
0 .  0 1 0

Rouma, Is1and of
Los,  Guinea

9 ' 3 0  r  N
1 3 ' 4 5 ' W

Nephel ine-
syeni te

Lac ro i x  ( I 93 I )
S c h a I l e r  ( I 9 5 5 )

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

Kangerdluarsuk
Jul ianehaab
Greenland

6 0 ' 4 5  |  N
46" W

Soda l i te-syenite
pegmatite

B g s s i l d  ( 1 9 0 3 )
SchaL ler  (1955)

0 . 6 1 3
0 . 3 1 9
0 . 0 5 8
0 . 0 0 0

Fe
Mg

Orig inal  specimen numbers:  Mn-BS
BS (Nambu, X-6410) Fe-WO
Ca-BS (Nambu, X-4487) SRN
Mn-wo  (Hodgson ,  #1544 )  sCH

Normalized to Ca+Mn+Fe+Mq=1

(National science Museum, Japan. Domestic ColLection #20159)
(U.S.  Nat iona l  Museum #10618)
(U.S.  Nat iona l  Museum +96515)
(Harvard University Museum *849671**
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Table 3 Uni t  cel l  parameters of  pyroxenoids*

SmpIe
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s i o 2  4 s . 0

F e o r  2 . 4

M n O  3 3 . 9

M g o  I . 4

c a o  1 4 . 0

Na2O

Total  99. ' l

50.2  5r .7

r . 3  2 . 4

3 2 . 0  I 2 . 8

0 . o  0 . 0

8 . 6  9 . 6

9 7 . 2 r +  9 6 . 4 * *

on 17 oxygensti

5 , 9 9  5 . 9 9

0 .  1 3  0 . 2 7

0 . 0 0  0 . 0 0

0 , 6 5  2 . 4 2

1 . 9 8  2 . L 5

a ,  d e g .

I

Y

U n i t  c e l l  ^
volwe '  ,  A

O.ides wt. t

4 4 . 9  5 0 . 5  5 0 . 6  5 0 . 6

7  . O  4 . 4  0 . 3  2 . 3
2 I . 3  7 . 2  2 . L  O . 3

I . 4  0 . 6  0 . 0  0 . 4
2 2 , 7  3 5 . 4  4 5 . 8  4 6 . 2

1 0 0 . 2  9 9 .  r  9 8 . 8  9 9 . 8

space groupr* ri r-f I1

a ,  A  9 . 8 0 7 ( 4 )  9 . 8 6 4 ( 3 )  9 , 9 9 4 ( 3 1
b  1 0 . 6 8 0 ( 4 )  r o . 7 9 O ( s )  1 0 . 9 4 6 ( 3 )
c  7 . o 9 I ( 2 1  7 . 1 3 9 ( 3 )  7 . 2 3 I ( 3 )

9 9 . 5 8 ( 2 )  9 9 . s 3 ( 4 )  9 e . 3 0 ( 3 )
9 9 . 9 9 ( 3 )  9 9 . 7 1 ( 3 )  1 0 0 . s 6 ( 3 )
8 3 . 7 e ( 3 )  8 3 . 8 3 ( 3 )  A 3 . 2 9 ( 2 ' ,

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

SmpIe SRN
s i

Mn

M9

Na

3  0 0  3 . 0 0  3 . o 0
0 . 1 3  0 , 3 6  0 . 2 2

r . 7 9  ] '  t r  0 . 3 6

0 . 1 3  0 ,  0 3  0 . 0 6

0 . 9 4  L . 4 9  2 . 3 3

2 . 9 9

0 . 0 2

0.  t0

0 . 0 0

2 . 9 0

0 . 1 I

o . 0 2

o .  0 3

2.  90

a  l 0 . I 2 I ( 2 )
b  1 1 . 0 7 0 ( r )
c  7 . 3 L 2 ( L l

cl cr cl

1 0 , 1 0 4 ( r )  9 . 9 0 9 ( 9 )  r O . 0 s 9 ( 4 )
r r , 0 5 4 ( r )  r 0 . 6 5 7 ( 9 )  r 0 . 8 8 0 ( 8 )

7 . 3 0 s ( r )  6 . 9 r 3 ( 4 )  6 . 9 7 8 ( 6 )

Total  5,99 5 . 9 9  5 . 9 7  6 . 0 1 6 . 0 3  I I . 9 9  1 2 . 0 8

** Excluding H2O

t For idealizeil fomula Irt3Si3O9
tt  por ideal ized fomula 2x2NdSi3O9 or l r4Na2Si6O17.H2O

sition where Ca completely fi l ls Ml , M2, and M4 and
Fe remains exclus ively  in  M3 would be CauruFe,r .
s i03.

Recent ly  Yamanaka,  Sadanaga,  and Tak6uchi  (Y.
Tak6uchi ,  personal  communicat ion,  1976) have
shown by direct-occupancy refinement of X-ray dif-
fraction data that iron atoms are concentrated in the
M3 site for a Ca-rich ferrobustamite previously de-
scr ibed by Shimazaki  and Yamanaka (1973).

For  the pecto l i te-schizol i te-serandi te ser ies,  Take-
uchi  et  a l .  (1976b) have reoor ted that  Ca is
concentrated in  Ml  for
M n,  r rCao. , rMgo orNaHSirOn.

Experimental

Mineral specimens

a composl t lon

Two samples of  wol lastoni te,  three of  bustamite,
and two of the pectolite-schizolite-serandite series
(Table l ) were selected for single-crystal X-ray stud-
ies.  These mineral  specimens,  in  combinat ion wi th
specimens used in other work, represent the range of
chemical  composi t ions of  wol lastoni te and bustamite
(Fig.  1) .  The resul ts  of  e lect ron microprobe analyses
of  these samples are g iven in Table 2.

Unit-cell setting

In the conventional setting of the unit cell for the
minerals, the two well-developed cleavages are
chosen as (100)  and (001) ,  wi th the b ax is  para l le l  to
the intersection of the cleavage planes. This setting,

7 9 L . 5 ( 2 1  7 8 8 . 0 ( 1 )  7 0 5 . 5 ( 9 )  7 3 1 . 9 ( 9 ' '

* Obtainet l  f ron least-squares ref inement of twelve ref lec-
t ions centeled on a four-circ le di f f ractoneter.  Pigures in
parentheses represent one standard deviat ion in terns of
the least ui ts ci ted.

+ *  c e l l  t E a n s f o m t i o n  m a t r i c e s  a r e  [ - I , - L , - !  /  - I , - \ , \  /
O,I ,OI fron the convent ionat et-  cett  to I i  cel ]  for busta-
m i t e  a n d  t I , o , I  /  I , o , - L  /  O , I , 0 l  f r o n  P I  t o  c 1  c e l l s  f o r
wol lastonj- te and pectol i te-serant l i te.

+ Contains 4 fomula units of M3Si3O9 or M2NaIISi3O9.

however,  is  not  su i table for  a s t ructura l  compar ison
of pyroxenes and pyroxenoids. The new setting used
in th is  s tudy is  analogous to that  proposed by Nar i ta
(1973; quoted by Morimoto, 1974) and Koto et al.
( t e16 ) .

ln the new setting, the layers of octahedra and
tetrahedra are, as in pyroxenes, parallel to the b-c
plane,  and the c ax is  is  the tet rahedral  chain d i rec-
t ion.  Thus the a ax is  becomes,  as in  pyroxenes,  a
direction along which the octahedral and tetrahedral
layers are alternately stacked together. The new unit

Table 4.  Crystal  s t ructure ref inement data of  pyroxenoids

q

I

Unit  cel l  ^
roluet,  i "

9 9 . s 1 ( 1 )  9 9 . s 3 ( r )
r oo .51 ( r )  100 .56 ( r )
8 3 . 4 3 ( 1 )  8 3 . 4 4 ( r )

99 .10 (6 )  98 .84 (7 )
ro0 . s1 (5 )  100 . s8 (5 )
s2 .49 (71  A2 .64 (51

l4n-Bs Ca-BS lrn-Wo Fe-WO

S i z e  o f  0 -  3 4 x
crystal  0.14x
( m )  0 . 1 4

p  * , 6 - 1  4 5 . 7

t r * ,  t  5 1 - 6 0

nunber of l8 l0
ref lec-
t ions

i l , t  5 . 2
R ( F E d )  5 . 6

O . 2 6 x  O . 4 2 r  O . 3 0 x
0 . 0 7 x  0 - 2 6 x  O . O g a
0 .  0 7  0 .  t 9  0 . 0 6

4 3 . O  3 3 . I  2 5 . 2

L77'7 2054

O . 3 l x  0 . 3 7 x  0 . 4 I x
0 . 0 8 x  O . I 4 x  O . I O x
0 . 0 7  0 . 0 7  0 . o 7

2 5 . 7  3 7 . 5  2 7 , 3

81-88 8I-85 5A-77 76-A3

L92I 1883 1490 1364

3 . 6  4 . 9  3 . 5  3 . 9  5 . 1  3 . 6
3 . 7  5 . 9  3 , 5  4 . L  7 . L  4 . 1

* Linear absorption coefficlent for MoKc
*i  Range of t rasmission factor

. R e s i d E l  f a c t o r s :  n = r l  l r o l - l r c l  I  z r l r o l

R(dd )  =  l rw i  i r o l - l r c l  l 2 z r ' l r o l 21+
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Table 5. Atomic posit ional parameters+ and isotropic temperature factors of pyroxenoids

S i te * * Mn-BS BS Ca-BS Mn-WO Fe-wO SRN SCH

M l  ( M r , M n l )

M 2  ( M 2 , C a l )

M 3  ( M 3 , M n I )

M 4  ( M 4 , c a 2 )

s i l  ( s i 2 )

s i 2  ( s i r )

s i 3  ( s i 3 )

oA l  ( 04 )

oA2  (03 )

oA3  (01 )

oB1  (06 )

oB2 (os)

oB3 (O2)

ocr  (o9  )

oc2  (07)

oc3 (o8)

Ml  ( ca l )  x
v
2

M2  (Ca2 )  x
v
z

M 3  ( c a 3 )  x
v
z

s i l  ( S i l )  x
v
z

S i 2  ( S i 2 )  x
v
z

S i 3  ( s i 3 )  x
v
z

OAl  (o3)  x
v
z

OA2  (O4 )  x
v
z

oA3 (OI)  x
T

z

OBt  (O5 )  x
v
z

oB2 (06)  x
v
z

OB3 (O2)  x
v
z

oc l  (o9)  x
v
z

OC2 (og)  x
v
2

oc3 (07)

0 .  0 2 0 8  0 . 0 2 L 2
0 .  7 8 0 7  0 .  7 8 0 0
0 . 0 7 7 2  0 . 0 7 7 2

0 . 0 1 7 1  0 . 0 1 8 0
0 . 7 8 0 6  0 . 7 8 0 3
0 . 5 7 0 9  0 . 5 7 ] - 2

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

o . 2 2 6 5  0 . 2 2 6 s
0 .  9 5 8 3  0 .  9 5 8 5
0 . 8 8 7 7  0 . 8 8 7 5

0 . 2 2 5 7  0 . 2 2 5 5
o . 9 5 7 7  0 . 9 5 7 5
0 . 4 s 3 7  0 . 4 s 4 0

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

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

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

0 .  1 1 4 9  0 .  1 1 4 9
0 .  3 1 4 1  0 . 3 1 4 2
o . 7 3 0 7  0 . 7 3 0 s

0 . 1 2 3 9  0 . t 2 4 8
0 .  8 5 8 4  0 . 8 5 7 7
0 . 8 7 4 s  0 . 8 7 5 0

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

0 . 1 1 5 2  0 . 1 1 4 7
o . 2 8 6 4  0 . 2 8 7 4
0 . 2 2 6 7  0 . 2 2 7 I

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

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

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

Ml  ( ca1 )  x
v
z

$2 (ca2)

A  ( N a )

s i l  ( s i r )

s i 2  ( s i 2 )

s i 3  ( s i 3 )  x
v
z

0 . 0 0 5 2  0 . 0 0 2 6
0 . 6 4 3 r  0 . 6 4 8 5
o . 9 0 6 2  0 . 9 0 6 3

0 . 0 0 8 2  0 . 0 0 6 8
0 .  6 4 1 6  0 . 6 4 1 8
0 . 4 1 5 8  0 . 4 ] - 5 2

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

0 . 2 2 1 6  0 . 2 2 2 3
0 .  0 6 1 6  0 . 0 5 8 3
0 . 0 9 6 3  0 . 0 9 3 s

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

0 . 2 0 t 7  0 . 2 0 2 9
0 . 8 4 4 6  0  . 8 4 6 2
0 . 7 5 9 7  0 . 7 s 4 3

0 .  r 1 5 7  0 . 1 1 6 8
o  . 4 4 6 4  0  . 4 4 4 6
0 . 8 9 0 1  0 . 8 8 4 7

0 .  t r 3 2  0 .  1 1 6 0
0 . 4 4 0 6  0 . 4 4 r 5
0 . 3 9 6 9  0 . 4 0 3 6

0 .  1 3 4 6  0 . L 3 6 2
o . 5 8 9 2  0 . 5 9 0 5
0 . 2 1 3 3  0 . 2 2 1 6

0 .  I 3 3 6  0 .  l 3 s 9
0 . 1 8 3 1  0 . 1 7 3 4
0 .  0 0 r 6  - 0 . 0 0 8 8

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

0 .  r 1 1 3  0 . 1 r 1 2
o . 7 2 7 3  0 . 7 3 3 5
0 . 7 0 1 1  0 . 6 9 5 7

0 . I ? 2 5  0 . I ? 2 5
0 . 0 6 5 7  0 . 0 6 3 4
0 . 3 0 9 0  0 . 3 0 3 9

0 . 1 5 8 I  0 .  t s 9 4
o . 9 4 7  4  0 . 9 4 9 8
0 .  s 9 5 9  0 . 5 9 6 2

0 . ] - 6 2 3  0 .  I 7 0 3
0 . 9 3 I 8  0 . 9 2 7 0
0 . 9 6 7 6  0 . 9 6 6 4

x
v
2

X
v
z

x
v
z

x
v
z

x
v
z

x
v
z

x
v
z

x
v

x
v
z

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

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

invers ion  a t  (OLt )

invers ion  a t  (0 t0 )

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

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

0 . 2 1 8 4  0 . 2 2 0 1  0 , 2 2 0 9
o . 1 7 6 4  0 . r 7 s 7  0 . 1 7 5 5
0 . 9 7 7  8  0 .  9 8  0 1  0 . 9 7  2 7

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

0 .  L r 4 1  0 . 1 1 3 9  0 . 1 1 0 9
o . 5 7 6 7  0 . s 7 3 0  0 . 5 7 3 3
0 . 3 r 7 4  0 . 3 1 7 0  0 . 3 2 0 0

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

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

0  .  1 2 9 7  0 .  1 3 2 8  0 .  1 3  s 3
0 . 8 3 7 9  0 . 8 4 0 2  0 . 8 4 8 3
0 .  1 0 2 5  0 .  I 0 1 0  0 .  1 1 3 5

0 . 1 0 8 5  0 . 1 0 9 s  0 . 1 0 8 4
0 . 2 9 7 7  0 . 2 9 6 r  O . 2 9 2 s
0 . 9 8 4 6  0 . 9 8 4 9  0 . 9 7 7 2

0 . 2 1 1 1  0 . 2 1 0 5  0 . 2 2 8 0
0 . 9 7 9 9  0 . 9 7 8 7  0 . 9 9 2 7
0 . 4 2 4 I  O . 4 2 5 9  0 . 4 2 5 7

0 . 1 6 7 8  0 . 1 6 8 7  0 . L 7 4 7
0 . 0 8 7 6  0 . 0 8 8 ?  0 . 0 8 8 0
0 . 1 2 0 6  0 . L 2 2 I  0 . 1 1 4 1

0 . 1 7 3 8  0 . I 7 8 7  0 . 1 7 8 7
0  . 0 9 7  4  0 .  0 9 6 6  0 .  0 9 8  8
0 . 7 5 7 5  0 . 7 6 0 s  0 . 7 5 6 0

x
v
z

x
v
z

x
v
z

x
v
z

x
v
z

x
v
z

x

z

x
v
z

x
v
z

oAl  (os)

oA2 (06)

oA3 (02)

oBl  (03)

oB2 (04)

oB3 (01)

oc l  (o9)

o c 2  ( 0 8 )

oc3 (o7)

x
v
z

x
v
z

x
v
z

x

z

x
v
z

x
f

z

x
v
z

x
v
z

x
Y
z

x
v
z

* Based on the I l -cel l  (bustamite)  and the CI-ceI l  (wol lastoni te and pectol i te)  wi th the or ig in
at the inversion center between two tetrahedral triplets across the octahedral layer. Atoms
of which coordinates are given in th is table correspond to posi t ions labeLed in Fig.  3.
Coordinates (x,y,Z,  for  A-ceI I  (bustamite)  and p-cel1 (wol lastoni te and pectol i te)  are t rans-
formgd to (x,y,z)  as fo l lows.  x=-\X-a,  y=-\X+z,  z=- l : .X+!  (bustamite)  ,  x=\X+\z,  y=\X-\z,  z=y+\
(wol lastoni te)  and x=\X+\Zt  y=\X-\Z+rt ,  z=y+l  (pectol i te)  .

**  Si te names in parentheses are those previously used by Peacor and Buerger (79621 ,  prewit t  and
Bue rge r  ( 1963 ) ,  P rew i t t  and  peaco r  ( 1964 ) ,  Rapopo r t  and  Bu rnham (1973 ) ;  and  Tak6uch ie t .  a I . ,
( I 976b )  f o r  each  m ine ra l .
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Isotropic temperature factors (42)

Mn-BS BS Ca-BS Mn-WO Fe-WO SRN SCH Mn-BS BS Ca-BS Mn-WO Fe-WO SRN
M l  0 . 9 6  0 . 6 7  0 . 6 4  0 . s 8  0 . 7 1  0 . 8 0
t n 2  0 . 9 3  0 . 7 2  0 . 7 1  0 . 5 8  0 . 7 3  0 . 8 5
M 3  0 .  7 3  0 .  5 5  0 .  6 4  0 .  5 4  0 .  6 7  1 .  5 8
M 4  0 . 7 4  0 . 6 5  0 . 6 4

s i l  0 .  5 4  0 .  4 8  0 .  5  I  0 . 4 2  0 .  5 3  0 . 5 3
s i 2  0 . 5 3  0 . 5 0  0 . 5 0  0 . 4 4  0 . 5 4  0 . 6 4
s i 3  0 . s 2  0 . 4 8  0 . 5 1  0 . 4 2  0 . 5 2  0 . 6 4

I . t 2  0 . 7 7  0 . 8 6  0 . 7 6  r . 0 0  0 . 9 0
I . 2 I  0 . 8 4  0 . 7 7  0 . 7 6  0 . 9 8  0 . 9 s
o . 8 2  0 . 7 5  0 . 7 2  0 . 6 8  0 . 8 1  0 . 8 9

0 . 6 0  0 B I
0 . 7 0  o 8 2
I . 5 2  0 B 3

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

0 .  8 8  0 .  9 0
0 . 9 2  0 . 9 3
0 . 9 9  r . 0 2

1 . 8 4
r . 6 7
0 . 7 8

2 . 4 5
0 .  9 9
0 . 9 7

0 . 6 3
0 . 6 9
0  . 6 7

0 . 9 4
r .  0 6
0  . 9 6

oc1
oc2
oc3

1 . 1 8  1 .  t 9  0 .  8 1  1 .  0 5
1 . 0 9  0 . 9 9  0 . 8 8  r . t 3
o . 7 2  0 . 7 6  0 . 5 5  0 . 6 7

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

oAl
oA2
oA3

ReDresentat ive standard errors

M A S i O
0 . 0 0 0 1  0 . 0 0 0 4  0 . 0 0 0 1  0 . 0 0 0 4
0 . 0 0 0 1  0 . 0 0 0 4  0 . 0 0 0 1  0 . 0 0 0 4
0 . 0 0 0 1  0 . 0 0 0 4  0 . 0 0 0 2  0 . 0 0 0 5
0 . 0 1 - 0 . 0 3  0 . 0 3 - 0 . 0 5  0 . 0 r - 0 . 0 2  0 . 0 4 - 0 . 0 7

x
Y
z
B

cell is a multiple cell; a body-centered cell for bus-
tamite and a C-centered cell for wollastonite and
pectolite-seran dite.

Uni t -ce l l  data wi th th is  new set t ing are g iven in
Table 3.  The cel l  t ransformat ion matr ices are a lso
given in a footnote to Table 3. (The cell for bustamite
is different from that used by Koto et al., 1976.)

Data collection and refinements

The X-ray in tensi t ies of  a l l  the pyroxenoid crysta ls
used in this study were measured on the automated
four-circle diffractometer, employing an or20 vari-
able scanning-rate technique (Finger et al., 1973) and
Nb-fi ltered MoKa radiation. Integrated intensities
were corrected for Lorentz and polarization effects,
and absorpt ion correct ions were computed by nu-
mer ica l  in tegrat ion (Burnham, 1966).

The atomic coordinates of  bustamite repor ted by
Rapoport  and Burnham (1973),  those of  wol lastoni te
given by Buerger  and Prewi t t  (1961),  and those of
pectolite given by Prewitt (1967) were raken as init ial
values for subsequent least-squares refinements using
computer  program RrINr2 (F inger  and Pr ince,  1975).
Atomic scattering factors for the fully ionized state
(except O-) and dispersion corrections are from Cro-
mer and Mann (1968) and Cromer (1965),  respec-
t ive ly .  Ref inement  data are summarized in Table 4,
and the refined atomic coordinates and isotropic tem-
perature factors are given in Table 5.

Results

Cation occupancies

The occupancies in the octahedral sites have been
ref ined using a l inear-combinat ion model  of  Ca-Mn
or Ca-Fe wi th the constra int  of  bulk  composi t ion

(Finger, 1969). Because the atomic scattering curves
for X-rays are very similar for Fe'+ (24 electrons) and
Mn2+ (23 electrons). these two elements were
grouped together in occupancy refinements. A small
amount  of  Mg'+ (10 e lect rons)  that  is  ignored in the
refinements, however, has the effect of increasing the
apparent  occupancy of  Ca2+ (18 e lect rons) .

The refined occupancies (Table 6) show that M3
and M4 in bustamite can be regarded as essentially
invar iant-M3 is  the s i te  for  smal ler  cat ions such as
Mn or  Fe,  whereas M4isthe s i te  for  Ca.  Much of  the
apparent  Ca occupancy in  M3 of  bustamite would
probably be attributed to the presence of minor Mg,
because the M3 octahedron, as discussed below, is
the smal lest  and would be sui table for  the Mg ions.
Al though MgSiOs is  a minor  component  in  the bulk
composi t ions,  the maximum Mg occupancy in  M3
can theoretically be, for example, 0.043 X 3 X 2 :

Table 6.  Cat ion occupancies* in pyroxenoids

Site Equi-

Ibrnr
fract ion

1 . 0  0 . 0 8  0 . 9 2 ( 1 )  0 . 1 3  0 . 8 7 ( l )  0 , 9 3  0 . 0 7 ( r )
1 . 0  0 . 4 9  0 . 5 r ( r )  0 . 9 3  o . 0 7 ( 1 )  0 . 9 5  0 . 0 5 ( l )
0 . s  0 . 1 9  0 . 4 1 ( 2 )  - 0 , 0 s  1 . 0 s ( l )  0 . 1 2  0 . 8 8 ( 2 )
0 . 5  0 . 8 3  0 . I 7  0 . 9 9  0 . 0 1  1 . 0 0  0 . 0 0

Mn-VlO

Ca Mn

Fe-WO
Ca Fe

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

SRN SCH

M1
t42
M3
M4

M1
M2
M3

o . a 7r . o
r . 0

MI
M2

0 . 3 4  0 . 6 6 ( 1 )
- o .02  r . o2

0 . 1 3  ( r )
o . 6 4

*Obtained f ron least-squales refl-nerent using a linear cohbina-
tion of Ca-Mn or Ca-Fe. l{h and Fe sere grouped together and
M9 effectively increases the aplErent Ca occutrDncy. See text
for discussion.
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( M n , F e , M g ) S i O 3 - , , _  + C a S i O 3
bulk Lomposi l ion

MnrNaHSi lOq
Bulk  Lompos i l ron

CarNaHSi3Og

Fig.  2 Var iat ion of  cat ion-s i te occupancies in (a)  bustamite and
(b) the pectol i te-serandi te ser ies.  The data on the most Mn-r ich
serandi te are f rom Tak6uchi  et  a l .  (19761>\

0.26 for  specimen Mn-BS. The occupancy in  Ml  and
M2 is  var iable,  depending on the bulk composi t ion of
bustamite.  On the subcalc ic  s ide of  the l :1  composi-
t ion,  Ca(Mn,Fe,Mg)SirO. ,  M2 shows the most  s igni f -
icant  change in occupancy (F ig.  2a) ,  whereas on the
Ca-rich side Ml changes its cation occupancy.

In a recent review paper of pyroxenoid crystal
chemist ry ,  Takeuchi  et  a l  (1976a) considered that
substitution of Mn for Ca in the M2 site of bustamite
would not  exceed 50 nercent .  I f  so,  specimen Mn-BS
of  th is  s tudy,  in  which the occupancy of  49 percent
Ca *  5 l  percent  Mn was found in M2,  would repre-
sent  a theoret ica l  l imi t  to  the Mn content  of  the
bustamite st ructure.  In  natura l  bustamites the maxi-
mum MnSiOa component  is  approximately  2/3 in
mole ratio, whereas the CaSiOs content can reach as
high as 5/6 of  the tota l .

The two wol lastoni te specimens studied conta in
approximately  4 mole percent  MnSiO, or  FeSiOr.  By
analogy wi th the cat ion-order ing scheme in bus-
tamite, the Mn and Fe atoms had been expected to
show some order ing among the three cat ion s i tes in
the wollastonite structure. The results, however,
show that  the Mn or  Fe atoms are d is t r ibuted over

the three sites. The M3 site in Fe-wollastonite is
s l ight ly  r icher  in  i ron,  but  there is  l i t t le  d i f ference in
occupancy for the other octahedral sites.

In the pectolite-schizolite-serandite series a step-
wise substitution similar to that observed for bus-
tamite is also found for the Ml and M2 sites
(Fig.  2b) .  On the Ca-r ich (pecto l i te)  s ide of  the
(Ca:Mn :  l : l )  composi t ion,  the Ml  s i te  is  occupied
by the larger Ca atom, whereas M2 is variable in its
occupancy.  Thus,  for  the l : l  composi t ion,  order ing
can be complete, as in one extreme case with 100
percent  Ca in M I  and |  00 percent  Mn in M2.  On the
Mn-r ich (serandi te)  s ide of  the ser ies,  the occupancies
of  Ca and Mnin Ml  change but  M2 mainta ins i ts  Mn
occupancy.  Thus,  the Mn-Ca dis t r ibut ion in  seran-
dite is in complete agreement with that reported for a
more Mn-r ich serandi te by Tak6uchi  et  a l .  (1976b).

Interatomic distances

The octahedral cation-oxygen distances are also
usefu l  quant i t ies in  a d iscussion of  cat ion occupancies
of  the 's i te .  The M-O dis tance,  though not  as quan-
titative as the occupancy refinement, can be used to
differentiate two atoms that have similar X-ray scat-
tering factors but different atomic size. For this pur-
pose, the shortest M-O distance (or shortest two or
three) would be a better parameter than the average
of  s ix  or  more M-O dis tances usual ly  used.  The
longer M-O distance most l ikely results from other
crysta l  s t ructura l  factors,  such as conf igurat ion of
tetrahedra that share oxygen atoms at corners or
edges with the octahedron, rather than from the
larger  s ize of  the cat ion in  the s i te .

In three bustamites studied.  rhe Ml-OB1 dis tances
are,  for  example,  2.043,2.042,  and2.225A (Table 7) ,
c lear ly  ind icat ing that  the th i rd bustamite is  d i f ferent
in its Ml occupancy from the first and the second,
whereas the f i rs t  bustamite is  d is t inct  in  M2-OA2
(2.204, 2.289, and 2.284A, respectively). This result
on M-O distances also suggests stepwise substitution
in M I and M2 of bustamite such as previously shown
in Figure 2.

The re lat ive ly  shor t  M3-OA2 dis tance,  about
2.15,A in a l l  three bustamites,  would support  the in-
terpretation that the apparent Ca occupancy in M3
found in the occupancy refinement probably results
from the existence in the site of Mg, which is much
smal ler  in  s ize than Ca.  (Note a lso that  the bulk
MgSiO, concentrat ion is  h igher  in  samples Mn-BS
and Ca-BS, for which the apparent occupancy of Ca
was indicated.)

In the pectolite-schizolite-serandite series, the

Buslamile

(b )

Ca

o

)

0)

r/1

Serand i le  -  sch  izo l i le -oec lo l i le
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Table 7.  M-O distances* (A) for  pyroxenoids

28 I

Mn-BS BS Ca-BS Mn-WO Fe-WO SRN scH

M t - o A l  2 . L 4 9  2 . L 7 0
- o A 3  2 . 4 2 5  2 . 4 4 8
- o B 1  2 . 0 4 3  2 . 0 4 2
-oB2 2 .L20 2 .L27
- o B 3  2 . 2 9 3  2 . 2 9 3
- o c 2  2 . 3 2 8  2 . 3 3 9

Mean 2 . 2 2 6  2 . 2 3 7

M 2 - O A 2  2 . 2 0 4  2 . 2 8 9
- o A 3  2 . 4 0 4  2 . 4 4 0
- o B l  2 . 2 2 9  2 . 2 9 3
- o B 2  2 . 3 4 4  2 . 3 9 0
- o B 3  2 . 4 7 3  2 . 5 2 0
- o c 3  2 . 3 0 3  2 . 3 6 0

M e a n  2 . 3 2 6  2 . 3 8 2

M 3 - o A 1 * *  2 . 1 9 6  2 . 2 o 4
- o A 2  2 . L 5 7  2 . 1 4 9
- o A 3  2 . 1 8 3  2 . 2 0 3

Mean 2 . L 7 9  2 . 1 8 s

M 4 - O A I * *  2 . 4 3 8  2 . 4 4 3
- o A 2  2 . 3 8 7  2 . 3 9 7
- o B 3  2 . 2 9 7  2 . 3 3 9
- o c l  2 . 8 L 5  2 . 8 4 2

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

2 . 3 7 7  2 . 3 7 3

2 . 3 L 3  2 . 3 1 0
2 . 4 9 6  2 . 4 9 5
2 . 3 5 5  2 . 3 5 r
2 . 3 0 5  2 . 3 0 9
2 . 4 L 8  2 . 4 I 8
2 . 4 0 5  2 . 4 0 2

2 . 3 8 2  2 .  3 8 1

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

2 . 4 r 9  2 . 4 L 4

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

2 . 2 8 6  2 . 3 7 6

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

2 . 2 3 5  2 . 2 6 3

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

2 . 4 0 r  2 . 4 3 5
2 . 5 0 5  2 . 5 5 6

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

2 . 3 4 8

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

2 . 3 7  L

2 .  r97
2 . r 5 3
2 . 2 3 4

2 . r g s

2  . 4 s 7
2.  428
2 . 3 9  4
2 . 6 8 0

2 . 4 2 6
2 .  4 9 0

MI-OAI
-oA3
-oB1
-oB2
-oB3
-oc3

Mean

M2-OA2
-oA3
-OBI
-oB2
-oB3
-oc2

Mean

M3-OAl
-oA1
-oA2
-oA2
-oA3
-oB3
-oc1

Mean

MI-OA1
-oA1
-oA2
-oA3
-oB1
-oB3

Mean

M2-OAI
-oA2
-oA2
-oA3
-oB2
-oB3

Mean

A-OA3
-oB1
-oB2
-oc1
-oc2
-oc2
-oc3
-oc3

Mean,  6
Mean, 8Mean, 5

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

*  E s t i m a t e d  s t a n d a r d  e r r o r s :  M - o  =  0 . 0 0 1 - 0 . 0 0 3 4  a n d  A - o  =  0 . 0 0 3 - 0 . 0 0 5 4
**  Mu l t ip l i c i t y  o f  M3-O and M4-O fo r  bus tami te  i s  2 .

changes in M-O distances are also consistent with the
results of direct refinement of occupancies. When
compared with values for serandite (Tak€uchi et al.,
1976b) and pectolite (Prewitt, 1967), M1-O81, for
example,  increases (2.206,  2.240,  2.336,  and 2.3434)
as the composi t ion becomes more Ca-r ich,  showing a
larger M-O change on the more Mn-rich side of the
series. The M2-O83, on the other hand, changes
more on the Ca-r ich s ide (2.153,  2.169,  2.201,  and
2.321 A in sequence from serandite to pectolite), in
agreement with its change in occupancy along the
jo in  (F ig .  2b ) .

Discussion

Stepwise substitution

The present study indicates that the cation sub-
stitution in the octahedral sites of bustamite and the
pecto l i te-serandi te ser ies is  a two-step process in-
volving substitutions in Ihe Ml and M2 sites. On the
Ca-rich side of the solid solutions, the occupancy of
M I varies, whereas that of M2 is responsible for a
change in chemist ry  on the Mn-r ich s ide of  the sol id

solut ions.  This procedure can be considered in terms
of the energy difference between ordered and anti-
ordered states,  i .e . , lCa(M2) + Mn(Ml) lus.  {Ca(Ml)
+ Mn(M2)1. This energy difference must be so large
that  in  a pract ica l  temperature range,  d isorder  be-
Iween Ml and M2 does not occur. Thus, the anti-
ordered state in bustamite and the pectolite-serandite
ser ies resembles,  to  some extent ,  ICa(Ml)  +
Fe,Mg(M2)l in clinopyroxenes, a state that is not
observed (e.g. Ohashi et al., 1975a, for Ca-Fe clino-
pyroxenes; Ohashi and Finger, 1976b, for Ca-Mg
cl  inopyroxenes ) .

Crystal structures

The crystal structures of the three minerals studied
are compared in Figure 3. Some structural features
re levant  to d iscussions of  cat ion subst i tu t ion are
mentioned below. For more detailed structural com-
parisons, however, the readers are referred to Prewitt
and Peacor (1964), Peacor and Prewitt (1963), and
Prewi t t  and Buerger  (1963).

The ratio of edges of the SiOo tetrahedron and the
octahedron conta in ins common divalent  ions such as
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Ca, Fe,  or  Mg is  not  in  generale i ther  l :1  or  y-12,  the
cases for which the ideal configurations of fully ex-
tended or fully rotated tetrahedral chains become
possible in the pyroxene structure (Thompson, 1970;
Papike et al., 1973). The deviation from ideality re-
quires the tetrahedra to rotate and ti l t in order to fit
the octahedral layers. The correlations between the
octahedral cation size and tetrahedral rotation have
been analyzed for pyroxenes (Papike et al., 1973;
Ohashi  and Finger ,  1974).

In cases involv ing the pyroxenoids,  the rotat ion
and t i l t ing of  the tet rahedra turn out  to  be even more
important  in  contro l l ing the octahedral  s ize.  A
marked difference in behavior of cation substitution
implies that changes in size and shape of each octahe-
dron would affect the rest ofthe structure differently,
particularly the tetrahedral layers.

Various arrangements of tetrahedra around a given
octahedron have been discussed in a preliminary re-
por t  of  th is  s tudy (Ohashi  and Finger ,  1976a).  The
following improved analyses of tetrahedral-octahe-
dral l inkages have been inspired by a recent dis-
cussion on the crystal chemistry of pyroxenoids by
Tak6uchi  et  a l .  (1976a),  and Takduchi  and Koto
(1977).

Apical oxygens of tetrahedra

The oxygen atoms in pyroxenoids are basically
arranged in close-packed layers (Prewitt and Peacor,
1964) para l le l  to  the (100)  p lane of  the uni t -ce l l  set -
ting used in this study. The structures projected on
(100) are shown in F igure 3.  I f  the three oxygens
coordinated to a given sil icon are in the same layer,
they are called basal oxygens, and the fourth oxygen
in the tetrahedron, denoted as an apical oxygen, is in
the next oxygen layer.

The linkage of tetrahedra and octahedra at the
apical oxygens of the tetrahedra is shown in Figure 4.
A particularly important feature involves the two
OAI-OA2 edges of octahedra, one connected to adja-
cent Sil and Si2 tetrahedra, the other auoss Si3 (Fig.
4). Because the larger Ca atoms are present in pyrox-
enoids,  the OAI-OA2 edge is  much longer than the
octahedral edges in pyroxenes (Tak6uchi et al.,
1976a). Lengthening the OAI-OA2 distance causes
considerable ti l t ing of the basal faces of the tetra-

hedra out  of  the (100)  p lane of  the new uni t -ce l l
setting. Thus, OCI is shifted toward the octahedral
face OAI-OA2-O83 (Fig.  4a) .  The out-of -p lane t i l t -
ing does not exceed 7o of arc in pyroxenes (Ohashi
and Finger ,  1974,  p.525,  F ig.  203) ,  but  reaches as
much as 24" in specimen Ca-BS, resulting in a rela-
t ivefy shor t  d is tance,  2.68A,  for  M4-OCl (Table 7) .

The out-of-plane ti l t ing of tetrahedra affects the
octahedra differently in the three minerals (Tak6uchi
et al., 1976a). The coupling of tetrahedral t i l t ing on
the upper and lower sides of a given octahedron (Fig.

4a)  is  such that  the two Ol  l -OA2 edges of  one M
site, say M4, expand, whereas those for another M
si te,  say M3,  are shor tened in bustamite.  The cat ion-
occupi lncy ref inements of  bustamites indicate Mn in-
M3 and Ca in M4.  Thus,  an a l ternat ing arrangement
of -Mn-Ca-Mn-Ca- in the central part of the oc-
tahedral strip is regarded as a key factor for the
tetrahedral-octahedral l inkage that leads to a struc-
ture of  the bustamite type.

In contrast, changes of the tetrahedral t i l t ing in the
wol lastoni te s t ructure (F ig.  ab)  resul t  in  expansion of
one OAI-OA2 edge but  contract ion of  the Ol  l -OA2
edge on the other side of the octahedron. This fact
probably explains why the size (thus the occupancy)
of the M3 site in wollastonite can change very l it-
t le from the Ca-occupied case. The band of -Ca-Ca-

Ca-Ca- wil l constrain the wollastonite-type arrange-
ment of tetrahedral and octahedral layers.

The linkage at the apical oxygens in the pectolite-

serandite series (Fig. 4c) is different from that of
either bustamite or wollastonite. Because one of the
two OAI-OA2 edges does not directly affect the size
of the octahedron, the constraint of the two tetrahe-
dral layers on the size of sandwiched octahedra is less
severe than in the above two minerals. Thus, therl4-l
and M2 octahedra in the pectolite-serandite series
can change their size without changing the stacking
topology of the adjacent tetrahedral layers. This
analysis is consistent with the observed wide range of
substitution in the Ml and M2 sites in oectolite-
serandi te.

Basal oxygens of tetrahedra

The tetrahedral-octahedral l inkage at the basal ox-
ygens is compared in Figure 5 for the hydrous and

Fig.  3.  Port ions of  the structures of  (a)  bustamite,  (b)  wol lastoni te,  and (c)  pectol i te,  projected f rom *a+ onto the plane paral le l  to the
close-packed layers of  oxygens.  Atomic posi t ions wi th fu l l  labels correspond to coordinates given in Table 5.  Other cat ion s i tes are labeled
only by the number n of  Sin or  Mz. The diagram for  pectol i te has been turned upside down in the project ion plane so that  the tetrahedral
chains have a s imi lar  or ientat ion in the three minerals.
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( a )

Busfamile

Wollasfoni le

Peclolife - serandife

Fig.  4.  Tetrahedral-octahedral  l inkage at  the apical  oxygens of
tetrahedra in (a)  bustamite,  (b)  wol lastoni te,  and (c)  pectol i te-
serandite. Note that the tetrahedral tilting affects octahedral size
differently in the three minerals.

Buslamile,  wol laslonr le P€lol i le-serandi le

Fig 5.  Tetrahedral-octahedral  l inkage at  the basal  oxygens of
tetrahedra in (a)  bustamite and wol lastoni te,  and (b)  pectol i te-

serandi te.  The hatched tetrahedral  chains shown are on a level

Iower than the octahedral  layer Tr iangular  faces of  octahedra in

the two cases point to the opposite directions for the same

or ientat ion of  the tetrahedral  layer,  corresponding to the two
possib le stacking schemes shown in the inset .

anhydrous pyroxenoids of  th is  s tudy.  As shown in the
inset of Figure 5, there are two possible ways to stack
octahedral cations on a given Iayer of oxygens. Upper
triangular faces of octahedra are pointing to the same
direction as the basal face of the Si3 tetrahedron in
wollastonite and bustamite. In pectolite-serandite,
however, the triangular faces of the Si3 tetrahedron
and octahedra point to opposite directions.

This difference in stacking holds also for pyroxe-
noids wi th a longer tet rahedral  repeat ,  and is  the
characteristic distinction between the structures of
the hydrous pyroxenoids (pectolite-serandite, ba-
b ingtoni te,  and nambul i te)  and those of  the an-
hydrous pyroxenoids (wol lastoni te,  bustamite,
rhodoni te,  and pyroxmangi te) .  Recogniz ing two se-
r ies of  octahedral  bands in pyroxenoid minerals ,
Tak6uchi (197 6) calls one the w-p series and the other
p-p ser ies,  corresponding to anhydrous and hydrous
pyroxenoids,  respect ive ly .

What makes two series of pyroxenoids? At f irst
glance the Na atoms seem to determine the positions
of the octahedral cations in pectolite. The tetrahedral
triplet (Takbuchi el al.,1976a)-a C-shaped cluster of
three tetrahedra-provides a nearly square arrange-
ment of oxygens that would be more suitable than a
triangular arrangement for accommodating the
larger alkali atoms. After the Na atoms are settled
inside the C-shaped triplets, the two octahedra-wide
bands must be in a position such as found in pecto-
l i te .  In  bustamite and wol lastoni te one octahedron is
outside the open end of the C-shaped triplet, and
other octahedra follow this configuration.

When alkali elements are found in hydrous pyroxe-

noids, they are in C-shaped triplets, e.g., Na in pecto-

lite (Prewitt, 1967) and Li and Na in nambulite, (Li,

B u s l a m i l e ,  w o l l a s l o n r l e



Na)MnoHSiuO,u (Nar i ta  et  a | . ,1975:Murakami et  a l . ,
1977).  ln  babingtoni te,  CarFe2+Fe3+HSiuO,u,  how-
ever, the corresponding position is vacant (Araki and
Zoltai,1972);there must be an additional factor that
determines the stacking sequence of tetrahedral-oc-
tahedral layers.

The fundamental difference between hydrous and
anhydrous pyroxenoids is  obviously  the presence or
absence of  the hydrogen atoms.  The posi t ion of  hy-
drogen, however, has not been accurately deter-
mined;  the proposed locat ion of  the H atom is  be-
tween the two oxygen atoms, OBI and OB2, at the
opening of the C-shaped triplet (Prewitt, 1967 Araki
and Zoltai, 1972). Because this hydrogen position
yields a distance too short for Na-H, Tak|uchi et al.
(1976a,b)  proposed,  as a second possib i l i ty ,  a  s tat is t i -
ca l  d is t r ibut ion between two nearest  OBI 's  (or
OB2's) that are related by the inversion center. A
method proposed by Donnay and Al lmann (1970)
indicates that  the OBl ,  OB2,  and OB3 oxygens are
possib le OH- s i tes.

The ro le of  hydrogen (or  the O-H-O br idge i f  such
a group exis ts)  would be at  least  as important  as that
of  the a lkal i  a toms in making the st ructures of  hy-
drous pyroxenoids d is t inct  f rom those of  anhydrous
ones. Further studies are necessary to locate exactly
the hydrogen atom and thus to del ineate i ts  ro le in
the st ructure.

Compositional limils of bustamite

The Ml  s i te  in  bustamite shows a complete sub-
st i tu t ion between Mn and Ca.  Thus,  the most  Ca-r ich
bustamite corresponds ideally to the occupancy of
lCa(Ml ,M2,M4) + Mn(M3)1,  resul t ing in  a l imi t ing
composi t ion of  Caur.Mn,7.SiO.  ( the equipoint  f rac-
tion is 0.5 for M3 and M4 and I for Ml and M2 in
bustamite) .  The analogous composi t ion Cauru
Fe,ruSiO,  was considered as a l imi t ing composi t ion
for  ferrobustamite (Rapoport  and Burnham, 1972,
1973).  From s imi lar  crysta l -chemical  considerat ions,
Shimazaki  and Yamanaka (1973) a lso predicted that
the Ca concentration in their iron bustamite was the
theoretical maximum. The cation-occupancy refine-
ments of  thei r  Ca-r ich i ron bustamite (Y.  Tak6uchi ,
personal  communicat ion,  1976) and sample Ca-BS
of this study have confirmed this ordering scheme.

The maximum Mn concentrat ion in  natura l  bus-
tamite, however, is not CarruMn5/6, a reversed ratio of
the maximum Ca l imi t ,  but  approximately  Ca,r rMnrT,
(Mason,  1975;  Hodgson,  1975).  One of  the most
manganese-r ich natura l  bustamites is  sample Mn-BS
of the present study. The refinement of this sample

285

Buslamile Peclolile- serandile

Fig 6 ldeal ized Mn-Ca distr ibut ion in Ml and M2 for  the most
Mn-r ich (a)  bustamite and (b)  pectol i te-serandi te.  Short- range
order of Mn-Ca in the two M2 sites connected by tetrahedra
would expla in the composi t ional  l imi t  of  manganese bustamite (see
text) .  ln contrast ,  a l l  four cat ion s i tes shown can be occupied by
Mn in serandi te.

suggests the ideal ized order ing of  {Mn(Ml  ,M3) +
Ca(M4) * Ca,rrMn,,"(M2)1. Tak6uchi et al. (1976a)
est imated that  the maximum occupancy of  Mn or  Fe
in M2 of bustamite would not exceed 50 percent,
because one side of the M2 octahedron is l inked to a
pai r  of  te t rahedra.

What  is  the contro l l ing factor  for  l imi t ing the occu-
pancy of M2 to Ca112Mn11r? One possible explanation
is a short-range order of Mn and Ca between two
adjacenf M2 sites. Among several possibil i t ies, the
most l ikely M2 pair is the one connected by a pair of
tetrahedra as shown in Figure 6a. If one M2 site is
occupied by smal ler  cat ions such as Mn or  Fe,  the
resultant rotation of the tetrahedra would require the
other M2 site to remain large. In other words, the
Mn-Mn combinat ion in  the above pai r  of  M2's is  not
a l lowed in th is  model ,  but  combinat ions of  Mn-Ca,
Ca-Mn, and Ca-Ca can occur  randomly in  the st ruc-
ture. Thus, when averaged over the entire crystal, the
Mn occupancy in  M2 of  bustamite cannot  exceed 50
percent. In pectolite-serandite, however, the stacking
is such that both Ml and M2 sites can be fully occu-
pied by Mn (Fig.  6b) .

Simi lar  shor t - range order  of  cat ions might  a lso be
responsible for the compositional l imits in other py-
roxenoids, e.9., pyroxmangite and pyroxferroite. The
composition of pyroxferroite is close to Fe.CaSirO,
(Chao et  a l . ,  1970),  and the Ca concentrat ion in
pyroxmangite is Iess than l/7 of the total octahedral
cat ions (Momoi ,  1964;  Ohashi  et  a l . ,  1975b).  These
facts would have been explained if all Ca were placed
in one of the seven cation sites. Contrary to this
predict ion,  Burnham (1971) has found that  the Ca
atoms are not restricted to one site. There must be
other crystal-chemical explanations, such as a short-
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Table 8.  Character izat ion of  cat ion s i tes in the octahedral  lavers of  pvroxenoids

S i t e Bustamite Wo l l as ton i t e
Pec to l i t e -

serandi te

MI Coordinat ion
Occupancy

142 Coordinat ion
Occupancy

Coordination
Site symmetry
Occupancy

Coordination
Site slmmetry
Occupancy

Coordination
Occupancy

6
C a 1 0 0  t o  ( M n , F e ) 1 0 0

Changes on Ca-r ich
s i de  o f  so l i d  so l u t i on

6
C a I 0 0  t o  c a 5 0 ( M n , F e ) 5 0

Changes on Mn-r ich
s i de  o f  so l i d  so l u t i on

o

Ca100 to  ca95

5
Ca l00  t o  Ca97

5 + 1 *
center

Mn or  Fe  Ca100 to  Ca93

cen te r

6
Ca100  t o  Mn100

Changes on Ca-r ich
s i de  o f  so l i d  so l u t i on

o

Ca100  t o  Mn100

Changes on Mn-r ich
s i de  o f  so l i d  so l u t i on

8 * *
Na

M3 6
On inversion
Essent ia l l y

6 o r 6 + 2 *
On inversion
Es sent ia l l y

*
* *

The seventh and eighth distances to OC depending on tetrahedral  t i l t ing (See Fig.  4)
Tncluding two longer d istances to OC2 and OC3.

r a n g e  o r d e r ,  f o r  t h e  c o m p o s i t i o n a l  l i m i t  o f
(Fe,Mn).CaSirO,  in  pyroxferro i te  and pyroxman-
gi te.

Conclusions

Cat ions in  the octahedral  layers p lay key ro les in
determin ing ( l )  the st ructure type and (2)  the range
of  sol id  solut ions in  the pyroxenoid minerals .  The
roles of cations in the octahedral layers are summa-
rized in Table 8 for the three pyroxenoid types of the
present study.

I f  the occupancy of  Ca and the smal ler  cat ions such
as Mn,  Fe,  and Mg in a g iven s i te  s tays essent ia l ly
invar iant  for  a sol id-solut ion ser ies,  the s i te  is  re-
garded as the structure determinant. The alternating
distribution of Mn in M3 and Cain M4, as -Mn-Ca-
Mn-Ca-, is essential for the structure to be the bus-
tamite type. When the corresponding sites are both
occupied by Ca, forming the band of -Ca-Ca-Ca-

Ca-,  the st ructure must  be the wol lastoni te type.  In
pectolite-serandite, the stacking of tetrahedral and
octahedral layers is probably determined by the exis-
tence of the Na atoms. There is also a possibil i ty that
the st ructure determinant  in  hydrous pyroxenoids is
the hydrogen atom, which has not been accurately
located in the structure.

The wide range of  so l id  solut ions in  bustamite and
pectolite-serandite is achieved by the stepwise sub-
st i tu t ion of  Ca and Mn (or  Fe,  Mg) in  the Ml  and

M2 cation sites. On the Ca-rich side of the solid
solut ion,  main ly  the occupancy of  Ml  changes,
whereas M2 is variable in its occupancy on the sub-
calc ic  s ide of  the sol id  solut ion.  In  addi t ion to the
stepwise subst i tu t ion,  another  mechanism, such as a
short - range order ,  is  needed to expla in the sub-
st i tu t ion l imi t  o f  Car l rMnr, ,  in  M2 of  bustamite.

Note added in proof

The result of structural refinement of ferrobusta-
mi te f rom the Ofuku mine,  Japan,  has been recent ly
publ ished.  Yamanaka,  T. ,  R.  Sadanaga and Y.
Tak6uchi  (1977\  Structura l  var iat ion in  the ferro-
bustamite sol id  solut ion.  Am. Mineral . ,  62,  1216-
1224.
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