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Abstract

Crystal structures and cation occupancies have been refined using single-crystal X-ray
diffraction data for natural specimens of (1) manganoan, intermediate, and calcian bus-
tamites; (2) ferroan and manganoan wollastonites; and (3) serandite and manganoan pecto-
lites (schizolite). Although the silicate chains of three-tetrahedral repeat are similar in these
minerals, the differences in cation arrangements in the octahedral layers result in three
structures with distinct 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
pectolite are important for determination of the structure types, whereas the stepwise sub-
stitutions in M1 and M2 explain the observed compositional variations in bustamite and

pectolite.

Introduction

Silicate minerals are usually classified according to
the manner in which the silicate tetrahedra are linked
together (e.g. Zoltai, 1960; Bragg et al., 1965; Liebau,
1972). This scheme of classification is, unfortunately,
sometimes overemphasized to the extent that the
roles of other cations are regarded as of secondary
importance. One exception is Belov (1961), who em-
phasized the role of large cations.

In a short note on the amphibole structure,
Thompson (1970) proposed his model of biopyriboles
(biotite + 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 units parallel to (010) and also (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
discovery by Veblen and Burnham (1975, 1976) of
minerals intermediate between chain and sheet sili-
cates indicates the practical significance of the
biopyribole model.

Geometrical relationships between octahedral and
tetrahedral layers have been extensively discussed for
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pyroxene (Papike et al., 1973) and for amphiboles
(Papike and Ross, 1970). Pyroxenoids, which also
have single tetrahedral chains, but with a unit repeat
longer than in pyroxenes, can also be regarded as
composed of alternating octahedral and tetrahedral
layers (Prewitt and Peacor, 1964).

In a series of papers on pyroxenoid crystal chem-
istry, the role of octahedral cations in pyroxenoids in
relation to (1) the repeat distance of the tetrahedral
chains and (2) the stacking scheme of the octahedral
and tetrahedral layers will be examined. In this first
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 limits
of cation substitutions in the octahedral sites or the
compositional limits observed in natural pyroxenoid
minerals.

The composition of wollastonite is commonly close
to the ideal composition CaSiO,, 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 compositional range, with a CaSiO; 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 wollastonite and bustamite
are structurally characterized by single silicate chains
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with a repeat of three tetrahedra. Hydrous counter-
parts for wollastonite and bustamite are pectolite
(end member: NaCa,HSi;O,) and serandite (end
member: NaMn,HSi;0,) with complete solid solu-
tion between the end members (Schaller, 1955). A
mineral name, schizolite, is used for manganoan pec-
tolite,

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

Previous work

Crystal structure

Wollastonite, bustamite, and pectolite, mainly ow-
ing to their similarity in morphology, were long re-
garded as minerals that belonged to the same family.
Proposed structures of wollastonite (Mamedov and
Belov, 1956) and pectolite (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 Prewitt (1961) concluded that
both proposed structures were correct. Prewitt and
Buerger (1963) described the differences and similar-
ities between these two structures. The pectolite
structure was further refined by Prewitt (1967). Schiz-
olite, manganoan pectolite, is isostructural with pec-
tolite (Liebau, 1958).

The structure of bustamite, once described incor-
rectly as Mn-rich wollastonite (Sundius, 1931; Schal-
ler, 1955), has been shown to be distinct from woll-
astonite (Peacor and Buerger, 1962). These two
minerals differ in the arrangement of the tetrahedral
layers relative to the octahedral layers (Peacor and
Prewitt, 1963).

Chemical compositions

The distinction between wollastonite and Ca-rich
bustamite was not clearly stated in the mineralogical
literature until the early 1970’s. From phase-equilib-
rium and spectroscopic studies, Rutstein (1971) and
Rutstein and White (1971) suggested the existence of
immiscibility between the two minerals. Matsueda
(1973, 1974) described “‘iron-wollastonite” of the
composition (Ca, gFey14Mng 0:Mgo.61)SiO; from the
Sampo Mine, Japan, which shows properties more
like those of bustamite than those of wollastonite in
infrared, M&ssbauer, and powder X-ray diffraction
experiments. Similar “iron-wollastonite,” which was

later confirmed to have the bustamite structure, was
also reported from Kagata Mine, Japan, by Shima-
zaki and Yamanaka (1973) as a phase distinct from
ordinary wollastonite. Rapoport and Burnham
(1972, 1973) suggested that the maximum Ca limit of
the bustamite structure would occur at the Ca; ¢Fe, ¢
SiO; composition.

Compositional limits of wollastonite and bus-
tamite have recently been discussed by Mason (1975),
who examined several natural specimens of the min-
erals. The most important occurrence is coexisting
wollastonite and bustamite in a specimen from
Franklin, New Jersey. The grain size is, however, too
small for the single-crystal diffraction method (see
Mason, 1975, Fig. 1 of photomicrograph). Mason
(1975) also reported a manganoan wollastonite with
approximately 10 mole percent MnSiO, from Gjelle-
bekk, Norway, which was kindly donated for further
X-ray study. Although the Gjellebekk sample is large
enough for single-crystal study, precession photo-
graphs of the sample show a bustamite-like (not woll-
astonite-like) pattern. There are diffuse streaks, how-
ever, radiating from the ordinary spots. An electron
microprobe analysis of the same grain used for the
precession study yielded 9-11 mole percent MnSiQ,,
confirming the original chemical analysis of the
sample.

The wollastonite field extends from the CaSiO,

MnSiO3

Mitsuka

Broken #
Hill

Hijikuzu

( Synthetic) A Broken Hill

A 'iCaSiOii

(Fe.Mg)SiO3 (Mole °k) Kagata Scawl Al
Fig. 1. Compositional variation of bustamite (triangles) and

wollastonite (circles). Open symbols indicate mineral samples used
in this study. Sources of data: Broken Hill (Hodgson, 1975;
Mason, 1973, 1975); Sampo (Matsueda, 1973); Kagata (Shimazaki
and Yamanaka, 1973); Skye and synthetic bustamites (Rapoport
and Burnham, 1973); and Franklin bustamite (Peacor and
Buerger, 1962). For discussion of wollastonite samples from
Franklin and Gjellebekk, see text (section on “Chemical
compositions’).



276 OHASHI AND FINGER: PYROXENOID CRYSTAL CHEMISTRY

corner to 10 mole percent MnSiO; and 5 mole per-
cent FeSiO; (Mason, 1973, Fig. 3). For high-manga-
nese compositions, however, crystal growth of a
single phase of wollastonite seems to become ex-
tremely difficult. The Gjellebekk sample and prob-
ably the Franklin sample could contain complicated
microstructures such as stacking disorders with pre-
sumably inhomogeneous distributions of Mn.

Cation occupancies

In their original report on determination of the
bustamite structure, Peacor and Buerger (1962), us-
ing peak-height analysis of difference Fourier maps
and interatomic distances, suggested that M2 and M4
are occupied by Ca and M3 is occupied by Mn. Their
bustamite sample with 54 mole percent CaSiO; has a
slight excess of Ca that was assigned to M1, which is
mostly Mn. Thus, the M1 site was recognized as a
multiple-occupancy site when the structure was first
solved.

Rapoport and Burnham (1972, 1973) have con-

firmed this general cation-ordering scheme for inter-
mediate compositions in an iron analogue, ferro-
bustamite (Ca, sFe,5Si0;3), synthesized at 1108°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 M1, 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 crystal Rapoport and Burnham (1972,
1973) investigated is a very Ca-rich ferrobustamite
from Skye, Scotland. The composition of this sample
is critically important in discussions of cation order-
ing, especially with relation to the stability of the
bustamite and wollastonite structures. Although a
twinning problem prevented a meaningful occupancy
refinement, Rapoport and Burnham concluded from
bond distances that Fe is concentrated primarily in
M(3). They have further pointed out that a compo-

Table 1. Description of pyroxenoid specimens

Bustamite
Sample* Mn-BS BS Ca-BS
Locality Mitsuka, Gifu, Japan Hijikuzu, Iwate, Japan
Latitude and 35°30'N 39°45'N
longitude 136°30'E 141°45'E
Geological Mn-ore lens aside Bedded Mn-ore deposit
setting dolomite marble in chart hornfels
Reference to Nambu et al
mineralogy (1970)
Octahedral Ca 0.314 0.500 0.783
cations** Mn 0.600 0.370 0.122
Fe 0.043 0.120 0.075
Mg 0.043 0.009 0.020
Wollastonite Pectolite-serandite series
Sample* Mn~-WO Fe-WO SRN SCH
Locality Broken Hill Scawt Hill Rouma, Island of Kangerdluarsuk
New South Wales Antrim Co. Los, Guinea Julianehaab
Australia Ireland Greenland
Latitude and 32° s 54°45'N 9°30'N 60°45'N
longitude 141°30'E 5°45'W 13°45'W 46° w
Geological Pb-Ag~2n hypo- Dolerite contact Nepheline- Sodalite-syenite
setting thermal deposit zone syenite pegmatite

Reference to

Hodgson (1975)

Tilley (1937)

Lacroix (1931)

Béggild (1903)

mineralogy Schaller (1955) Schaller (1955)
Octahedral Ca 0.961 0.949 0.162 0.613
cations** Mn 0.034 0.005 0.805 0.319

Fe 0.005 0.036 0.032 0.068

Mg 0.000 0.010 0.000 0.000

* Original specimen numbers:

BS (Nambu, X-6410)
Ca-BS (Nambu, X-4487) SRN
Mn-WO (Hodgson, #1544) SCH

** Normalized to Ca+Mn+Fe+Mg=1

Mn-BS (National Science Museum, Japan. Domestic Collection #20159)
Fe-WO (U.S. National Museum #10618)
(U.S. National Museum #96515)
(Harvard University Museum #84967)
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Table 2. Electron microprobe analyses of pyroxenoids

Sample Mn-Be  BS  Ca-BS Mn-WO Fe-WO _ SHN SCH
Oxides wt. %
SiO2 48.0 48.9 50.5 50.6 50.6 50.2 51.7
FeO¥ 2.4 7.0 4.4 0.3 2.3 1.3 2.8
MnO 33.9 21.3 7.2 2.1 0.3 32.0 i2.8
Mgo 1.4 1.4 0.6 0.0 0.4 0.0 0.0
Cao 14.0 22,7 36.4 45.8 46.2 5 19.5
Na,y0 -- - — -- - 8.6 9.6

Total 99.7 100.2 99.1 98.8 99.8 97.2%% 96 4%*

Cations based on 9 oxxﬂens* on 17 oxygens++

Si 3.00 3.00 3.00 2.99 2.97 5.99 5.99
Fe 0.13 0.36 0.22 0.02 0.11 0.13 0.27
Mn 1.79 1.11 0.36 0.10 0.02 3.23 1.26
Mg 0.13 0.03 0.06 0.00 0.03 0.00 0.00
Ca 0.94 1.49 2.33 2.90 2.90 0.65 2.42
Na - -— - — == 1.98 2.15

Total 5.99 5[99 5.97 6.01 6.03 11.99 12.08

* All Fe as Fed
** Excluding H0
t For idealized formula M3Si3Oq
tt For idealized formula 2MyNaHSi3Og or MyNa;Sig0;;-Hy0

sition where Ca completely fills M1, M2, and M4 and
Fe remains exclusively in M3 would be Ca,,cFe; s
Si10;.

Recently Yamanaka, Sadanaga, and Takéuchi (Y.
Takéuchi, personal communication, 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-
scribed by Shimazaki and Yamanaka (1973).

For the pectolite-schizolite-serandite series, Také-
uchi et al. (1976b) have reported that Ca is
concentrated in M1 for a composition
Mn1.ascao.17Mgo.01NaHSi309~

Experimental

Mineral specimens

Two samples of wollastonite, three of bustamite,
and two of the pectolite-schizolite-serandite series
(Table 1) were sclected for single-crystal X-ray stud-
ies. These mineral specimens, in combination with
specimens used in other work, represent the range of
chemical compositions of wollastonite and bustamite
(Fig. 1). The results of electron microprobe analyses
of these samples are given 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), with the b axis parallel to
the intersection of the cleavage planes. This setting,
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Table 3. Unit cell parameters of pyroxenoids*

Sample Mn-BS BS Ca-BS
Space group** I1 11 11
a, & 9.807(4)  9.864(3)  9.994(3)
b 10.680(4) 10.790(5) 10.946(3)
c 7.091(2) 7.139(3) 7.231(3)
o, deg. 99.58(2) 99.53(4) 99.30(3)
8 99.99(3) 99.71(3) 100.56(3)
Y 83.79(3) 83.83(3) 83.29(2)
Unit cell°3
volume', A 718.8(4) 736.1(5) 764.3(4)
Sample Mn=WO Fe-WO SRN scH
Space group** CI cl ci cl
a 10.121(2) 10.104(1) 9.909(9) 10.059(4)
b 11.070(1) 11.054(1) 10.667(9) 10.880(8)}
&] 7.312(1) 7.305(1) 6.913(4) 6.978(6)
a 99.51(1) 99,.53(1) 99.10(6) 98.84(7)
B 100.51(1) 100.56(1) 100.51(6) 100.58(5)
Y 83.43(1) 83.44(1) 82.49(7) 82.64(5)
Unit cell°3
volumeT, A 791.5(2) 788.0(1) 705.5(9) 737.9(9)

* Obtained from least-squares refinement of twelve reflec-
tions centered on a four-circle diffractometer. Figures in
parentheses represent one standard deviation in terms of
the least units cited.

*% Cell transformation matrices are [-1,~%,-% / -1,-%,% /
0,1,0] from the conventional Al cell to {i cel{ for busta-
mite and {1,0,1 / 1,0,-1 / 0,1,0] from P1 to Cl cells for
wollastonite and pectolite-serandite.

t Contains 4 formula units of M3Si3Og or M,NaHSijzOq.

however, is not suitable for a structural comparison
of pyroxenes and pyroxenoids. The new setting used
in this study is analogous to that proposed by Narita
(1973; quoted by Morimoto, 1974) and Koto et al.
(1976).

In the new setting, the layers of octahedra and
tetrahedra are, as in pyroxenes, parallel to the b-¢
plane, and the ¢ axis is the tetrahedral chain direc-
tion. Thus the a axis becomes, as in pyroxenes, a
direction along which the octahedral and tetrahedral
layers are alternately stacked together. The new unit

Table 4. Crystal structure refinement data of pyroxenoids

Mn-Bs BS Ca-BS Mn-WO Fe-WO SRN SCH
Size of 0.34x 0.26x 0.42x 0.30x 0.31x 0.37x 0.41x
crystal 0.14x 0.07x 0.26x 0.08x 0.08x 0.14x 0.10x
(mm) 0.14 0.07 0.19 0.06 0.07 0.07 0.07
wr,em™l 46,7 43.0 83,1 25.2 25.7 37.5 27.3
thv,y 51-60 71-82 51-66 81-88 81-85 58-77 76-83
number of 1810 1777 2054 1921 1883 1490 1364
reflec~
tions
rt,s 5.2 3.6 4.9 3.5 3.9 6.1 3.6
R{wtd) 5.6 3.7 529 3.5 4.1 7.1 4.1

* Linear absorption coefficilent for MoKa
** Range of transmission factor
tResidual factors: R=Z||Fo|—ch|| /ElFol
R(wtd) = [Zw(|Fo|-|Fc|)2/tw|Fo|?]"
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Table 5. Atomic positional parameters* and isotropic temperature factors of pyroxenoids

Site** Mn-BS BS Ca-BS Mn-WO Fe-WO SRN SCH

Ml (M1,Mnl) x 0.0241 0.0245 0.0222 ML (Cal) x 0.0208 0.0212 Ml (Cal) x 0.0052 0.0026
y 0.7713 0.7721 0.7771 y 0.7807 0.7800 y 0.6431 0.6485

z 0.8227 0.8257 0.8179 z 0.0772 0.0772 z 0.9062 0.9063

M2 (M2,Cal) x 0.0225 0.0231 0.0247 M2 (Ca2) x 0.0171 0.0180 M2 (Ca2) x 0.0082 0.0068
y 0.7753 0.7783 0.7766 y 0.7806 0.7803 y 0.6416 0.6418

z 0.3387 0.3410 0.3333 z 0.5709 0.5712 z 0.4158 0.4152

M3 (M3,Mnl) inversion at (0%%) M3 (Ca3) x 0.0144 0.0137 A (Na) X 0.0462 0.0480
' y 0.4885 0.4889 y 0.8977 0.8965

M4 (M4,Ca2) inversion at (0%0) z 0.2504 0.2504 z 0.2473 0.2543
Sil (si2) x 0.2195 0.2226 0.2267 Sil (Sil) x 0.2265 0.2265 Sil (Sil) x 0.2216 0.2223
y 0.9565 0.9566 0.9640 y 0.9583 0.9585 y 0.0616 0.0583

z 0.6435 0.6473 0.6395 z 0.8877 0.8876 z 0.0963 0.0935

si2 (sil) x 0.2223 0.2235 0.2296 Si2 (si2) x 0.2267 0.2266 Si2 (8i2) x 0.2216 0.2221
y 0.9517 0.9534 0.9573 y 0.9577 0.9576 y ©0.0721 0.0708

z 0.1967 0.1978 0.1983 z 0.4537 0.4540 z 0.5456 0.5403

8i3 (s8i3) x 0.2184 0.2201 0.2209 Si3 (Si3) x 0.2264 0.2260 Si3 (si3) x 0.2017 0.2029
y 0.1764 0.1757 0.1755 y 0.1707 0.1711 y 0.8446 0.8462

z 0.9778 0.9801 0.9727 z 0.2236 0.2237 z 0.7597 0.7543

OAl (04) x 0.1200 0.1178 0.1169 OAl (03) x 0.1163 0.1164 OAl (05) x 0.1157 0.1168
y 0.5802 0.5803 0.5747 y 0.5797 0.5786 y 0.4464 0.4446

z 0.7766 0.7757 0.7748 z 0.0381 0.0381 z 0.8901 0.8847

0A2 (03) x 0.1141 0.1139 o0.110° OA2 (04) x 0.1169 0.1168 OA2 (06) x 0.1132 0.1160
y 0.5767 0.5730 0.5733 y 0.5814 0.5807 y 0.4406 0.4415

z 0.3174 0.3170 0.3200 z 0.5611 0.5612 z 0.3969 0.4036

OA3 (01) x 0.1171 0.1164 0.1177 OA3 (01) x 0.1149 0.1149 OA3 (02) x 0.1346 0.1362
y 0.3137 0.3135 0.3132 y 0.3141 0.3142 y 0.6892 0.6905

z 0.4776 0.4744 0.4804 z 0.7307 0.7305 z 0.2133 0.2216

OBl (06) x 0.1106 0.1133 0.1192 OBl (05) x 0.1239 0.1248 OBl (03) x 0.1336 0.1359
y 0.8568 0.8587 0.8659 y 0.8584 0.8577 y 0.1831 0.1734

z 0.6399 0.6491 0.6264 z 0.8745 0.8750 z 0.0016 -0.0088

OB2 (05) x 0.1297 0.1328 0.1353 OB2 (06) x 0.1230 0.1239 OB2 (04) x 0.1430 0.1473
y 0.8379 0.8402 0.8483 y 0.8577 0.8567 y 0.1984 0.1954

z 0.1026 0.1010 0.1135 z 0.3669 0.3657 z 0.6516 0.6472

OB3 (02) x 0.1085 0.1095 0.1084 OB3 (02) x 0.1152 0.1147 OB3 (01) x 0.1113 0.1112
y 0.2977 0.2961 0.2925 y 0.2864 0.2874 y 0.7273 0.7335

z 0.9846 0.9849 0.9772 z 0.2267 0.2271 z 0.7011 0.6957

OCl (09) x 0.2111 0.2105 0.2280 OCl (09) =x 0.2211 0.2201 OCl (09) x 0.1725 0.1725
y 0.9799 0.9787 0.9927 y 0.9963 0.9955 y 0.0657 0.0634

z 0.4241 0.4259 0.4257 z 0.6785 0.6780 z 0,3090 0.3039

ocz (07) x 0.1678 0.1687 0.1747 0C2 (08) x 0.1820 0.1811 0C2 (08) x 0.1581 0.1594
y 0.0876 0.0887 0.0880 y 0.0886 0.0887 y 0.9474 0.9498

z 0.1206 0.1221 0.1141 z 0.3704 0.3703 z 0.5959 0.5962

0C3 (08) x 0.1738 0.1787 0.1787 0C3 (07) x 0.1827 0.1823 OC3 (07) x 0.1623 0.1703
y 0.0974 0.0966 0.0988 y 0.0907 0.0912 y 0.9318 0.9270

z 0.7575 0.7605 0.7560 z 0.0121 0.0119 z 0.9676 0.9664

* Based on the II-cell (bustamite) and the CI-cell (wollastonite and pectolite) with the origin
at the inversion center between two tetrahedral triplets across the octahedral layer.

of which coordinates are given in this table correspond to positions labeled in Fig. 3.

Atoms

Coordinates (X,Y,2Z) for A-cell (bustamite) and P-cell (wollastonite and pectolite) are trans-

* %

formed to (x,y,z) as follows: x=-%X-2, y=-%X+Z, 2z=-%X+Y (bustamite), x=kX+kZ, y=%X-%xZ, z=Y+k
(wollastonite) and x=kX+%2, y=%X-%Z+%, z=Y+% (pectolite).

Site names in parentheses are those previously used by Peacor and Buerger (1962), Prewitt and

Buerger (1963), Prewitt and Peacor (1964), Rapoport and Burnham (1973), and Takéuchi et al.,
(L976b) for each mineral.
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Table 5. continued
Isotropic temperature factors (&2)

Mn-BS BS Ca-BS Mn-WO Fe-WO SRN SCH Mn-BS BS Ca-BS Mn-WO Fe-WO SRN SCH
M1 0.96 0.67 0.64 0.58 0.71 0.80 0.60 OBl 1.84 1.18 1.19 0.81 1,05 1.06 0.89
M2 0.93 0.72 0.71 0.58 0.73 0.86 0.70 OB2 1.67 1.09 0.99 0.88 1.13 0.93 1.15
M3 0.73 0.55 0.64 0.54 0.67 1.58 1.52 OB3 0.78 0.72 0.76 0.56 0.67 0.99 1.02
M4 0.74 0.65 0.64

OoCl 2.45 1.46 1.26 1.02 1.29 0.88 0.90
Sil 0.54 0.48 0.51 0.42 0.53 0.63 0.63 0OC2 0.99 0.81 0.81 0.70 0.85 0.92 0.93
si2 0.53 0.50 0.50 0.44 0.54 0.64 0.69 0C3 0.97 0.80 0.83 0.73 0.84 0.99 1.02
Si3 0.52 0.48 0.51 0.42 0.52 0.64 0.67
Representative standard errors
oAl 1.12 0.77 0.86 0.76 1.00 0.90 0.94 M A si o)
OA2 1.21 0.84 0.77 0.76 0.98 0.95 1.06 x 0.0001 0.0004 0.0001 0.0004
OA3 0.82 0.75 0.72 0.68 0.81 0.89 0.96 vy 0.0001 0.0004 0.0001 0.0004
z 0.0001 0.0004 0.0002 0.0005
B 0.01-0.03 0.03-0.05 0.01-0.02 0.04-0.07

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

Unit-cell data with this new setting are given in
Table 3. The cell transformation matrices are also
given in a footnote to Table 3. (The cell for bustamite
is different from that used by Koto er al., 1976.)

Data collection and refinements

The X-ray intensities of all the pyroxenoid crystals
used in this study were measured on the automated
four-circle diffractometer, employing an w-20 vari-
able scanning-rate technique (Finger et al., 1973) and
Nb-filtered MoK« radiation. Integrated intensities
were corrected for Lorentz and polarization effects,
and absorption corrections were computed by nu-
merical integration (Burnham, 1966).

The atomic coordinates of bustamite reported by
Rapoport and Burnham (1973), those of wollastonite
given by Buerger and Prewitt (1961), and those of
pectolite given by Prewitt (1967) were taken as initial
values for subsequent least-squares refinements using
computer program RFINE2 (Finger and Prince, 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-
tively. Refinement 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
refined using a linear-combination model of Ca-Mn
or Ca-Fe with the constraint of bulk composition

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

The refined occupancies (Table 6) show that M3
and M4 in bustamite can be regarded as essentially
invariant—AM3 is the site for smaller cations such as
Mn or Fe, whereas M4 is the site 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 smallest and would be suitable for the Mg ions.
Although MgSiO; is a minor component in the bulk
compositions, the maximum Mg occupancy in M3
can theoretically be, for example, 0.043 X 3 X 2 =

Table 6. Cation occupancies* in pyroxenoids

Site Equi- Mn-BS 88 Ca-BS
point — o TR
fraction ©& ¥n Ca Mn Ca Mn

ML 1.0 0.08 0.92(1) 0.13 0.87(1) 0.93 0.07(1)

M2 1.0 0.49 0.51(1) 0.93 0.07(1) 0.95 0.05(1)

M3 0.5 0.19 0.81(2)  -0.05 1.05(1) 0.12 0.88(2)

M4 0.5 0.83 0.17 0.99 0.01 1.00 0.00

Mn-WO Fe~WO
Ca Mn Ca Fe

M1 1.0 0.95 0.05(1) 0.97 0.03(1)

M2 1.0 0.97 0.03(1) 0.97 0.03(1)

M3 1.0 0.96 0.04 0.93 0.07

SRN scH

= ¢a  ¥n
M1 1.0 0.34 0.66(1) 0.87 0.13(1)
M2 1.0  -0.02 1.02 0.36 0.64

*Obtained from least-squares refinement using a linear combina-

tion of Ca-Mn or Ca-Fe.
Mg effectively increases the apparent Ca occupancy.

for discussion.

Mn and Fe were
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Fig. 2. Variation of cation-site occupancies in (a) bustamite and
(b) the pectolite-serandite series. The data on the most Mn-rich
serandite are from Takéuchi er al. (1976b).

0.26 for specimen Mn-BS. The occupancy in M1 and
M?2 is variable, depending on the bulk composition of
bustamite. On the subcalcic side of the 1:1 composi-
tion, Ca(Mn,Fe,Mg)Si,Os, M2 shows the most signif-
icant change in occupancy (Fig. 2a), whereas on the
Ca-rich side M1 changes its cation occupancy.

In a recent review paper of pyroxenoid crystal
chemistry, Takéuchi er al. (1976a) considered that
substitution of Mn for Ca in the M2 site of bustamite
would not exceed 50 nercent. If so, specimen Mn-BS
of this study, in which the occupancy of 49 percent
Ca + 51 percent Mn was found in M2, would repre-
sent a theoretical limit to the Mn content of the
bustamite structure. In natural bustamites the maxi-
mum MnSiO; component is approximately 2/3 in
mole ratio, whereas the CaSiO; content can reach as
high as 5/6 of the total.

The two wollastonite specimens studied contain
approximately 4 mole percent MnSiO; or FeSiO;. By
analogy with the cation-ordering scheme in bus-
tamite, the Mn and Fe atoms had been expected to
show some ordering among the three cation sites in
the wollastonite structure. The results, however,
show that the Mn or Fe atoms are distributed over

PYROXENOID CRYSTAL CHEMISTRY

the three sites. The M3 site in Fe-wollastonite is
slightly richer in iron, but there is little difference 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 M1 and M2 sites
(Fig. 2b). On the Ca-rich (pectolite) side of the
(Ca:Mn =1:1) composition, the M1 site is occupied
by the larger Ca atom, whereas M2 is variable in its
occupancy. Thus, for the 1:1 composition, ordering
can be complete, as in one extreme case with 100
percent Ca in M1 and 100 percent Mn in M2. On the
Mn-rich (serandite) side of the series, the occupancies
of Caand Mnin M1 change but M2 maintains its Mn
occupancy. Thus, the Mn-Ca distribution in seran-
dite is in complete agreement with that reported for a
more Mn-rich serandite by Takéuchi et al. (1976b).

Interaromic distances

The octahedral cation-oxygen distances are also
useful quantities in a discussion of cation occupancies
of thesite. The M-O distance, 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 six or more M-O distances usually used. The
longer M-O distance most likely results from other
crystal structural factors, such as configuration of
tetrahedra that share oxygen atoms at corners or
edges with the octahedron, rather than from the
larger size of the cation in the site.

In three bustamites studied, the M 1-OB]1 distances
are, for example, 2.043, 2.042, and 2.225A (Table 7),
clearly indicating that the third bustamite is different
in its M1 occupancy from the first and the second,
whereas the first bustamite is distinct in M2-0A42
(2.204, 2.289, and 2.284A, respectively). This result
on M-0O distances also suggests stepwise substitution
in M1 and M2 of bustamite such as previously shown
in Figure 2.

The relatively short M3-0OA2 distance, about
2.15A in all 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
smaller in size than Ca. (Note also that the bulk
MgSiO; concentration is higher in samples Mn-BS
and Ca-BS, for which the apparent occupancy of Ca
was indicated.)

In the pectolite-schizolite-serandite series, the
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Table 7. M-O distances* (A) for pyroxenoids

Mn-BS BS Ca-BS Mn-WO  Fe-WO SRN SCH
M1-0Al 2.149 2.170 2.302 M1-0Al 2.317  2.315 M1-0AL 2.381 2.451
-0A3 2.425 2.448  2.472 -0A3 2.546  2.544 -0OAl 2.232 2.361
-0B1 2.043  2.042 2.225 -0OB1 2.284 2.281 -0A2 2.313 2.399
-0B2 2.120 2.127 2.288 -0B2 2.256  2.246 -0Aa3 2.288 2.371
-0OB3 2.293  2.293  2.404 -OB3 2.440  2.439 -0B1 2.240 2.336
-0Cc2 2.328  2.339  2.396 -0C3 2.416 2.414 -0B3 2.262  2.339
Mean 2.226 2.237 2.348 Mean 2.377 2.373 Mean 2.286 2.376
M2-0A2 2.204 2.289 2.284 M2-0A2 2.313  2.310 M2-0Al 2.364 2.355
-0A3 2.404 2.440 2.502 -0A3 2.496  2.495 ~0A2 2.257 2.271
-0B1 2.229 2.293 2.270 -0B1 2.355  2.351 -0A2 2.252  2.308
-0B2 2.344 2.390 2.369 -0OB2 2.305 2.309 -0A3 2.197  2.200
-0B3 2.473  2.520  2.444 -0B3 2.418  2.418 -0B2 2.169  2.240
~-0C3 2.303  2.360  2.359 -0C2 2.405  2.402 -0B3 2.169 2.201
Mean 2.326 2.382 2.371 Mean 2.382 2.381 Mean 2.235 2.263
M3-0a1** 2.196 2.204 2.197 M3-0al 2.336  2.327 A-OA3 2.270  2.295
-0A2 2.157 2.149  2.153 -0Al 2.415  2.408 -0B1 2.386 2.394
-0A3 2.183 2.203 2.234 -0OA2 2.349  2.339 -0B2 2.502  2.557
-0A2 2.430 2.426 -ocl 2.260 2.284
Mean 2.179 2.185 2.195 -0A3 2.412  2.401 -0C2 2.468  2.459
-OB3 2.342  2.334 ~0C2 2.713  2.758
M4-0A1** 2.438  2.443  2.457 -ocl 2.651 2.664 -0C3 2.518 2.622
-OA2 2.387 2.397 2.428 -0Cc3 2.922  3.077
-0OB3 2.297 2.339 2.394 Mean 2.419  2.414
-ocl 2.816 2.842 2.680
Mean, 6 2.401 2.435
Mean, 6 2.374 2.393 2.426 Mean, 8 2.505 2.556
8 2.485 2.505 2.490

* Estimated standard errors:

M-O0 = 0.001-0.003& and A-O0 = 0.003-0.005%

** Multiplicity of M3-0 and M4-0 for bustamite is 2.

changes in M-O distances are also consistent with the
results of direct refinement of occupancies. When
compared with values for serandite (Takéuchi et al.,
1976b) and pectolite (Prewitt, 1967), M1-OB1, for
example, increases (2.206, 2.240, 2.336, and 2.343A)
as the composition becomes more Ca-rich, showing a
larger M-O change on the more Mn-rich side of the
series. The M2-OB3, on the other hand, changes
more on the Ca-rich side (2.153, 2.169, 2.201, and
2.321A in sequence from serandite to pectolite), in
agreement with its change in occupancy along the
join (Fig. 2b).

Discussion

Stepwise substitution

The present study indicates that the cation sub-
stitution in the octahedral sites of bustamite and the
pectolite-serandite series is a two-step process in-
volving substitutions in the M1 and M2 sites. On the
Ca-rich side of the solid solutions, the occupancy of
M1 varies, whereas that of M2 is responsible for a
change in chemistry on the Mn-rich side of the solid

solutions. This procedure can be considered in terms
of the energy difference between ordered and anti-
ordered states, i.e., {Ca(M2) + Mn(M1)} vs. {Ca(M1)
+ Mn(M2)}. This energy difference must be so large
that in a practical temperature range, disorder be-
tween M1 and M2 does not occur. Thus, the anti-
ordered state in bustamite and the pectolite-serandite
serics resembles, to some extent, {Ca(Ml) +
Fe,Mg(M2)} 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
chinopyroxenes).

Crystal structures

The crystal structures of the three minerals studied
are compared in Figure 3. Some structural features
relevant to discussions of cation substitution are
mentioned below. For more detailed structural com-
parisons, however, the readers are referred to Prewitt
and Peacor (1964), Peacor and Prewitt (1963), and
Prewitt and Buerger (1963).

The ratio of edges of the SiO, tetrahedron and the
octahedron containing common divalent ions such as
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Ca, Fe, or Mg is not in general either 1:1 or 1/3:2, 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 tilt 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 involving the pyroxenoids, the rotation
and tilting of the tetrahedra turn out to be even more
important in controlling the octahedral size. A
marked difference in behavior of cation substitution
implies that changes in size and shape of each octahe-
dron would affect the rest of the structure differently,
particularly the tetrahedral layers.

Various arrangements of tetrahedra around a given
octahedron have been discussed in a preliminary re-
port of this study (Ohashi and Finger, 1976a). The
following improved analyses of tetrahedral-octahe-
dral linkages have been inspired by a recent dis-
cussion on the crystal chemistry of pyroxenoids by
Takéuchi et al. (1976a), and Takéuchi and Koto
(1977).

Apical oxygens of tetrahedra

The oxygen atoms in pyroxenoids are basically
arranged in close-packed layers (Prewitt and Peacor,
1964) parallel to the (100) plane of the unit-cell set-
ting used in this study. The structures projected on
(100) are shown in Figure 3. If the three oxygens
coordinated to a given silicon 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
0A41-0A42 edges of octahedra, one connected to adja-
cent Sil and Si2 tetrahedra, the other across Si3 (Fig.
4). Because the larger Ca atoms are present in pyrox-
enoids, the OA1-0A2 edge is much longer than the
octahedral edges in pyroxenes (Takéuchi et al.,
1976a). Lengthening the OA41-0A42 distance causes
considerable tilting of the basal faces of the tetra-

hedra out of the (100) plane of the new unit-cell
setting. Thus, OCI is shifted toward the octahedral
face OA1-0A42-0B3 (Fig. 4a). The out-of-plane tilt-
ing does not exceed 7° of arc in pyroxenes (Ohashi
and Finger, 1974, p. 525, Fig. 203), but reaches as
much as 24° in specimen Ca-BS, resulting in a rela-
tively short distance, 2.68A, for M4-OC1 (Table 7).

The out-of-plane tilting of tetrahedra affects the
octahedra differently in the three minerals (Takéuchi
et al., 1976a). The coupling of tetrahedral tilting on
the upper and lower sides of a given octahedron (Fig.
4a) is such that the two OA41-0A42 edges of one M
site, say M4, expand, whereas those for another M
site, say M3, are shortened in bustamite. The cation-
occupancy refinements of bustamites indicate Mn in-
M3 and Ca in M4, Thus, an alternating 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 linkage that leads to a struc-
ture of the bustamite type.

In contrast, changes of the tetrahedral tilting in the
wollastonite structure (Fig. 4b) result in expansion of
one OA41-0A2 edge but contraction of the O41-0A42
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 lit-
tle from the Ca-occupied case. The band of -Ca-Ca-
Ca-Ca- will 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 OA1-0A42 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, the M1
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 M1 and M2 sites in pectolite-
serandite.

Basal oxygens of tetrahedra

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

-
-

——

Fig. 3. Portions of the structures of (a) bustamite, (b) wollastonite, and (c) pectolite, projected from +a* onto the plane parallel to the
close-packed layers of oxygens. Atomic positions with full labels correspond to coordinates given in Table 5. Other cation sites are labe