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Crystal chemistry of the serandite-pectolite series and related minerals
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Abstract

The serandite structure has been refined to,R : 3.0 percent, using a crystal from Tanohata
mine,  Japan (approximately  39.9 'N,  14l .9"E) ,  Pl ,  a  7.683( l ) .  b  6.889( l ) ,  c  6.747( l )  A,  a
90.53(5) ' ,P94.12(2)" ,7102.75(2)" ,2:2x[(Mn, . r rCao. , ,Mgo.o ' )Na, .ooHSi , . , 'O ' ] .Thenote-
worthy features of the structure of serandite which is isotypic to pectolite include: (l) Almost
alt Si-O and all Na-O lengths are smaller than the corresponding lengths in pectolite; the
mean values are 1.623(2)1L 630(2)l A and 2.485(l)t2.580(t)l A respectively (values in brackets
are those for pectolite). (2) A comparison of the serandite and pectolite structures suggests
that the shrinkage of octahedral bands due to substitution of Mn for Ca gives rise to distor-
tions of individual sil icate tetrahedra rather than a change in configuration of sil icate chains.
(3) Ca atoms are preferably located atthe M(l) position which corresponds to Ca(l) in the
pectolite structure; the occupany at M(l) is 0.84(1) Mn and 0.16(1)Ca.

The specific mode of cation ordering has been interpreted based on the following geomet-
rical considerations: ( I ) the relations between the configuration of Si.Or chains and the size of
cation octahedra; and (2) the location of sil icate chains relative to octahedral bands. Rules
brought out from these considerations may be used to explain the modes olcation ordering in
the wollastonite-group minerals in general.

Introduction

The pectolite (CazNaHSirOr)-serandite (Mn,
NaHSLOT) series is of particular interest because
it provides a rare example of solid solution in sili-
cate minerals where the substitution of Mn for Ca
extends over the whole range of the series while the
structure type remains unchanged (Schaller, 1955).
None of the structures of minerals in this series have
been investigated except that of pectolite, which
was determined by Buerger (1956) and refined by
Prewitt and Buerger (1963) and further by Prewitt
(1967). We have therefore carried out a structural
study of serandite to elucidate the crystal chem-
ical nature of the series. That part of the study con-
cerning the procedure of structure analysis has been
reported separately (Tak6uchi et al., 1973) as an ex-
ample of application of the partial Patterson method
(Tak6uchi, 1972a). A brief account on the hydrogen-
bonded system of serandite has also appeared (Tak6-
uchi and Kudoh, 1972). The present paper reports
the details of the structure and offers a crystal chem-
ical discussion on the pectolite-serandite series and
related minerals such as wollastonite and bustamite.
Though crystal chemical aspects of the wollastonite

group minerals were discussed by Prewitt and Buer-
ger (1963), Peacor and Prewitt (1963), and by Prewitt
and Peacor (1964), a different approach is provided
in the present paper.

Experimental

Well developed serandite crystals (up to l0 cm long
and several cm wide on cleaved faces) from the Tan-
ohata mine were used in the present study. Electron
microprobe analyses (Table l) revealed that the
chemical composition of the specimens was close to
that of the Mn end-member of the serandite-pectolite
series, giving a formula ol

(Mnr.r.Cao. rrMBo or)Nar.ooHSiz.rzOr.

The cell dimensions, which were determined with a
four-circle diffractometer (MoKa : 0.70926 A), are
compared in Table 2 with those of pectolite (Prewitt,
1967). The unit cell contains two of the above chem-
ical units. Space group PI was assumed on the basis
of the tricl inic diffraction symmetry and the results of
an N(z) test (Howells et al., 1950) which showed the
existence of a center of symmetry.
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230 TAKEUCHI, KUDOH AND YAMANAKA

* An average of analyses of five different
posit ions of a crystal.
** Excluding H2O.

The crystal used for intensity measurements is
elongated parallel to the b axis, with a length of 0.32
mm. I t  is  bounded by the ( l0 l )  and ( i0 l )  c leavages;
the dimensions of the cross section were 0.063 X
0.088 mm'. The o:-20 scan technique was used to
measure a total of 2043 reflections to sin d/tr : 0.70
(MoKa). Of these, 1766 reflections which have in-
tensities greate r than 2o(I) were used for the structure
refinement. After correcting for Lorentz and polari-
zation factors, the intensities were reduced to struc-
ture factors. No corrections were made for absorp-
tion fu : 42.9 cm-1) and secondary extinction.

Refinement of the structure

As described elsewhere (Tak6uchi et al., 1973'1, the
approximate atomic coordinates that gave an R :
0.35 were derived with the use of the partial Patterson
method (Tak6uchi, 1972a\. The atomic coordinates
and isotropic thermal parameters were then refined
using the full-matrix least-squares program, oRFLS

(Busing et al., 1962). The atomic form factors were
provided by Volume III of the International Tables

for X-ray Crystallography. The nonionized state was
used for Si and O. Several cycles of calculations ap-
plying unit weight readily reduced to init ial R value
to 0.042.

At this stage of the refinement, inspection of calcu-
lated and observed structure factors revealed that 50
reflections were apparently affected by secondary ex-
tinction. An anisotropic refinement excluding these
reflections converged to give an R : 0.034. A weight-
ing factor was used of the form (Cruickshank, 1965):

w : l/(a-l F, -t cFl),

whe rea  :  l 0 .0and  c  :  0 .01 .
The difference Fourier map subsequently prepared

revealed a significant negative peak at one of the two
sets of Mn positions. Noting that our structure con-
tained 0.34 Ca per cell, we suspected that the negative
peak might be due to the substitution of Ca at this
position. We therefore continued the least-square re-
finement introducing occupancy parameters to the
two Mn positions following the procedure of Finger
(1969); total content of Mn and Ca per cell was
constrained to agree with the chemical composition
of our crystals. The calculations converged at an R
value of 0.030. The maximum and mean shifts of
atomic coordinates, as a fraction of o in the final
cycfe of calculation, were respectively 0.22 and 0.06.
The site refinement showed that Ca was concentrated
at one of the Mn positions, denoted M(l).The site
contents determined are g iven in Table 3.The M( l )
and M(2) sites correspond, respectively, to Ca(l) and
Ca(2) of the pectolite structure (Prewitt, 1967). In
Table 3, the final atomic coordinates and isotropic
temperature factors are compared with those of pec-
tolite (Prewitt, 1967). The anisotropic thermal pa-
rameters are given in Table 4, and observed and
calculated structure factors in Table 5.1

I To obtain a copy of this table, order Document Am-76-019
from the Business Office, Mineralogical Society of America, 1909
K Street ,  N.W.,  Washington,  D.C. 20006. Please remit  $1.00 in
advance for the microfiche.

TlsLg l Microprobe analvses*

Number of atoms
calculated for 17
oxygen atoms';i'

Naro

MnO

CaO

Mgo

FeO

Kzo

A1203

Tio2

sio2

TotaI

8 . 6 3  w t .  %

3 ? . 3 3

2 . 6 2

0 . 1 3

0 . 1 3

0 . 0 1

4 9 . 8 8

98. ?3"""

1 .  9 9

3 .  7 6

0 .  3 3

0 .  0 2

0 . 0 1

0 .  0 0

5 . 9 4

TesLr 2. Comparison of cell dimensions between serandite and pectolite

Space group

serand i te  Z .  SAg( t )  i

pectolite 7. 988
(Prewi t t ,  1967)

6 . 8 8 9 ( 1 )  A  6 .  7 4 7 ( 1 )  A

? . 0 4 0  7 . 0 2 5

9 0 . 5 3 ( 5 )  9 4 . r 2 ( 2 )  r o 2 . 7 5 ( 2 \  P "
I

9 0 .  5 2  9 5 .  1 8  1 0 2 . 4 7  P ,
1

Numbers in parentheses represent studard errors.
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M ( 1 )  0 . 8 4  M n ,  0 . 1 6  C a  0  8 5 2 ? ( 1 )
1 . 0  C a  0  8 5 4 8

M ( 2 )  0 . 9 8  M n ,  0 . 0 2  C a  0  8 4 9 ? ( 1 )
1  0  C a  0 . 8 4 6 7

N a  0  5 5 ? 4 ( 2 )
0 . 5 5 2 4

s i ( 1 )  0 . 2 1 6 6 ( 1 )
0 . 2 1 8 5

s i ( 2 )  o  2 0 7 1 ( 1 )
0 . 2 1 5 0

s i ( 3 )  0 . 4 5 4 6 ( 1 )
0  4 5 0 5

o ( 1 )  0  6 6 4 3 ( 3 )
0 . 6 5 2 6

o ( 2 )  0 . 3 2 3 5 ( s )
0 . 3 3 0 0

o ( 3 )  o  1 8 o s ( 3 )
0  1 8 6 4

,o(4)  0  1599(3)
0 . 1 ? 8 3

o ( 5 )  o  0 6 1 1 ( 3 )
0 . 0 6 3 3

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

o ( ? )  0 . 4 0 7 7 ( 3 )
0  3 9 9 2

o ( 8 )  0 . 3 9 ? 4 ( 3 )
0  3 9 5 5

o ( e )  0 . 2 6 1 4 ( 3 )
0 2628

0  s 9 4 3 { 1 )  0 .  1 3 6 3 ( t )
0  5 9 3 6  0  1 4 4 9

0 . 0 8 4 0 ( 1 )  0 . 1 3 3 2 ( 1 )
0  0 8 3 9  0 .  1 4 0 5

0.254812)  0  35rB(2)
0  2 5 9 6  0  3 4 3 3

0  4 0 2 5 ( 1 )  0  3 4 1 4 ( 1 )
0  4 0 1 5  0  3 3 ? 4

0 . 9 5 2 ? ( 1 )  0  3 5 0 6 ( 1 )
0 .  9 5 4 4  0 . 3 4 4 0

0 .  ? 3 8 9 ( 1 )  0  1 4 2 9 ( 1 )
0 _  ? 3 5 3  0 . 1 4 4 7

0  ? 9 5 3 ( 4 )  0 .  1 1 4 6 ( 4 )
0 .  ?871 0 .  1280

0  ? 0 ? 9 ( 4 )  - 0 . 0 5 6 8 ( 3 )
0  7043 -0  0535

0 . 4 9 s 2 ( 3 )  0  5 5 3 4 ( 4 )
0 . 4 9 6 0  0  5 3 9 5

0 . 8 4 5 8 ( 3 )  0  5 5 6 8 ( 4 )
0 . 8 4 6 5  0 . 5 4 1 1

0  3 9 0 8 ( 4 )  0  1 6 8 3 ( 3 )
0  3 8 6 0  0  1 ? 3 3

0 . 8 9 3 0 ( 4 )  0 . 1 ? 2 ? ( 3 )
0  8 9 6 1  0  1 ? 6 8

o  5 3 3 1 ( 3 )  o  2 7 3 9 ( 4 )
0  5 3 4 9  0 . 2 7 2 0

0 9052(3)  0  2880(4)
0 . 9 0 9 2  0 . 2 7 4 6

0 .  1 8 9 9 ( 3 )  0 . 3 9 2 8 ( 3 )
0 .  1 9 0 8  0 . 3 8 5 1

TesLe 3. Atomic coordinate and isotropic temperature factors of
serandite and Dectolite

Atom Site content

dite. (There are several misprints in bond lengths
given in the Trojer's (1968) parawollastonite paper.)

D is t o rt ion of s ilicat e tet rahedra

Inspection of Tables 6a and 6b reveals that most
values, including those of the Si-O bonds of seran-
dite, are smaller than the corresponding values of
pectolite. To study the effect of substituting Mn for
Ca in the pectolite structure, we should first examine
the difference in cell dimensions between pectolite
and serandite (Table 2); the a and c lengths of seran-
dite are shorter, compared to those of pectolite, by
about 4 percent, whereas the b length is shorter only
by 2 percent. The smaller amount of shrinkage in b
may be explained in terms of the configuration of
SirO, chains characteristic of pectolite-serandite
series of structures. The sil icate chains of the wol-
lastonite type can be, in general, shortened or elon-
gated parallel to their length by rotating each tetrahe-
dron about its apical bond. However, in the
particular case of pectolite, O(3) and O(4) of the
sil icate chain are unlike those in wollastonite,
strongly bonded to Na, giving a very short O(3)-O(4)
distance of 2.482 A (Prewitt, 1967). That kind of
rotation of tetrahedra which would give rise to a
shortening of sil icate chains would require a further
decrease of this short O(3)-O(4) distance. Thus,
shrinkage of octahedral bands which are flanked by
silicate chains, appears to be hindered parallel to 6,
compared to other directions, by the configurational
characteristics of sil icate chains. Shrinkage of the
sil icate chains parallel to the b axis seems to be ac-
complished mainly by decreasing the Si-O bridge-

TleLr 4.  Anisotropic thermal  parameters of  serandi te (X104)

o  sq i2
0 . 4 1

0 . 4 5
0 . 3 9

1 .  1 8
1  1 6

0 3 4
o . 2 1

0  3 3
0 2 2

0 3 3
0 . 1 9

0 . 6 8
0  3 5

0 . 6 5
0  3 1

0  ? 9
0 3 4

0 ? 8
0 .  4 4

0  6 1
0 . 3 4

0 6 5
0  3 4

0  6 5
0 . 3 6

0 . 6 6
0 . 3 9

0 . 6 9
0 . 3 2

The values for serMdite are given in the f i rst  l ine of each pair ,  and those

for pectol i te (Prewit t ,  196?) in the second. Errors in atomic coordinates
of pectol i te are 0 0001 for Ca, 0.0002 for Na, and 0 0004 for O. The Brs
are equivalent isotropic values (Hamil ton, 1959).  Calculated standard
errors in si te content of serandite are 0 007.

Discussion of the structure

Figure I shows the serandite structure projected
onto (l0l ). Mn octahedra share edges to form bands,
two octahedra wide, parallel to the b axis. Each Na
atom has six near oxygen atoms, within a distance of
2.6 A, and two additional oxygen neighbours, at a
distance of approximately 3.0 A, that form a dis-
torted square antiprism which is similar to the poly-
hedron about Ca in the structure of johannsenite
(Freed and Peacor, 1967). The square antiprisms,
likewise, share edges to form chains along the D axis.
The polyhedra about Na and octahedra about Mn
share edges, thus florming continuous sheets of poly-
hedra parallel to ( 101 ). Adjoining sheets are l inked by
sil icate chains of the wollastonite type. Bond lengths
and angles are compared in Table 6a and Table 6b
with those of pectolite (Prewitt, 1967). All bond.
lengths, angles, and atomic distances of pectolite
and related structures to which reference is made
later in the present paper were recalculated, based on
atomic coordinates given by respective authors, using
the same computational procedure we used for seran-

Mn(1)
Mn(2)
Na

s i ( 1 )
s i ( 2 )
s i (3 )

o ( 1 )
o(2)
o ( 3 )
o ( 4 )
o(5)

o ( 6 )
o(?)
o ( 8 )
o(e)

The expression used for the anisotropic thermal parameters was

e x p  - ( o r r h 2  + 6 r r k z  + B r a 1 2  t  2 e t r h k  +  2 9 I 3 b 1  +  2 B 2 3 k r )

Atom ut lBtzs^^' 2 2B r t

3 1 (  1 )
3 0 ( 1 )
46(2)

2 7 ( r )
2 1 ( t )
2 0 ( 1 )

3  0 ( 4 )
34(4)
6 5 ( 4 )
6214)
3 3 ( 3 )

3  5 ( 4 )
3  5 ( 4 )
3 3 ( 3 )
4AI4)

3 4 ( 1 )
3 8  ( 1 )
e 6 ( 3 )

2 5 ( 2 1
2112)
34\2)

5 3 ( 5 )
53  (4 )
48  (4 )
4 3  ( 4 )
6 0 (  5 )

5 6 ( 5 )
4s l4 )
47(4)
33  (4 )

2 9 ( 1 )
3  0 ( 1 )
7 3 ( 3 )

2912)
2512)
25(2)

5 4 ( 5 )
40(5)
44(41
44\4\
29\4\

48(4)
51(41
54(5  )

? ( 1 )  5 ( 1 )  3 ( 1 )
r 1 ( 1 )  3 ( 1 )  - 1 ( 1 )
1 2 ( 2 \  i 1 ( 2 )  - 2 ( 2 \

8 ( 1 )  - 2 ( 1 )  - 2 ( r ' , t
e ( 1 )  1 ( 1 )  - 2 ( 1 )
6 ( 1 )  2 ( 1 )  1 ( 1 )

8 ( 3 )  1 5 ( 3 )  5 ( 4 )
6 ( 3 )  - 2 ( 3 )  - 2 ( 4 )

3 o ( 3 )  1 o ( 3 )  - 3 ( 4 )
1 3 ( 3 )  1 5 ( 3 )  3 ( 3 )

7 ( 3 )  - 2 ( 3 )  3 ( 3 )

i 5 ( 3 )  - 4 ( 3 )  - 7 ( 4 \
1 0 ( 3 )  0 ( 3 )  2 1 ( s )
1 6 ( 3 )  1 ( 3 )  -  1 ? ( 4 )
1 0 ( 3 )  3 ( 3 )  4 ( 3 )
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bond lengths (Table 6a). The sum of the lengths of
the bridge bonds, Si(l)-O(9), Si(2)-O(9), Si(3)-O(8),
and Si(3)-O(7), which are parallel to or have large
components parallel to b, is 6.536 A; the correspond-
ing sum for the pectolite structure is 6.620 A. ttre
difference of 0.084 A is to be compared with a diffe-
rence of 0. I 5 I A in the b length between pectolite and
serandite. It is notable that the O(7)-O(8) edge of the
Si(3) tetrahedron in the serandite structure is shorter
than the corresponding edge in the pectolite structure
by 0.06 A. Since this edge is parallel to the 6 axis, this
difference also contributes to the difference in the D
length. In summary, the principal factor responsible
for the shrinkage of sil icate chains, upon substitution
of Mn for Ca in the pectolite structure to give seran-
dite, is the distortion of individual tetrahedra rather
than a change in configuration of sil icate chains.

ln contrast to the bridge bonds, Si-O nonbridge
bonds of serandite have lengths similar to those of
pectolite (Table 7). The distortions of tetrahedra of
the two structures are compared in Figure 2, in which
each O-O edge of tetrahedra is plotted against the
negative of the cosine of the O-Si-O angle subtended
by the pair of oxygen atoms. The variation of entries
in this diagram can be approximated, for constant
bond lengths and small ranges of angles, by a straight

TAKEUCHI, KUDOH AND YAMANAKA

t [ ior ]  -4
F Ic .  l . Thes t ruc tu reo f  se rand i t ep ro j ec tedon to ( l 0 l ) .Symmet r ycen te r sa re i nd i ca tedbyc rosses .The

atoms O4B, O6e, and Si2s are respectively related, by translation ,, to the atoms 04, 06, and Si2 (Table
3):  the lat ter  two are not  shown.

b

+

l ine with a slope of 1.0. In the diagram we find that
the sets of entries for serandite and pectolite respec-
tively define lines having slopes of around 0.80 and
0.55. The difference in slope is mainly due to the
difference in the bridge-bond lengths of these mineral
species.

The shrinkage of bond lengths evidently originated
with the substitution of Mn for Ca. Therefore, it
seems that the difference in ionic radii, in chemistry
of the atoms, e.g. electronegativity, or perhaps both
are responsible for the shrinkage. Since Si-O(br)
bridge bonds in general tend to be longer than
Si-O(nbr) nonbridge bonds, the fact that the bridge
bonds shrink upon substitution of Mn for Ca, and
nonbridge bonds are nearly invariant implies a de-
creasing in the difference between Si-O(br) and
Si-O(nbr) lengths. Since Mn is more electronegative
than Ca, this situation is consistent with the finding
(Brown and Gibbs, 1970) that the difference between
Si-O(br) and Si-O(nbr) lengths decreases with in-
creasing electronegativity of cations coordinated to
the oxygen atoms. It does not explain the decreasing
of Si-O(br) lengths. If angles at O(br)'s increased, the
variation of Si-O(br) could be explained by d-ptr
bonding theory (Cruickshank, 196l). On the contrary,
the angles at O(br) decrease.
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TlsLr 6e.  Compar ison of  bond lengths and angles of  serandi te
and oectolite

Central atom
. . .  D e c t o l i t eseranol le 

lerewlt t ,  t  sozl
Bond length Angle Bond Iength Angle

Test-s 6e.  Compar ison of  bond lengths of  serandi te and pectol i te

Central atom serandite pectolite *

M ( 1 ) 2 . 2 r 2  A
2 . 2 6 5
2 . 2 0 6
2 . 3 5 0
2 . 2 0 2
2 . 2 8 2
t  t q a

2 .  L73
2 . 7 9 2
t  1 6 2

2 . 3 6 1
2 . 2 4 r
2.  257
2 . 2 3 0

2 .  384
2 . 4 6 7
2 . 4 8 7
2 . 8 7 2
2 . 7 1 0
2. 468
2. 257
2 . 4 8 5

M ( 2 )

Calcu la ted  s tandard  er ro rs  a re  0 .003 i .
A , B', i , I are code indicators showing coordinates of
atoms equivalent by space group operation to the atoms at
xyz. Corresponding operations are :
A translation a
B' translation -b

i  i n v e r s i o n  a t  7 1 2 ,  7 1 2 ,  O
I  i n v e r s i o n  a t  1 1 2 ,  I l 2 ,  1 l Z .
Two code indicators in sequence imply an atom related to
the one at xyz by successive application of the two symbol.
i zed  opera t ions .
, r  P r e w i t t  ( 1 9 6 7 ) .

l i te. Since the peak is broad and not significantly
above the background, the hydrogen location is not
accurately known.

If we locate the hydrogen atom at position P, a
very distorted tetrahedron is constructed of the hy-
drogen, Mn, Na, and Si around each of O(3) and

O(4). The Na-O(3)-H and Na-O(4)-H angles are,

for example, only 71o and 68o, respectively. It is to be
noted that the Na atom is shared by the two tetra-
hedra (Fig. 3a), the distance between Na and H being

Tnslr 7. Mean Si-O lengths of serandite and

Pectolite

serandi.te pectolite*

s i ( 2 )

o(3)
o ( 5 )
o ( ? )
o(s)
Average

o(3  )

o (5  )

o t7 )
Average

o ( 4 )
o ( 6 )
o ( 8 )
o(9)  B
Average

t . 6 2 ?  A
1 . 5 9 8
| 642
1 .  6 1 1
t.  620

1 6 2 7 4
1 .  6 0 0
1 , 6 4 9
1 . 6 2 9
1 .  6 2 6

o ( 1 )
o ( 2 )  i
o ( 3 )  r
o (5)  A
o(5)  i
0 ( 6 )  A
Average

o(1)  B '
o (2)  i
o (4 )  r
o (5)  A
0(6)  1
0(6)  A  B '
Average

o ( 2 )  i
o ( 3 )  r
o (4)  r
o ( 7 )
o ( 7 )  r
o (8)  I
o(8) B'
o ( e )
Average

2 . 3 2 3  A
2 . 3 3 6
2 . 3 4 3
2 . 4 3 8
2 . 3 8 2
2 . 3 8 5
2 . 3 6 8

2 . 3 L 3
z . J t o

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

2 . 3 6 0

2 . 3 7 2
2 .  477
2. 497
2 . 5 3 7
3 . 0 0 7
t  o a  a

2 . 5 3 4
2 . 3 0 5
2 .  580

o(4)  0 (6)
o(B)
o(9)  B

0(6)  o (8)
o(9)  B

o(8)  o (9)  B
Average

o ( 1 )
o ( 2 )
o(7)
o(8)
Average

o ( 1 )  o ( 2 )
o ( ? )
o(8)

o ( 2 )  o ( ? )
o{8)

o ( ? )  o ( 8 )
Average

s i (1 )  s i (2 )

s i ( 1 )  s i ( 3 )

s i (2 )  s i (3 )

2  7 2 8  1 1 5 . 6 '  2  ? 1 3
2 . 6 3 5  r O 7 4  2 6 2 3
2  5 7 t  1 0 5 .  1  2 . 6 0 9
2  6 7 0  r 1 1 . 0  2 . 6 8 6
2 . 6 8 6  1 1 3 . 6  2 . 6 8 3
2 . 5 4 8  1 0 3 .  I  2 . 5 9 6
2 . 6 4 0  2 .  6 5 2

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

2  ' , 7 0 6  \ 1 4 , ' , l  2 . 6 9 9
2 . 6 3 5  1 0 8 1  2 6 4 2
2 , 6 t O  1 0 8 3  2 6 4 1
2 , 6 8 6  1 1 1 . 2  2 . 6 8 1
2 . 6 6 6  r 1 1 . 7  2 . 6 1 r
2  s 3 5  r 0 2 . 0  2  5 8 5
2 , 6 4 0  2 . 6 5 5

1  5 9 ?
1  6 0 ?
r .  6 6 1
1 . 6 5 1
l .  6 2 9

2 .  7 2 1
2 . 6 5 8
2 . 6 1 5
2 . 6 5 8
2. 639
2 . 5 8 3
2 . 6 5 6

1 . 5 9 2
1 . 6 0 5
1 .  6 7 3
1 . 6 ? 6
1 . 6 3 ?

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

2 , 6 5 2

146. 2

1 3 1 .  r

I J D .  C

o(5)
o { ? )
o(9)
o(?)
o(9)
o(s)

1 1 4 . 5
1 0 6 . 4
1 0 6 . 6
1 1 1  6
1 1 2  4
1 0 4 , 8

t 1 4  2
1 0 8 . 3
1 0 9 , 2
1 1 0 .  8
1 1 0 . 5
1 0 3 . 3

Na

o(s)
o ( ? )

o(8)

1 1 6  0
r 0 9 .  ?
r 0 9 . 8
1 0 8 . 4
1 0 8 .  2
t04 2

14'7 8

1 3 5  0

1 3 6 . 4

Calculated standard error€ are O. Ool i ,  to.  Si  -  O, and O. OO+ i ,  tor O -
O, and 0.2- for bond angles.
B is a code indicator showing coordinates of atohs equivalent by b

trdslation to the atohs at xyz given in Tab]e 3.

Hydrogen bondtng

The separation between O(3) and O(4) is only
2.453(4) A, which is even shorter than the corre-
sponding distance of 2.482 A in pectolite (Prewitt,
1967). The valence sums at O(3) and O(4), which
were estimated following the procedure of Donnay
and Al lmann (1970),  are 1.50 (u.2.)  and 1.55 (u.u.) ,
respectively. It thus appears that hydrogen bonding
between O(3) and O(4) would occur, as suggested by
Buerger ( 1956) and Prewitt (1967). In the final differ-
ence Fourier map, an ill-defined residual peak oc-
curs in a region between O(3) and O(4), with its
center approximately at x : 0.14, y = 0.66, z : 0.55.
The position, which will be denoted P, is at a distance
of 1.25 A from both O(3) and O(4). The two lines
O(3)-P and O(4)-P subtend an angle of l600 at P
(Tak6uchi and Kudoh, 1972), the result being nearly
the same as that reported by Prewitt (1967) for pecto-

Nonbridge bond
Bridge bond
Angle at O(br)

l .  o u  r  A

I .  O J d

1 .  6 0 6  A
r .  b c +
1 3 9 .  ? '

*  P rew i t t  ( 1967 ) .
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2 . 8 0 from O(4). It is thus possible to postulate an alternate
model of hydrogen bonding with | /2 hydrogen atoms
attached to O(4) and O(3), each O-H dipole directed
to O(3)' (Fig. 3b). In this case, there would probably
be formed a weak hydrogen-bond between O(3) and
O(3)'. In this model, however, the hydrogen atoms
are slightly closer to Si atoms than in the first model.
The above argument seems to indicate that the for-
mation of nearly symmetrical hydrogen bonding be-
tween O(3) and O(4) is more l ikely.

The infrared spectra of serandite, l ike those of
pectolite (Ryall and Threadgold, 1966), show a
strong absorption band at 1350 cm-1 which accord-
ing to Ryall and Threadgold (1966) is due to O-H
bending mode. In addition to this band, our spectra
show a significant band at 3420 cm-'. Since the ab-
sorption bands at this frequency may be assigned to
the O-H stretching mode characteristic of weak hy-
drogen-bonded systems, the result is in confl ict with
the above conclusion drawn from structural consid-
erations. To fully establish the existence of the nearly
symmetrical hydrogen bonding, more detailed in-
frared study using single crystals is desirable.

Pseudosymmet ry and polytypism

The structure of serandite has, l ike that of pecto-

lite, a marked P2r/m pseudosymmetry, with b as

unique axis; the maximum deviation from that sym-
metry is 0. l6 A in atomic coordinates and averages
0.08 A. It is then possible, in general, to derive, as in

the case of wollastonite (Tak6uchi, 1972b), various
polytypic variants from the serand.ite structure by

2 . 7  0

o-o
r i l

2.60

2.50

0 2 0.3 0.1 0.s

-  cos  (O-S | -O)

Frc. 2. Variations of O-O edge lengths with the negative of the

cosine of O-Si-O angles. The minus cosine value for the tetrahe-
dral angle is indicated by an arrow. The straight line represents the
var iat ions for  the case of  constant  Si-O length 1.623 A which

corresponds to the average Si-O length in serandite.

only 2.30 A. tnis situation arises from the fact that
the l ine segment O(3)-O(4) is one of the edges of the
polyhedron about Na, and that the hydrogen atom is
nearly on this l ine.

Because of such a novel feature of the hydrogen
bonding, a search was made for other anion neigh-
bours of O(3) and O(4). We found that O(3) has, at a
distance 2.835(4) A, another near oxygen neighbour,
O(3)', which is related to O(3) by an inversion oper-
at ion.  The oxygen O(3) '  is  at  a d is tance of  3.1a7(a)  A

a

Frc.  3.  (a)  Neighbors of  O(3) and O(4).  The posi t ion P,  and the center  of  symmetry i  between O(3) '  and O(3) are indicated.  Some

important  angles that  are not  shown in the diagram are:  Si(2)-O(4)-P = 115.7",  S(2)-O(4)-O(3) '  :  104.9",  Si( l ) -P = 118",

S(1)-O(3)-O(3)' = 95.6". (b) Stereographic drawing a pair of silicate chains related to each other by inversion operation. Solid circles

indicate hydrogen locations corresponding to P, and half-filled circles are those of an alternate model discussed in the text. The computer
program ORTEP (Johnson, 1965) was used to provide this figure

( b )(0 )

:e,
R.s

\5

a.A
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m

(o ) (b )
Ftc. 4. Links of regular tetrahedra showing an idealized Si.O,

chain (a). Characteristic distances between apical oxygens are
s h o w n .  F o r  S i - O  :  t . 6 l  A ,  L ,  :  2 9 6  A ,  L " :  4 . 1 8 A , 1 ,  =  3 . 0 6 A .
The chain has mirror planes as indicated. Rotations of tetrahedra
l ,  2,  and I  I  in  the di rect ions indicated give r ise to a conf isurat ion
shown in (b) .

generating periodic displacements, by b/2, of sil icate
chains (and chains of Na polyhedra), octahedral
bands being left unshifted. The displacementby b/2
of sil icate chains is peJmissible primarily because of
the strong pseudotranslation, b/2, of octahedral
bands. However if Ca and Mn are ordered, as in the
present structure, the pseudotranslation of the oc-
tahedral bands is in fact removed. Therefore, poly-
typism of the serandite-pectolite series would not
occur in the intermediate phases in which the order-
ing of octahedral cations is expected, but would be
limited only to pure end members. As a matter of
fact, Mii l ler (personal communication) has found,
based on an electron microscopic study, a monoclinic
variant of a pectolite end member but no variant in
the serandite crystals which we used for the present
study.

The variation in configuration of SiaO, chains

Our structural analysis of serandite has brought
out evidence that Ca is preferably located in the M( I )
position. To interpret this mode of cation order in
comparison with that in bustamite (Peacor and Buer-
ger, 1962), we found it desirable to study the general
relations between the configuration of octahedral
bands and those of adjacent sil icate chains. In the
structures under consideration, the apical oxygens of
each adjacent pair of tetrahedra in a given Si3O, chain
are attached to the same octahedron; the distance

between the oxygen atoms define an edge length of
the octahedron. Consequently, the Si-O-Si bridge
angle varies, in general, depending upon the edge
fength, i.e. the size of the octahedral cations.

The general configuration of the SisO, chains may
be examined starting with an idealized chain (Fig. 4),
which is similar to that in serandite (and pectolite).
As can be observed in this figure, the relative lengths
of the octahedral edges are: L, ) L, ) 2,. If the
tetrahedra are buckled, as occurs in serandite and
pectolite, Z, is lengthened, while I, shortened. If
tetrahedra I and 2 are ti l ted by 15o, Z, becomes
longer than L2. On the other hand, if tetrahedra I and
2 are rotated by 10" in the directions shown in
Figure 4a, we obtain a configuration (Fig. 4b) similar
to that of wollastonite chains. Since a rotation of that
amount does not change the lengths L, and Z, signifi-
cantly, the above argument suggests that L, wil l re-
main the shortest edge. The lengths of octahedral
edges formed by sil icate-chain apical oxygens, to-
gether with Si-O bond lengths and angles at O(br),
are given in Tables 8 and 9 for each of the wollasto-
nite group minerals. Note that the variations in edge
lengths are in agreement with the above results based
on geometrical considerations.

Ordering of cations

The preference of Ca for the M(l) site in serandite
(Fig. 5a) can now be explained bearing the above
arguments in mind. Since the edge, O(5)-0(6), which
belongs to the M(l) octahedron, tends to be longer,
as argued above, the M(l) octahedron is better able to
accommodate larger cations, with a minimum of dis-
tortion of the attached sil icate chain. It is thus ex-
pected that in the pectolite-serandite series, the larger
Ca wil l concentrate, as found in the present structure,
at the M(l) site, while Mn wil l prefer the M(2) site.

Tnnrr 8. Characteristic d'"^,:ffi*i;""n apical oxygens of siticate

Character ist ic drstances

L 3  L 1  L 2

( L 3  - L 1 ) / L 3

tl
L 2

"l,+
I

s e r a n d i t e  3 . 4 1 3  A
p e c t o l i t e  ( 1 )  3 . 4 4 4

w o l l a s t o n i t e  ( 2 )  3 . 8 4 7
p a r a w o l l a s t o n i t e  ( 3 )  3 . 8 3 6

b u s t a m i t e  ( 4 )  3 . 8 6 2
w o r o F s 5 6 t '  ( 5 )  3 . 8 5 2

3 .  1 3 6  A  3 . 4 7 7  A  8 . r  T o
3 . 2 9 1  3 . 5 9 ?  4 . 4

3 . 4 0 8  3  4 1 3  l L  4
3 . 4 0 2  3 . 4 8 4  1 1 . 3

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

(1)  Prewi t t  (1967) ,  (2 )  Prewl t t  and Buerger  (1963) ,  (3 )  Tro je r  (1968) ,
(4 )  Peacor  and Buerger  (1962) ,  (5 )  Rapopor t  and Burnham (19?3)
ir Wo=wollastonite component, Fs=ferrosil i te component.
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T,cet-s 9. Angles at O(br) and mean bridge-bond lengths the chain. On the opposite face of this octahedron,
only the edge O(3)-O(4) is formed by the apical
oxygens of another silicate chain. ln the wollastonite
structure the tetrahedral chains are considerably
tilted, and as a result the upper face of octahedron I
is contracted while the opposite face is widened; the
three O-O edges of the upper face have a mean value
of 3.429 A, while those of the opposite face average
3.796 A.

If the silicate chain connected to the lower side of
octahedron A were displaced by b/2, both sides of
the octahedron would have all three corners formed
by apical oxygens of tetrahedral chains. As a result,
the octahedron would have both faces compressed,
a condition which is more favorable for accommo-
dation of cations smaller than Ca. This configura-
tion occurs in the structure of bustamite (Peacor and
Buerger, 1962) (Fig. 5c); the octahedron correspond-
ing to A is fully occupied by Mn (the octahedral site
was denoted as M(3) by Rapoport and Burnham
(1973), and as Mn, by Peacor and Buerger (1962)).

The Mn cations in the bustamite structure are lo-
cated in both the M(3) and rhe M(l) sites (Fig. 5c).
Since the size of the M(l) octahedron may be ad-
justed to accommodate Ca by slight distortions of
silicate chains and possibly of tetrahedra, it appears

T ,  - O - T r " T 2 - O - T 3  a n d  T 3 - O - T 1 ,

Angle Bond length Angle{ '*  Bond length 
t t '

6erandlte
pectol i te (1)

wol lastonite (2)
parawol lastonite (3)

bustamite (4)

w o b O F s b 0  ( 5 )

Average

146
1 4 8

1 4 9
1 4 9

1 6 1
1 6 3

r 5 3

r . 6 1 2  A
1 .  6 3 6

r 642
1 . 6 3 6

1 .  6 1 5
1 .  6 1 4

1  6 2 6

1 . 6 5 1  A
1 .  6 6 6

1 . 6 6 6

1 .  6 5 9
1 .  6 4 7

1 . 6 5 ?

1 3 6

1 4 0
1 4 0

1 3 6

+ See Fig. 4 for ident i f icat ion of angles and bond lengths.
{ , +  A v e r a g e  o f  t w o .  ( 1 )  P r e w i t t  ( 1 9 6 ? ) ,  ( 2 )  P r e w i t t  a n d  B u e r g e r  ( 1 9 6 3 ) ,
( 3 )  T r o j e r  ( 1 9 6 8 ) ,  ( 4 )  P e a c o r  a n d  B u e r g e r  ( 1 9 6 2 ) ,  ( 5 )  R a p o p o r t  a n d
Burnham ( 1973).

It appears that the above scheme of cation order-
ing is not only applicable to the pectolite-serandite
series but to pyroxenoid structures in general. In
the st ructure of  the.L i  end-member of  nambul i te ,
LiM ns..rM go.a4siuoln(OH ), (M urakami et al., in prep-
aration), smaller Mg atoms preferably substitute for
Mn atoms in octahedra corresponding to M(2) of
Figure 5a.

In the wollastonite structure (Prewitt and Buerger,
1963), the sil icate chain occurs above the face of an
octahedron (octahedron z{ of Fig. 5b). All three cor-
ners of this face are formed by the apical oxygens of

t 1 0 1 1
t h \
\ v ,

[ zor ]  (c )

Frc. 5. Relations between cation ordering in octahedral bands and locations of SLO" chains attached to the bands. (a) Serandite.

The octahedra fully occupied by Mn are shaded. A set of centers of symmetry located on octahedral edges are indicated by small circles.

(b\ llollaslonite. A set of centers of symmetry on octahedral edges are indicated by small circles. (c) Bustamite. The octahedra containing

Mn are shaded, others are occupied by Ca. A set of centers of symmetry in octahedra are indicated by small circles. In each figure,

only part  of  the upper octahedral  bands is  shown.

Iio r] (o)
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that the bustamite type structure may occur for the HrurrroN, w. C. (1959) On the isotropic temperature factor
compositionS from CarMnr(Si.Or), to CauMn(Sisor)r. equivalent to a given anisotropic temperature factot. Acta Crys-

For the latter composition Mn cations occur only in ..:"j l fa 
12' 609-610'

the Mn(3) site, wit^h other octaheo.u o."upi"Juy cu "'"li'"T;,,,t, I;;,?,,i"tii'l]ii;1),?"?,,y?i1Jj3:?.11:
cations. Bustamite crystals whose Mn content is only inuestigation and the x-ray detection of centres of ,ymm"t.y.
slightfy higher than that of the above Mn-poor com- Acta Crystallogr.3,210-214.
position have been reported (Mason, 1975). Like- JouNsox,C.K.(1965)OnrEP:FoRrRANthermalell ipsoidplotpro-
wise, an occurrence has been reported of iron ana- c-t",T f:l-:1""1 structure illustrations' Report oRNL-3794'oak

togs, wo,,Fs,, (Rapoport and Burnham, rqiill"d ,lJ:::i'"1',"rii!tJffijlii;,3li,}i,ttlilfii;,,.",," and bus-
WorrFsr" (Matsueda, 1973; Shimazaki and Yam- rLmirc.Am. Mineral.60,2og-212.
anaka, 1973). Structure analysis of WorrFsr, (Rapo- Mersuror, H. (1973) Iron-wollastonite from Sampo mine show-
port and Burnham, 1973) revealed that Fe cations ing properties distinct from those of wollastonite. Mineral. J.

concentrated over the M(3) and M(4) sites. In addi- ^(JaPan)J,180-2ot'
tion, the structure of wo,,Fs,, determined uy on" or t'l"i""l;?;,:i,ili,,Y"1;,i1il:"':rt3,11'.?::'[Tffr'$:21
the present authors (T.Y.) has revealed that Fe ca- xrirtattog, l l7,3j5-343.
tions are perfectly ordered atthe M(3) site, support rNo C. T. Pnewrrr (1963) Comparison of the crystal
ing our scheme of cation distribution. t,#:il"t of wollastonite and bustamite. Am. Mineral. 48,

Pnrwrrr, C T. (1967) Refinement of the structure of pectolite,
Acknowledgments Ca,NaHSisO,. Z. Kristallogr. 125,298-316.

we wish to thank proressor rakeo watanabe ror kindry pracing ;;,il:#;.jr"?,X'"liltijtJ"'.1Lr?: ;i;::i ;:r'y*:l;:2'
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agement, and Dr. Wolfgang F. Miiller, Universitiit Frankfurt am -, AND D. R., pelcon (1964) Crystal chemistry of the pyro-
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