
L E O P O L D  W O L F  U N D  H A R T M U T  B N R N I G H A U S E N  785 

Fig. 7, eine grunds~tzlich andere riiumliche Anordnung  
der Chelatringe. 
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The crystal structure of foshagite (Ca4(SiaOg)(OH)2) has been determined from X-ray fibre rotation 
photographs. I t  is built from Ca +2 and OH-  ions, together with infinite (SiO~-2)~ chains similar to 
those in fl-CaSiO 8, to which mineral foshagite is closely related structurally. The present results 
do not support the alternative structure for foshagite, suggested by Mamedov & Belov. Foshagite 
crystals show partial stacking disorder, and the factors governing the relative stabilities of different 
stacking arrangements are discussed; the related problem in fl-CaSiO a is also considered. The 
mechanism of the dehydration process at  700 °C. is discussed. 

Foshagi te  is a fibrous calcium silicate mineral  dis- 
covered a t  Crestmore, California, by  Eakle  (1925). 
In  an earlier paper  (Gard & Taylor,  1958), we have  
shown tha t  its composition is Ca4SisOg(OH)2 and tha t  
it  has an A-centred monoclinic unit  cell with para-  
meters  

a=10 .32 ,  b=7 .36 ,  c=14 .07  •, f l=106.4  °, Z = 4 .  

Elongat ion b. Principal  cleavage (001). 

The dehydra t ion  process on heat ing in air a t  700 °C. 
was also studied;  oriented t ransformat ion  occurs giving 
fl-CaSiOa and fl-Ca2Si04. F rom the relationship of 
orientations,  and other  evidence, it was concluded 
t h a t  the  calcium positions in foshagite were similar 
to those in /~-CaSi03 and also t h a t  wollastonite-like 
chains occurred, thus  giving the consti tut ional  formula  
s ta ted  above. On this basis a tr ial  s t ructure  was 
proposed (Taylor, 1958; Gard,  Taylor  & Staples, 1958; 
Gard  & Taylor,  1959), and prel iminary calculations 
suggested t h a t  this was essentially correct. The axes 
previously reported were confirmed, bu t  the s t ructure  

was shown to be only geometrically monoclinic. I t  
was concluded t h a t  the  t rue  space group was P i .  

Foshagite  shows par t ia l  s tacking disorder and pro- 
vides an example of an 0 - D  s t ructure  (Dornberger- 
Schiff, 1956). The uni t  cell g iven ' above  relates to a 
par t icular  s tacking modificat ion;  subsequent  work, 
described in this paper,  shows tha t  a t  least  one other  
such modification predominates  in some synthet ic  
crystals.  I t  will therefore be found convenient in 
future  to refer indices and atomic coordinates to a 
geometrically monoclinic s t ructura l  element with 

a=10 .32 ,  b=7 .36 ,  c = 7 . 0 4 / ~ ,  f l=106.4  °, Z = 2 .  

Inf ra- red  absorpt ion studies have been made  by  
Tar te  (1959). The results confirmed t h a t  the  wate r  
occurred as hydroxyl  coordinated to calcium and not  
to silicon. The spect rum as a whole showed similarities 
to those of both a- and fl-CaSi08. Material  which had 
been heated  a t  800 °C. was also s tudied;  a composite 
pa t t e rn  of fl-CaSi03 and  fl-Ca2Si04 was obtained.  
This confirms the  X - r a y  results. 
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The tr ial  structure has now been refined in so far 
as the exper imental  da ta  permit ,  and  the present 
paper  deals with the results of this work. I t  includes 
also discussion of an al ternat ive structure proposed 
by  Mamedov & Belov (1958), and further  discussion 
of the mechanism of the dehydra t ion  process. 

Material  and exper imenta l  data 

Foshagite  has so far been found to occur only at the 
original locality, as fibrous aggregates with random 
orientat ion of the crystall i tes around b. Only fibre 
rotat ion photographs have therefore been obtained. 
Foshagite  is easily synthesized, but  the very  small  
crystals  so obtainable  are even less suitable for precise 
X- ray  work. 

X-ray  fibre rotat ion photographs were obtained 
using 6 cm. and  11.46 cm. diameter  cameras with 
filtered copper radiation. Intensi t ies  of the hO1 and h21 
reflections were es t imated visual ly by comparison 
with cal ibrated in tens i ty  strips; the hO1 intensit ies 
were also measured using a microdensitometer,  which 
gave closely similar results. Lorentz, polarization, and 
Cox & Shaw factors were applied in the usual way. 
In  the case of the hO1 reflections, a correction was also 
made for the streaking along lines of constant  0 caused 
by lack of parallelism of the crystallites. The layer lines 
with ]c odd were weak and continuously streaked along 
the layer  lines; no a t t empt  was made to measure 
intensit ies of these reflections, but  their  geometry has 
been determined using electron diffraction (Gard & 
Taylor,  1958). 

Even  when the 11.46 cm. diameter  camera was used, 
a number  of reflections were mult iple  and could not 
be resolved. In  each case, in est imating observed 
structure ampli tudes  for use in the Fourier  syntheses, 
the observed intensi ty  (after correction for geometrical 
factors) was divided up in the ratio of the squares of 
the calculated structure amplitudes.  This ratio was 
varied as ref inement  advanced.  Because of difficulties 
arising from this source, coupled with uncertaint ies in 
indexing, reflections with ~-values above 0.9 were of 
l i t t le use in the structure determination.  

A pre l iminary  electron-diffraction s tudy has been 
made  of several crystals from a synthet ic  preparat ion 
of foshagite; the results are described later. 

Consideration of M a m e d o v  & Belov's  structure 

Before ref inement  could be a t tempted  it was neces- 
sary  to decide whether  the provisional structure 
a l ready proposed by ourselves or tha t  suggested 
by  Mamedov & Belov (1958) was more nearly cor- 
rect. They suggested tha t  the consti tutional formula 
was Cas(Si6017)(OH)6, implying the presence of double 
chains similar to those found in xonotlite 
(Ca6(Si6017)(OH)2; Mamedov & Belov, 1955, 1956a). 
This  structure corresponds to the composition 
4 CaO.3 Si02.1½ H~O, but  no evidence in support  of 

the higher water content was given. I t  was proposed 
on general crystal-chemical grounds together with a 
reinterpretat ion of the dehydrat ion results of Gard & 
Taylor (1958). No evidence from X-ray  intensit ies was 
cited. 

Fig. 1. (010) projection of a structure for foshagite proposed 
by Mamedov & Belov (1958). The coordination of the 
calcium ions is as stated in their paper. Broken circles show 
revised positions for the Call ions to give more plausible 
Ca-O distances. R for the first 36 hOl reflections was 0.49 
before revision and 0-62 after. O calcium ions at y=  ~, ~. 
@ calcium ions at y = ~, ~. • oxygen atoms bonded directly 
to Si. o hydroxyl ions. • Si atoms. 

Coordinates for Mamedov & Belov's structure were 
obtained by measurement  of Fig. 1 of their  paper,  
which is essentially the same as Fig. 1 of this paper. 
Structure factors were calculated for the 36 hO1 reflec- 
tions of lowest 0 values for each of the a l ternat ive  
structures. For Gard & Taylor 's  trial  structure, the 
rel iabi l i ty  factor R=.rlIrc I -  IFo]l/•lrol was 0-26, 
while for Mamedov & Belov's it was 0.49. Comparisons 
for individual  reflections (Fig. 2) also support  Gard 
& Taylor 's  structure. Fig. 1 represents an admi t t ed ly  
idealized structure, and some of the in tera tomic dis- 
tances appeared improbable.  To give more normal  
bond lengths and possibly better  agreement,  one pair  
of calcium atoms was moved as shown in Fig. 1 and 
structure factors again calculated. Agreement with the 
observed values was, however, even worse than  before; 
R rose to 0.62 (Fig. 2(e)). The Ca-O bonds shown in 
Fig. 1 were deduced from the octahedra in Fig. 3 of 
Mamedov & Belov's paper;  the coordinations of 
individual  calcium atoms do not obey Paul ing 's  elec- 
trostatic valency rule. 

Fur ther  criticisms m a y  be made of Mamedov & 
Belov's structure. I t  implies a higher water content 
than does that of Gard & Taylor, and this cannot be 
reconciled with the observed thermal  weight-loss curve 
(Gard & Taylor, 1958). This curve showed two steps 
which could be quant i ta t ive ly  explained in terms of 
thaumas i te  (known to be present as an impur i ty)  
and foshagite, provided tha t  the lat ter  is assumed to 
have the composition 4 CaO.3 SiO~.H20. The steps 
cannot possibly be explained quant i ta t ive ly  in terms 
of a composition 4 CaO. 3 SiO~.. 1½ H20, whatever  pro- 
portion of thaumasi te  is assumed to be present. 

In  principle, it  might  be possible to dist inguish be- 
tween the two formulae by  measurement  of the density,  
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b u t  t he  difference be tween  the  va lues  ca lcu la ted  for 
t he  two s t ruc tu res  is on ly  0.06. I n  v iew of t he  con- 
t a m i n a t i o n  of t he  m a t e r i a l  b y  t h a u m a s i t e ,  which  is 
of v e r y  low d e n s i t y  (1.88 g.cm.-S), th i s  does no t  seem 
a rel iable  m e t h o d  for t e s t ing  the  two hypotheses .  

1 7'5 i i ' I ' I ~ ~ ' ' I ' ' ' ' I ' 
10 " 5 4 3 2"5 2"0 1"5 
d~o~ (A) /i • - / \  

• - 4 ~  . - .  \ 11 I " 
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~ _ . ~ . , /  \ /  .- V- ' , , , ,~. ,- .V' . - . /  ' - i ' v  ... .... 
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Fig. 2. Comparison of observed structure factors 1Fol with 
those calculated for the two structures proposed for fos- 
hagite. (a) Ilxcl for hO1 reflections of the trial structure of 
Gard & Taylor (1959), and (b) the same after refinement. 
(c) (broken lines) I$'ol for the hOl reflections. (d) and (e) 
IFcl for hOl reflections of the trial structure of Mamedov 
& Belov (1958), before and after revision of Call positions 
respectively. (f) IFcl for h21 reflections of the refined struc- 
ture of Gard & Taylor. (g) (broken lines) IFol for the h21 
reflections. Reflections, some of which are multiple, are in 
the same order as in Table 2. 

M a m e d o v  & Belov  considered t h a t  t he i r  p roposed  
s t ruc tu re  exp la ined  t h e  observed  b e h a v i o u r  on de- 
h y d r a t i o n  more  s i m p l y  t h a n  did t h a t  of Gard  & 
Taylor .  This  is d iscussed la ter .  I n  t he  m e a n t i m e ,  t he  
ev idence  aga ins t  t he i r  s t ruc tu re  appears  to  be s t rong,  
a n d  Gard  & Tay lo r ' s  t r i a l  s t r u c t u r e  was  therefore  
used as ~ basis for re f inement .  

D e t e r m i n a t i o n  of  t h e  s t r u c t u r e  

The t r i a l  s t r u c t u r e  has  a l r e a d y  been  descr ibed (Gard & 
Taylor ,  1959) a n d  differs on ly  in de ta i l  f rom the  re f ined  
s t ruc tu re  shown in Figs.  3 a n d  4(c) ; t he  mos t  i m p o r t a n t  
sh i f t  t h a t  occurred  on r e f i n e m e n t  was one of Cal l  
b y  a b o u t  0.2 /~. A h igh  degree of r e f i n e m e n t  could 
no t  be expected ,  in  v iew of the  l imi ted  n u m b e r  a n d  
precis ion of t he  observed  s t ruc tu re  ampl i tudes ,  a n d  
the  fac t  t h a t  r e f i n e m e n t  was possible on ly  for t he  hOl 
projec t ion .  As a f i rs t  a p p r o x i m a t i o n  i t  was a s sumed  
t h a t  a cent re  of s y m m e t r y  is present ,  a n d  t h a t  w i t h  
cer ta in  except ions  all  a t oms  occur twice  in  the  he igh t  
of t he  pro jec t ion .  The  except ions  are Six a n d  Ov~ 
which  on ly  occur once (Figs. 3 a n d  4(c)). The  h y d r o x y l  
ions coincide in  p ro jec t ion  w i th  0~ a n d  OH. 

There  were success ively  pe r fo rmed  an  Fo syn thes i s  
us ing 18 selected ref lect ions,  an  F o - ( F c a + F s i ) c  
synthes i s ,  a n d  a f u r t h e r  Fo synthes is .  This  t h i r d  
synthes is ,  resu l t s  of which  are shown in Fig.  3, em- 
p loyed  35 ou t  of t he  36 hO1 ref lect ions whose d-spacings  
exceeded 1.74 A, as t he i r  phases  seemed to be ad- 
e q u a t e l y  es tabl i shed.  D u r i n g  the  r e f inement ,  R fell 
f rom 0.26 to  0.18 for these  36 ref lect ions,  a n d  f rom 

.Ov > 
- -  I~ ', c 

0- / / /  \ ! ~ ~ - .  Z//Yf.~)/li / 
~-'~ ~".~ I , '  I I 

I I I o ~ ~  2.s~A ~)ll,'-%\'~.A~b..l 
o,, ! 

I .M=, I 
/ "--A_.---~.~°~'-'(~' ~ .  ",X.X~,///~ .... I 

I 2"41A ~. / / / 
II ~'b.QH, 0"875 1 .. /ff/~~"X"¢_ ,Ul~.~'-].]~ / / " 

"~..0, 0.875 0.2,75, 0.875 I ~ . X \ \ " ~ ' / / Z '  ; ~ " ' . . - l / ~  ))II 

o , , , ~ ' / l ~ f  ;" / 
c; ~ -  "*\\ \t \W/// i / / / ," I 

II / 

/ ' ~  O,v ~ / 
~/a  0.125,0.625 

Fig. 3. Electron-density map for (010) projection of foshagite. The broken contour is at 4 e./~-2; lower contours are omitted. 
The first solid contour is at 6 e.A-2; others are at intervals of 2 e.A -~ round the calcium atoms, and 1 e.A -~ elsewhere. 
Typical y-parameters and Ca-O distances are shown on the left. The A-centred cell is shown in full lines; the broken line 
divides it into two structural elements. 
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Fig. 4. Projections on the calcium ion planes of parts of the 
structures of /6-CaSiO 3 and foshagite. (a) Row of Cai ions 
with adjoining Si-O chains in observed modifications of 
/g-CaSiO a. (b) The same for non-observed modifications. 
(c) Ca ion sheets with adjoining Si-O chains in observed 
modifications of foshagite. (d) The same for non-observed 
modifications. In all cases, full circles denote Ca ions, and 
shaded triangles represent Si-O tetrahedra; only those 
faces of the tetrahedra which are adjacent to the Ca ions 
are shown. [H] and <H> denote hydroxyl ions, and lines, 
Ca-O bonds; in Fig. 4 [H] and <H> are indicated as in- 
scribed in circles having full and dotted circumferences 
respectively. Full circles or lines, and heavy shading, 
represent parts of the structure in front of the calcium ion 
planes, while broken circles or lines, and light shading, 
represent parts behind them. For explanation of symbols 
A, B, [A], and [B], and of the brackets linking them to- 
gether, see text. 

0.29 to 0.23 for the 58 reflections with d-spacings 
above 1.4 A. The significance of R for the extended 
range of reflections is, however, somewhat  doubtful  
because of some uncertaint ies  i n  indexing. In  an 
a t t emp t  a t  fur ther  ref inement  an F® synthesis was 
performed using all 58 reflections, but  the results 
were unsatisfactory.  The main reason for this was 
undoubted ly  the occurrence in the ro ta t ion  photo- 
graph of two strong peaks with d-spacings of 1.40 and 
1-45 A, which consisted respectively of five and six 
unresolved reflections. I t  was concluded t ha t  the re- 
sults of the  previous synthesis, using 35 reflections, 
represented all the  informat ion  rel iably obtainable  

from the available data.  Most of the atoms are resolved 
in the final project ion (Fig. 3), and the electron densi ty 
does not  drop below - 1 . 5  e./~ -2. In tegra ted  min imum 
cross-sections of the most prominent  peaks corre- 
sponded to atomic numbers  of about  34 for each pai r  
of calcium ions, and 29 for the peak containing two 
Sill and one Ow atoms. The ra ther  low values, com- 
pared with the theoret ical  ones of 36 for each peak, 
may  be explained by the l imited number  of reflections 
used in the synthesis. No a t t e mp t  was made to refine 
the y-parameters;  R for the first 36 h21 reflections fell 
during refinement only from 0.29 to 0.28. The y coor- 
dinates are therefore probably  less precisely deter- 
mined than  are x and z. In  deciding on the final a tomic 
coordinates, the results of the Fourier  project ion were 
used as far as possible. This gave values close to 

Table 1. Atomic coordinates,for the structural element 
with a = 10-32, b = 7.36, c = 7.04/~, f l  = 106.4 ° 

x y z 
Cgi 0.392 0.125, 0.625 0-600 
Caii 0-140 0.375, 0.875 0.780 
Sii 0.308 0.125 0.117 
Sill 0-167 0.408, 0.842 0.296 
Oi 0.450 0.125 0.292 
®HI 0.450 0-625 0-292 
OH 0.317 0.125 --0.116 
OHH 0.317 0-625 --0.116 
®HI 0"225 0"375, 0"875 0-525 
®IV 0"010 0"375, 0"875 0-267 
Ov 0.234 0.306, 0.944 0.150 
Ovi 0.175 0.625 0.267 

1.60/~ for those Si-O distances which could be 
directly determined;  the Sii, Ov and Ow positions, 
which were doubtful,  were chosen so t ha t  the re- 
maining Si-O distances were also close to this value. 
The final a tomic coordinates are listed in Table l ,  
and s tructure factors calculated from these coor- 
dinates are compared with the observed ones in 
Table 2. 

Descript ion of the s tructure  

The essential features are shown in Figs. 3 and 4(c). 
The results confirm the presence of Ca +2 and OH-  ions, 
together  with (Si0~2)~ chains closely resembling 
those in wollastonite (Dornberger-Schiff, Liebau & 
Thilo, 1955; Mamedov & Belov, 1956b; Buerger, 1956; 
Tolliday, 1958). The close relationship between the 
structures of foshagite and wollastonite, or fl-CaSiO3, 
has already been emphasized (Gard & Taylor,  1959) 
and will not  be fur ther  discussed. The Ca ions in 
foshagite lie almost  in sheets parallel to (101) of the  
s t ructural  element, but  they  are not  quite coplanar. 
Rows of calcium ions parallel to b are separated by 
2.94 /~ for Cai-Cai,  3.20 /~ for Cai-Caii ,  and 4.82 A 
for Cali-Cali .  Coordination of all the Ca ions is pa r t ly  
by O and par t ly  by OH, and always approximates  to 
octahedral ;  the s t ructure can thus be a l te rna t ive ly  
described in terms of distorted octahedral  layers of 
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hkl Fc 

lkO + 3 
O~I - - 2 2  
lk~ + 15 
2kO } -- 36 
lkl  + 15 39 
2kl --5 
2kl } - - 2 3  
lk~ - 30 38 
3kl -- 17[ 59 
Ok2 57 
3kO -- 22 
2k2 -- 57 
lk2 -49  
3k2 +45 
3kl + 34 
4ki - 6 
4kO } 40 - 29 
2k2 + 28 
lk~ --29 | 33 
4k2 + 17~ 

Table 2. Comparison of calculated and observed structure factors 

Reflections are listed in order of d-spacings, as IPo[ cannot always be given for individual reflections 
For multiple reflections, ]Fc] = (X (Pc)e)½ 

k=O k=2 k=O k=2 k=O 

IFcl IPol Pc IPc[ [Po] hkl Pc [ffc[ IPol Pc ]Fc[ [Po[ hkl Pc [Fc[ [Fo] 

8 +11 17 2k3 +68 82 --3 23 303 +9~ 27 <12 
6] 0k3 --6 18 +33 31 600 +26 21 + 9 22 J 

13 --6f 3k~ --lS 14 +4 14 40~ --25 22 
+ I03~ 4kl +22 18 +9 20 104 - 1  16  0-101/ 

13 --13 18 lk3 +10~ 32 48 36 502 18 
--10] 5kl --13~ 16 12 33 504 25 30 46 

44 --27f 29 14 5k0 +35 27 204 
-4~  5k~ +13~ +61 94 86 4o3 -23  

68 -29p 29 32 4kg +9~ 16 16 + 61 601 + 11 
22 --17~ 2k3 --8 18 +3 < 14 701 +42( 86 75 
57 --18) 25 30 4k2 +16~ +40] 702 --70~ 
46 --23 12 5kl --62~ 64 56 +24[ 105 --23 ) 

+1,  

12 --33 37 5k3 +7] --20 604 +15 42 65 
--4~ 601 +27 <12 700 +28] 

36 --32, 32 49 304 --18 <12 703 +12) 
32 +10} 004 +~} 

- - 3 7  38 23 602  -- 6 < 1 2  

composi t ion Ca(O, OH)2 parallel  to (101), between 
which lie the silicon and remaining oxygen atoms. 

The following discussion on the coordinat ion of the  
calcium ions relates to the  predominant  s tacking 
modif icat ion which can be referred to the A-centred 
geometr ical ly  monoclinic cell a l ready described; the 
posit ion for other  s tacking modifications is discussed 
later.  Ca-O bonds, with distances possibly accurate 
to  0.05 A, are shown in Figs. 3 and 4(c). The Cai ions 
are coordinated by four oxygen atoms and two 
hydroxyl  ions at  2-34-2.41 A in a dis tor ted octahe- 
dron. Each of the oxygens is l inked also to one silicon, 
and  oxygens and hydroxyls  alike are l inked to two 
o ther  calciums. Paul ing 's  electrostat ic valency rule is 
thus  obeyed. Al ternate  Ca~ ions in the height  of the 
project ion have in addi t ion  Ow 2.70/~ away. This 
dis tance might  be considered short  enough to con- 
s t i tu te  a bond, but  for the fact  t ha t  Ow is also l inked 
to  two silicons. The Call ions are surrounded by five 
oxygens and one hydroxy l  at  2.22-2.55 A_, which in 
t u r n  are coordinated as follows. Ov is bound to two 
silicons. The hydroxyl  and the oxygen at  O~I are each 
]inked to two more calciums, and in the case of the 
oxygen to one silicon as well. The oxygen at  OH~ is 
also l inked to two more calciums and one silicon. 
The  two oxygens a t  O~v are each l inked to only one 
more calcium, and one silicon. Paul ing 's  rule is obeyed 
if the CaH-Ov bond is assumed to have zero strength,  
since the two CaH-OIv bonds each have s t rength  ½ 
and  the three remaining bonds each have s t rength ½. 
This discussion of electrostat ic bond s t rength follows 
t h a t  of Tol l iday (1958) for the analogous case of 
parawollastoni te .  

The sat isfactory course of the s t ructure  determina-  
t ion  shows t ha t  the assumption of a centre of sym- 

me t ry  was justified, at  least to the degree of accuracy 
a t ta inab le  with the exper imental  data.  I t  is possible 
tha t ,  as with parawollas toni te  (Tolliday, 1958), small 
deviat ions from an idealized s t ructure  cause t h e  struc- 
ture to be not  quite centrosymmetr ic .  More precise 
exper imental  data ,  obta ined on better  mater ia l  t han  
is now available,  would be needed to detect  this. 

For convenience, the A-centred monoclinic uni t  cell 
has been used th roughout  the above discussion. 
Inspect ion of the s t ructure  shows, however, t ha t  there 
is no symmet ry  other  t ha n  the  centre. A triclinic cell 
can be chosen with contents  2[Ca4Si309(OH)2] and 

a = 10-32, b = 7.36, c = 7.94 A; 
a = 117.6 °, fl_- 104.5 °, ~ = 9 0  °. 

This cell is formal ly  correct, bu t  is much less con- 
venient  to use than  the geometr ical ly monoclinic one. 

S t a c k i n g  m o d i f i c a t i o n s  i n  f o s h a g i t e  

Stacking disorder is possible in foshagite because there  
are two a l te rna t ive  positions, separated by b/2, for 
each metasil icate chain;  the  s i tuat ions of the hydroxy l  
ions are decided by those of the chains (Fig. 4). In  
principle, an infinite number  of modificat ions is per- 
missible. In  fact, the electron-diffraction results show 
t h a t  two predominate  in the na tura l  and synthe t ic  
crystals so far examined, and t h a t  certain possibilities 
are almost  wholly excluded. I t  will be convenient  to 
refer all modifications to geometrical ly monoclinic axes 
parallel to those of the s t ructura l  element,  using mul- 
t iple values of a or c or both  where necessary. This 
will entai l  the use of unconvent iona l  concepts such as 
F-cent red  geometrical ly monoclinic cells, but  avoids 
the use of triclinic axes which are cumbersome and 
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Fig. 5. (010) project ions of possible s tacking modif icat ions of foshagite. (a), (c), (e), and  (f)  pr imit ive  or C-centred modif icat ions.  

(b), (d), and  (g) A- or F - c e n t r e d  modifications.  • Ca at  2 and  ]. o Ca a t  ~I and  {t. A, [B], [A], B represent  metasf l icate  
chains wi th  their  single Si a toms  a t  ~, ~, ~, ~ respectively.  Some pairs of these symbols  are  r inged toge ther ;  for significance, 
see text .  Thin,  b roken  lines outl ine s t ruc tura l  e lements ;  thick,  full lines outl ine uni t  cells. (h) Reciprocal  cell f rom electron 
diffraction.  Large, full circles represent  pseudo-cell  reflections given by  all s tacking modifications.  The streaks,  parallel to a*, 
were also observed wi th  all crystals.  Small full and  open circles represent  m a x i m a  on them corresponding respect ively to t h e  
A- and  F - c e n t r e d  modif icat ions discussed in the  text .  

obscure the relationships between the various modifi- 
cations. Also for convenience, unit-cells will sometimes 
be used with centres of symmetry  not on the origin. 

Information about the stacking modifications is 
provided by the weak reflections with k odd, the 
positions of which in reciprocal space are shown in 
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Fig. 5(h). In the natural crystals, these reflections 
have their maxima on the A-centres of the reciprocal 
cell. In the electron-diffraction study of synthetic 
foshagite already referred to, some of the crystals 
were also found to have their maxima at the A-centres, 
but others had them at the body centres, and with 
yet other crystals, maxima occurred at both of these 
positions. 

In the first case, the real cell is geometrically 
monoclinic, A-centred, with doubled c; in the second, 
it is geometrically monoclinic, F-centred, with doubled 
a and c;t  in the third, ordered regions with both of 
these kinds of stacking occur in the same crystal. 

In both natural and synthetic crystals, streaks 
occur in the reciprocal lattice, principally as shown in 
Fig. 5(h), indicating stacking disorder. The positions 
of the streaks show that all parts of the crystal are 
A-centred, but that  over many small regions stacking 
modifications occur that  have arbitrary multiple 
values of a. Streaks parallel to c* in the reciprocal 
lattice of natural crystals (Gard & Taylor, 1958) are 
so much weaker that  modifications which are not 
A-centred make only a very minor contribution to the 
structure. 

For convenience in the ensuing discussion, meta- 
silicate chains with the single silicon atom (Sii in 
Fig. 3) at y = ~, ~, ~-, and ~ are represented A, [B], [A], 
and B respectively. In the Figs., [A] and [B] are 
indicated as A and B inscribed in circles. Figs. 5(a)-(g) 
show some of the simplest real or hypothetical stack- 
ing modifications; in the horizontal rows between 
calcium ions, only the sequences 

ABAB. . . ,  AB[A][B]..., and ABA[B]... 

have been considered. For each modification, it was 
further assumed that all such rows were given by 
projection of the same sequence in either the a- or 
c-direction, but that  alternate rows may also be dis- 
placed bodily by b/2 in the b-direction (e.g. Figs. 
5(b) and (g)). The sequence ABAB. . .  thus gives the 
modifications (a) and (b); sequence AB[A] [B] . . .  gives 
(c) and (d); sequence ABA[B]... gives four possible 
modifications, of which three are shown ((e), (f), and 
(g)). The A-centred modifications are (b), (d), and (g). 
Of these, (d) is the simple A-centred one which pre- 
dominates in the natural mineral and in some synthetic 
crystals, while (b) is the F-centred one that  pre- 
dominates in other synthetic crystals. (g) is one of the 
many other modifications that  may be supposed to 
exist in small regions of partly disordered material. 
The other modifications shown in Fig. 5((a), (c), (e) 
and (f)) are not A-centred and may be supposed to 
contribute to only a very minor extent to the struc- 
ture. 

In Figs. 4(c), 4(d), and 5, pairs of chains are brack- 
etted or ringed together to show that, in any A- 

t The equivalent triclinie cell has space group P1, and 
a-----10.96, b=7.36, c=7.94A; a=117.6, fl=94.3, )~=109.6 °. 

centred modification, A alternates with [A], and B 
with [B], in the c-direction. In the non A-centred 
modifications, A alternates with A, or B with B, 
in parts or all of the structure. I~eference to Fig.4(c) 
shows that, where A alternates with [A], and B with 
[B], each Cai ion is coordinated to four oxygens and 
two hydroxyls. Where A alternates with A, and B 
with B (Fig. 4(d)), some Cai ions are coordinated by 
five oxygens and one hydroxyl, while others are coor- 
dinated by three oxygens and three hydroxyls. 

The main feature common to all the important 
stacking modifications thus appears to be equalization 
of the number of hydroxyls coordinated to each Cai 
ion. No detailed explanation for this is offered, but 
the relative polarizations of hydroxyl ions and oxygen 
atoms bonded to the calciums may produce forces 
that  favour this condition. 

This theory does not explain why the simple 
A-centred modification predominates in the natural 
mineral over others centred on the A-face, of which 
the F-centred form (Fig. 5(b)) is a special case. The 
predominance of the latter form in some synthetic 
crystals suggests that  the energy differences between 
these different A-centred forms are small. Other 
modifications within the A-centred group may pos- 
sibly later be found to occur in nature. In this event, 
we hope that  no new mineral names will be proposed. 
The introduction of such names as parawollastonite 
to denote stacking modifications is to be deprecated. 

Stacking modifications in fl-CaSiOa 
Earlier workers (Jeffery, 1953 ; Dornberger- Schiff, 
Liebau & Thilo, 1955) have accounted for the fact 
that  different stacking modifications of fl-CaSi08 
exist, but have not explained why the observed ones 
predominate. The explanation cannot be the same as 
for foshagite, as no hydroxyl ions are present. The 
two cases nevertheless have features in common which 
make it of interest to discuss that  of fl-CaSiOa. 

The only fully ordered modifications known are 
wollastonite (Fig. 6(b)) and parawollastonite (Figs. 
6(a) and (e)). The unit cell of parawollastonite is 
primitive monoclinic, with 

a=15.417, b=7.321, c=7.066 A, fl--95.4 ° 

(Tolliday, 1958). By analogy with foshagite, and for 
similar reasons, all stacking modifications will be 
referred to geometrically monoclinic axes parallel to 
those of parawollastonite, using multiple values of 
a or c or both where necessary. The unit cells thus 
defined sometimes differ from the conventional ones; 
the projection of the conventional, triclinic cell of 
wollastonite, for instance, is shown in Fig. 6(b) in 
thick, broken lines. 

Jeffery (1953) found that, in fl-CaSi03 crystals with 
partial stacking disorder, all reflections with k odd 
were streaked parallel to a*. There were maxima on 
these streaks corresponding to both wollastonite and 
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Fig. 6. (010) projections of various stacking modifications of fl-CaSiO S. (a) Parawollastonite. (b) Wollastonite. (c), (d) Hypothet-  
ical forms with doubled c (see text). (e) Enlarged projection of parawollastonite. Conventions are similar to those in Fig. 5, 
with the addition of heavy, broken lines in Fig. 6(b) to denote the projection of the conventional, triclinic cell. 

parawollastonite. This means tha t  the crystals contain 
ordered regions with both of these structures, and also 
many small regions where a has various multiple 
values; c, however, is never multiple. I t  therefore 
appears tha t  the feature common to all the observed 
modifications is the absence of multiple values of c. 
Figs. 6(a)-(d) show the four simplest real or hypo- 
thetical stacking modifications for fl-CaSi03. The 
observed ones ((a) and (b)) have c as in parawollas- 
tonite; (c) and (d), which each have doubled c, are 
not observed. 

In the observed forms the single Si atoms in meta- 
silicate chains always lie at different heights (A and 
[A], or B and [B]) at opposite sides of a row of Cai 
ions (the atoms are numbered as in Fig. 6(e)). In  any 
form with doubled c, at lea8t 8om~ of the~ chain~ 
would lie at the same height. Pairs of chains are 
ringed together in Fig. 6 to clarify this point. When 
the chains lie at different heights each Cal ion in the 
row has only one near oxygen which is also linked to 
two silicons (Fig. 4(a)). If they were at the same 
height, half of these Cal ions would have two such 
near oxygens, and the others none (Fig. 4(b)). Max- 
imum stability thus appears to be attained when all 
the Cal ions have the same coordination. Repulsive 
forces may exist between a cation and an oxygen 
linked to two silicons, and accommodation of these 

forces may only be possible when not more than one 
such oxygen is near the cation. 

This theory explains why the observed stacking 
modifications exist, and no others, but it does not 
predict anything about the relative stabilities of 
wollastonite and parawollastonite. The effect is not 
relevant to the case of foshagite, where half the Ca~ 
ions always have one near oxygen atom linl:ed to two 
silicons and the others none (Figs. 4(c) and (d)). In  
fl-CaSi03, the observed modifications have greater 
distances between the single Si atoms of neighbouring 
chains than do those tha t  are not observed, but  these 
distances are in any case so large tha t  this effect seems 
unlikely to be important.  

Dehydration 
As has previously been mentioned, dehydration of 
foshagite causes oriented transformation to ~-GaSi03 
and ~-Ca2Si04.  X-ray patterns of dehydrated fibres 
always show a strong, oriented pat tern  of fl-CaSi08, 
but  the relative strength of the fl-Ca2Si04 pat tern  
varies from fibre to fibre, and sometimes it is absent. 
Attempts  to detect fl-CaeSi04 by electron diffraction 
have so far been unsuccessful. Both products when 
formed show preferred orientation, foshagite b becom- 
ing both fl-CaSi08 b and fl-Ca2Si04 b. Gard & Taylor 
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(1958) concluded that  preservation of orientation 
around this axis occurred with the fl-CaSi08, but 
probably not with the fl-Ca2Si04. 

We have previously reported that  the fl-CaSi08 
formed on dehydration of foshagite is a mixture of 
wollastonite and parawollastonite. Subsequent closer 
examination of the electron-diffraction patterns 
showed that these layers consist of quite dense con- 
tinuous streaks in the a* direction, sometimes with 
weak maxima. Where these are sufficiently resolved, 
they correspond to the twinned triclinic form of wollas- 
tonite rather than to parawollastonite. 

The formation of completely oriented fl-CaSi08 is 
simply explained on the hypothesis of silicon migra- 
tion originally suggested to account for the analogous 
transformation of xonotlite into fl-CaSi03 (Dent & 
Taylor, 1956). As has already been explained (Gard & 
Taylor, 1959), the structures of both foshagite and 
fl-CaSi08 can be described in terms of distorted octa- 
hedral layers of composition Ca(O, OH)% between 
which occur the silicon and remaining oxygen atoms. 
This is also true of xonotlite. "Both of the transforma- 
tions under consideration can be explained if the 
element of the structure that  persists is the distorted 
Ca(O, OH)2 layer. In order to convert foshagite into 
fl-CaSi08, the only reconstructive changes necessary 
(excepting expulsion of protons) are ones that  involve 
only the silicon and oxygen between the octahedral 
layers; more silicon and oxygen must be introduced 
into these lamellar spaces, and the hydrogen must 
move out. I t  may be supposed that  some parts of the 
structure, previously described as donor regions (Gard 
& Taylor, 1958) supply these silicon and oxygen atoms, 
and also more oxygen to combine with the hydrogen, 
forming water. 

The weakness of the fl-Ca2Si04 pattern, and its 
probably lower degree of orientation, suggest that  the 
donor regions may be largely amorphous when heating 
is at 800 °C. The reaction is probably not one of stoi- 
chiometric disproportionation, but a conversion of 
parts of the crystal into fl-CaSi03 at the expense of 
donor regions which remain largely amorphous. The 
mean Ca:Si ratio of these donor regions could then 
have any value above 4:3. On this ratio would depend 
the proportion of foshagite which is converted into 
fl-CaSi08; consequently this proportion is not stoi- 
chiometrically defined. There is a tendency, but 
probably no more than this, for fl-CagSi04 to crystallize 
from the amorphous material in the donor regions. 
At least two explanations are possible for the preferred 
orientation of the fl-Ca2SiO4. I t  may occur because the 
bulk of the donor material is not completely amor- 
phous, but retains some degree of structure. Alter- 

natively, the orientation of the pP-Ca2Si04 crystals may 
be determined by that  of the newly formed fl-CaSi08. 
In the latter case, the crystallization of the fl-Ca2SiOa 
would occur by a sort of internal epitaxial process. 
Similar mechanisms to the above can readily be 
postulated to explain the transformation of xonotlite 
into fl-CaSi03, and other transformations that  occur 
in the same temperature region. Mamedov & Belov 
(1958) considered a single chain structure for foshagite 
to be unlikely on the grounds that  it did not permit a 
simple explanation of the dehydration process. As has 
been shown here, it explains this process very simply 
• if the hypothesis of stable Ca(O, OH)2 layers and 
migration of intervening Si and oxygen is accepted. 
I t  probably does not permit of a simple explanation 
if the Si-O bonds and not the Ca-O bonds are as- 
sumed to be the most stable elements during the 
transformation. Mamedov & Belov appear to have 
based their arguments on the latter assumption, but 
there is reason to believe that  it is incorrect. 

We thank Dr F. Liebau (Institut fiir anorganische 
Chemie, Berlin-Adlershof) for valuable advice on the 
structure determination. 
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