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The structure of wadeite. 

By D. E. HE~S~AW. 

Department of Physics, University of Western Australia. 

[Taken as read J anua ry  27, 1955.] 

INTRODUCTION. 

ADEITE has been found only in a suite of leucite-lamproites 
om the West Kimberley area of Western Australia. The 

leucite:bearing rocks occur at a number of isolated volcanic vents that  
have in every instance broken through sedimentary deposits of Permian 
age. 1 The nature of the mineral, wadeite, has been described by Prider. 2 
I t  is a potassium-zirconium silicate occurring as highly birefringent 
prisms up to 1 ram. in length with hexagonal-shaped basal sections. 
I t  is invariably replaced in part  along the poor pyramidal cleavages by  
calcite. These cleavages, intersecting at angles of nearly 90 ~ are ren- 
dered visible because of the presence of the secondary calcite which has 
entered along these directions. The mineral is eolourless, uniaxial, 
optically positive, and has �9 1"655, w 1"625, and �9  0-030. I t  has a 
specific gravity of 3"10, is non-magnetic, and insoluble in hot acids. 
Prider, on the basis of a chemical analysis (table I), calculated the 
formula to be 

K2.os(Ca,Na)o+5(Zr,Ti,A1)l.~8(Si,P,A1)~.0oO12- 

X-ray powder and Lane diffraction work, carried out in this depart- 
ment by Shearer, Robinson, and Jefferies, a showed the diffraction 
symmetry to be 6/m (C6h) and the unit-cell dimensions to be a 6"89 and 
c 10-18 A. On the basis of this information and the chemical data, the 
formula ascribed to wadeite was (K(Zr,Ca)Si206) ~. The purpose of the 
present work was to confirm these earlier observations and to a t tempt  
a complete structure determination of what appeared to be a unique 
mineral structure. 

1 A. Wade and  R. T. Prider, Quart.  Journ.  Geol. Soc. London, 1940, vol. 96, 
p. 39. [M.A. 8-28.] 

2 R.  T. Prider, Min. Mag., 1939, vol. 25, p. 379. 
s j .  Shearer, E. T. Robinson, and J .  T. Jefferies, Min. Mag., 1952, vol. 29, 

Proc. p. lxi. 
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TABLE 

Molecular No. of metal 
proportions atoms on basis 

(Prider). of 18(0). 

P205 0"022 0.34 
SiO~ 0'657 5.06 
AleOa 0"059 0'91 
~gO 0"007 0.06 
TiO 2 0.020 0.15 
ZrO 2 0.173 1.33 
Na20 0.045 0.69 
CaO 0'093 0.73 
K~O 0.196 3.02 
BaO 0-008 0-06 

12.35 
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I. Chemical analysis of w~deite. 

Ionic 
Valency. radii (A.). 

5 0.34 } 
4 0.39 
3 0.57 
2 0.78 
4 0-64 
4 0.87 
1 0"98 
2 1'06 
1 1.33 
2 1-43 

Grouping. 

6(Si, A1,P) 4+ 

2(Zr,Ti,Mg,A1,Na) t+ 

4(K,Ca, Ba,Na) + 

Oxygen - 2  1.32 1802- 

EXPEI~IMENTAL. 

The crystal  used was of the  shape and size shown in fig. 1. The 

d i rec t ion  of the  c~axis was reasonably  well defined bu t  there  was only 

one 120 ~ interfacial  angle t h a t  could be distinguished. 

0'2 m m .  

Fie. 1. Size of the crystal used and general appearance of the cleavage cracks. 

Single-crystal  oscillation and Weissenberg diffraction pa t te rns  were 

prepared  using copper and molybdenum K~ radiations.  The unit-cel l  

dimensions were determined by the  0-method 1 to be a 6"893i0"00~ ~.  

and c 10-172=0.002 A. The intensit ies of the  X- ray  reflections were 

es t imated  visual ly on a series of Weissenberg photographs  and the 

appropr ia te  absorpt ion,  Lorentz ,  and polar izat ion corrections were 

applied. The observed s t ructure  ampl i tudes  (F0) so obtained are l isted 

in tables I I  and I I I .  I n  order to cheek the  accuracy of the  visual  est ima- 

t ion of intensi ty ,  a number  of reflection intensities were measured  on a 

Geiger-eounter  spectrometer .  As can be seen f rom table IV, the  agree- 

1 o. Weisz, W. Coebran, and W. F. Cole, Acta Cryst., 1948, voi. 1, p. 83. [~{.A. 
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merit is quite reasonable, except for some of the weaker reflections and 
the strong reflection (2112). Inaccuracy in the visual method is to be 
expected for such very strong and weak reflections, x 

TABL~' I I .  O b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s  F(hkiO). 

h ~ i ~. Fo. F~. h ~ i l. Fo. F~. 
0 0 0 0 - -  356 5 3 g 0 35 36 
1 0 T 0 - -  41 6 2 8 0 10 13 
2 1 1 0 68 68 7 1 8 0 37 37 
2 0 2 0 < 8 7 8 0 8 0 50 46 
3 1 2 0 42 48 9 1 8 0 22 18 
4 2 2 0 81 86 10 2 8 0 23 29 
2 1 3 0 < 5  7 11 3 8 0 < 11 1 
3 0 3 0 95 95 12 4 8 0 < 11 8 
4 1 3 0 75 80 13 5 8 0 < 11 8 
5 2 3 0 8 9 5 4 9 0 40 32 
6 3 3 0 46 51 6 3 9 0 56 60 
3 1 4 0 < 6  3 7 2 9 0 < 9  1 
4 0 4 0 38 40 8 1 9 0 < 10 3 
5 1 4 0 65 67 9 0 9 0 27 28 
6 2 4 0 31 28 10 1 9 0 < 11 5 
7 3 4 0 37 36 11 2 9 0 < 11 5 
8 4 4 0 48 50 12 3 9 0 < 11 14 
3 2 5 0 13 12  13 4 9 0 22 11 
4 1 ,5 0 106 111 6 4 1 0  0 < 10 4 
5 0 5 0 33 27 7 3 1 0  0 < 10 0 
6 1 5 0 25 19 8 2 10 0 28 34 
7 2 5 0 60 60 9 1 I 0  0 < 11 3 
8 3 5 . 0  < 8 7 10 0 10 0 < 11 5 
9 4 5 0 < 9 1 11 1 10 0 30 29 

10 5 5 0 18 24  12 2 10 0 < 12 11 
4 2 6 0 21 14 13 3 ] 0  0 < 12 0 
5 1 6 0 33 23 6 5 11  0 < 11 2 
6 0 6 0 33 37 7 4 11  0 16 26 
7 1 6 0 < 8 4 8 3 11 0 15 12 
8 2 6 0 < 8 2 9 2 11 0 21 23 
9 3 6 0 42 45 10 1 1~ 0 < 11 18 

10 4 6 0 18 14 11 0 11 0 < 11 1 
11 5 6 0 15 12 12 1 11 0 < 12 9 
12 6 6 0 32 29 7 5 12 0 18 12 

4 3 7 0 16 17 8 4 12  0 < 11 6 
5 2 7 0 39 51 9 3 1 2  0 25 30 
6 1 7 0 < 8 3 10 2 12 0 < 12 9 
7 0 7 0 23 22 1I 1 1 2  0 < 12 0 
8 1 7 0 51 65 12 0 12 0 ]5  18 
9 2 7 0 < 9 8 7 6 13 0 < 12 0 

10 3 7 0 23 15 8 5 13 0 < 12 13 
11 4 7 0 28 32 9 4 1 3  0 < 12 4 
12 5 7 0 < 11 10 10 3 13 0 < ]2  1 
13 6 7 0 < 12 6 

1 W.  C o c h r a n ,  A c t a  Crys t . ,  1950, vol .  3, p.  268 
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TA]~L~ I I L  O b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s  F(2hhhl). 

T h e  l e t t e r  d i n d i c a t e s  t h a t  t h e  r e f l e c t i o n  c o u l d  b e  d e t e c t e d  b u t  n o t  m e a s u r e d .  

R = ( F ~ - ~ ) / 2 ~  

h l. Fo. Ft.  R .  h l. Fo. Pc. R .  

o o - -  356 - -  ~ 15 - -  i - -  
0 2 - -  9 - -  4 1 6  - -  2 6  - -  

0 4 7 7  8 2  0 " 0 6  4 17  - -  1 - -  

0 6 6 1  6 4  0 - 0 5  4 1 8  - -  1 6  - -  

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

0 1 0  d 2 0  - -  6 0 4 7  5 2  0 - 1 0  

0 1 2  4 5  4 1  0 . 1 0  6 1 - -  3 - -  

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

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

0 1 8  d 1 8  - -  6 4 3 3  3 9  0 . 1 5  

0 2 0  d 2 1  - -  6 5 d 1-5 - -  

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

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

2 2 1 0 3  1 1 0  0 . 0 6  6 8 - -  1 2  - -  

2 3 1 9  1-9 0 . 0 0  6 9 - -  6 - -  

2 4 5 9  5 4  0 . 0 9  6 1 0  - -  5 - -  

2 5 - -  2 - -  6 11  - -  1 2  - -  

2 6 5 0  4 1  0 - 2 2  6 1 2  - -  1 4  - -  

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

2 8 - -  1 3  - -  6 1 4  - -  2 4  - -  

2 9 d 1 4  - -  6 1 5  - -  1 - -  

2 1 0  d 1 4  - -  6 1 6  - -  1 8  - -  

2 11  - -  3 - -  6 1 7  - -  4 - -  

2 1 2  - -  1 4  - -  6 1 8  - -  1 4  - -  

2 1 3  - -  8 - -  8 0 5 1  5 0  0 . 0 2  

2 1 4  - -  3 7  - -  8 1 - -  3 - -  

2 15  - -  1 2  - -  8 2 5 9  5 7  0 . 0 4  

2 1 6  - -  2 3  - -  8 3 - -  3 - -  

2 1 7  - -  T - -  8 4 - -  5 - -  

2 1 8  - -  2 2  - -  8 5 - -  3 - -  

2 1 9  - -  2 - -  8 6 d 1 8  - -  

2 2 0  - -  1 3  - -  8 7 - -  2 - -  

4 0 7 8  8 6  0 . 0 9  8 8 - -  4 - -  

4 1 - -  4 - -  8 9 - -  2 - -  

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

4 3 - -  4 - -  8 11  - -  1 - -  

4 4 6 5  5 9  0 . I 0  8 1 2  - -  T - -  

4 5 - -  3 - -  8 1 3  - -  0 - -  

4 6 d 1 3  - -  8 1 4  - -  1 5  - -  

4 7 - -  ~ - -  8 1 5  - -  0 - -  

4 8 - -  9 - -  8 1 6  - -  1 4  - -  

4 9 - -  1 - -  1 0  0 2 2  2 4  0 . 0 8  

4 1 0  - -  6 - -  1 0  1 - -  11  - -  

4 11 - -  T - -  1 0  2 3 5  4 1  0 . 1 5  

4 1 2  - -  2 4  - -  1 0  3 - -  1 6  - -  

4 1 3  - -  1 - -  1 0  4 - -  1 3  - -  

4 1 4  - -  2 4  - -  1 0  5 - -  1 2  - -  
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TABL~ III (contd.) 

h 1. Fo. F c. R. h I. Fo. F c. R. 
10 6 - -  17 - -  12 1 - -  5 - -  
10 7 - -  7 - -  12 2 - -  21 - -  
l O 8 - -  g - -  1 2  3 - -  5 - -  

1 0  9 - -  8 - -  12 4 - -  12 - -  

1 0  10 - -  6 - -  1 2  5 - -  4 - -  

10 11 - -  8 - -  1 2  6 - -  2 - -  

1 0  12 - -  4 - -  12 7 - -  4 - -  
10 13 - -  5 - -  12 8 - -  20 - -  
10 14 - -  16 - -  12 9 - -  4 - -  
12 0 31 29 0.07 12 10 - -  1 - -  

TABLE IV. Comparison of counter intensities (Ic) with visual intensities (Iv). 
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4 2 2 0 51 51 0 0 0 8 36 36 
6 3 3 0 12 10 0 0 0 10 6 --  
8 4 4 0 10 8 0 0 0 12 6 3 

10 5 5 0 1.2 0-8 0 0 0 16 6 4.5 
12 6 6 0 1.8 1-9 2 1 1 2 152 133 
0 0 0 4 50 50 4 2 2 4 28 32 
0 0 0 6 21 21 6 3 3 6 4 3.5 

An in teres t ing  fea ture  of the  oscillation pho tog raphs  was the  occur- 

rence  of a num ber  of powder  diffract ion lines super imposed  on the  s i n g l e  

crysta l  pa t t e rn .  Reference  to the  Amer ican  Society for Test ing Materials  

i ndex  showed t h a t  the  spacings of these  lines cor responded to  those  of 

calcite,  thus  confirming the  presence  of this  minera l  in the  surface cracks 

of  ~he crystal .  

SOLUTION OF STRUCTUI~,E. 

E x a m i n a t i o n  of the  zero-level and  first-level Weissenberg  pho tog raphs  

of  the  crysta l  t aken  wi th  the  c-axis and  the  (2110)-axis (perpendicular  

to  the  a- and  c-axes) as the  axes of ro ta t ion ,  confirmed the  diffraction 

s y m m e t r y  of 6/m (C6h). This, toge ther  wi th  the  sys temat ica l ly  absen t  

reflections, 0001 when  l is odd, ind ica ted  t h a t  wadei te  belongs ei ther  to  

t he  space group P6  a (C~) or P6Jm (C~h). 
Considerat ion of the  unit-cell  d imensions  and  the  measured  dens i ty  

shows there  is one molecule,  conta in ing  e ighteen oxygen  a toms,  per 

uni t  cell (table I). Fu r the rmore ,  general  considera t ions  of s y m m e t r y  

a n d  chemical  da ta ,  t oge the r  wi th  the  failure of t es t s  for non-cent ro-  

s y m m e t r y ,  suggest  the  formula  to  be Zr2K4Si601s and  t h a t  i t  belongs to 

t h e  P6.a/m (C~h) space group. I t  is obvious f rom table  I t h a t  this  is only 

a n  idealized formula,  since there  has been considerable  subs t i tu t ion  of 

t h e  meta l  a toms.  

I t  has  been  no ted  t h a t  the  cleavage cracks in the  pr i sm faces of the  
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crystal cross at nearly 90 ~ This is a typical property of pyroxenes 
which have, in general, a somewhat similar type of chemical formula to 
wadeite. However, it is impossible to fit a pyroxene type of silicon- 
oxygen chain into the symmetry of the P68/m space group. 

Wadeite, then, appears to be based on a silicon-oxygen framework of 
six silicon and eighteen oxygen atoms in the unit cell. By constructing 

a model of wooden spheres, 

0 sin 0 / ~ .  ~ 1"0 

FIG. 2. Form of the  tempera ture  faetor 
plot ted against  (sin0)/A. 

representing oxygen atoms, 
within the confines of a unit cell 
of appropriate dimensions, it was 
found that  there were two, not 
very different, frameworks that  
fulfilled the required symmetry 
conditions. The structure based 
on either of these two frame- 
works defined the x, y co- 
ordinates of the zirconium and 

potassium atoms ; i.e. (O,0,z) for zirconium and (2/3,1/3,z) and (1/3,2/3,z) 
for potassium. 

Two heavy atoms, such as zirconium, at the origin of the two- 
dimensional projection along the c-axis, provide a large, positive contri- 
bution to the structure factors corresponding to reflections of the type 
(hkiO). There would therefore be very few errors in assuming all these 
structure factors to be positive. A Fourier synthesis of this projection 
was carried out using the values of Y o in table I I  and taking them all to 
be positive. This synthesis showed the positions of all the atoms except 
for six oxygens, and established which of the two model structures was 
to be accepted. 

In  order to calculate the structure factors from atomic co-ordinates, 
it is necessary to know the atomic scattering factors for the atoms 
involved. For silicon and oxygen, these are listed in available tables. 
However, reference to the chemical data in table I shows that  the nature 
of the other atoms in a unit cell is varied. A weighted mean of the 
atomic weights of the elements likely to be in the 'potassium'  position 
corresponded closely to that  of potassium, whose fo values are given 
directly in the tables. A similar mean for the 'zirconium' position 
suggested a quadruply-ionized element of atomic number 36. I t  was 
therefore necessary to construct an atomic scattering factor curve 
appropriate to this average atomic number. The values given in table V 
have been derived from those of bromine (35) and rubidium (37). 



STRUCTURE OF WADEITE 591 

TABLE V. Atomic scattering factor f0 for 'Zr  4+'. 

(sin0)/~ 0.0 0.1 0.2 0.3 0.4 0-5 0.6 0.7 0.8 0.9 1.0 

f~ ... 32.0 31.2 28.4 24-5 21.1 18.7 16.6 14.6 12.8 11.2 9.9 

Refinements were made to the atomic parameters  given by  the model, 
using trial and error methods, until  the best agreement was obtained 

2 0  

o O"  

@o 

Fro. 3. Projection of electron densi ty  along the c-axis of wadeite. The contours 
are a t  the  arbi trary levels of  0, 1, 2, 3, 4, 5, 10, except at  the  three zirconium posi- 
tions where they  are at  0, 10, and  20. 

between observed and calculated values of the structure factors. The 
original values of the calculated structure factors had to be multiplied 
by  a factor to reduce their numerical values to the arbi t rary  scale of the 
observed structure factors. This factor consists of a constant times the 
temperature factor. The experimentally determined curve (fig. 2), 
which includes a small absorption component, corresponds reasonably 
well to an exponential  temperature  factor of the form e -Bsin~~ where 

B = 0.35. Final  values of ~ are listed in table II .  
A two-dimensional Fourier synthesis was carried out using reflec- 

tions of the form (hkiO) ; the result is shown in fig. 3. All values of F U 
up to sin0/2 = 1 were used and where these were not  observed, owb~g 
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to their low intensity, calculated values were substituted. The pro- 
jection substant ial ly confirms x- and y-co-ordinates listed in table VI, 
although it  suggests (0"387,0.256,z) and (0"258,0"236,z) might be more 
appropria te  for the silicon position and the general oxygen position 
respectively. Adoption of these values does not, however, improve the 
agreement of _F 0 and F c. 

For  the second set of reflections investigated (2hl~ft/), only 19 signifi- 
cant  observed structure factors could be measured out of a to ta l  of 108. 
This is somewhat unsatisfactory and the usefulness of a Fourier pro- 
jection would be very doubtful.  :Nevertheless, the agreement obtained, 
as indicated by R -  (F~--Fo)/_F~ in table I I I ,  is sufficient to verify 
the structure already postulated. There is one serious difference between 
_F o and F~ for (6336), but  this is a relatively weak reflection and thus 
liable to a large error in measurement. I t  must  be noted tha t  the cal- 
culated structure factors for the (2hhh/) reflections as listed in table I I I  
have involved the use of the correlating factor derived experimentally 
for the (hkiO) reflections. This is str ictly not  justified, since the tempera-  
ture factor will not  be the same in all directions in the wadeite crystal,  
but  the error will not affect the results. The final values for all the 
atomic co-ordinates are tabula ted  in table VI. 

TA~L~ VI. Co-ordinates of the atoms of wadeite expressed as fractions of 
a, a and c. 

120 (0.263 0.236 o.114) 
(0-737 0.764 0.886) 
(0.737 0-764 0.664) 
(0.263 0.236 0'386) 

60 (0.500 0.1o0 0.250) 
(0.500 0.900 0.750) 

6Si (0.389 0.255 0.250) 
(o.611 0.745 0.750) 

4K (0.666 o.33~ 0-558) 
(0.33~ o.66(~ 0.442) 

2Zr (o o O) (o 0 

0.764 0.027 o.114) (0.973 0.737 o.114) 
0.236 0.973 0.886) (0.027 0.263 0.886) 
0.236 0.973 0.664) (0.027 0.263 0.664) 
0.764 0.027 0.386) (0.973 0.737 0.386) 

0.900 0.400 0.250) (0.600 0.500 0.250) 
O.lOO 0.600 0.750) (0.400 0.500 0.750) 

0.745 o.134 0.250) (0.866 o.611 0.250) 
0.255 0.866 0.750) (o.134 0.389 0.750) 

0.666 o.33~ 0.942) 
o.33~ 0.666 0.058) 

0.500) 

]~ESCRIPTION OF STRUCTURE. 

The structure of wadeite is based on a framework of silica tetrahedra,  
the potassium and zirconium atoms fitting into the interstices. The 
fundamental  unit  of this framework is the (Si309) s -  group (fig. 4), two 
of which combine with 4K+ and 2Zr 4+ to form the neutral  contents of 
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t 
@ 

OxYgen 0 I _ i~] ]  Z i r c o n i u m { }  

Potass ium Q 

FIG. 4. The (Sin09) ~- unit, which consists of three silicon-oxygen tetrahedra 
forming a ring. 

Fro. 5. Arrangement of the metal atoms wi~thin the silicon-oxygen framework. 
The oxygen atoms are at the corners of the figure. 

O- O 

Fig. 6. Grouping of the (SiaOg) 6- units in the unit cell and the symmetry elements 
of the P63/m space group. The shaded groups are separated from the unshaded by 
a screw component of c]2. 

the un i t  cell. The (Sin09) 6-  groups are arranged abou t  the hexad screw 
axis as i l lustrated in  figl 5. 

The oxygen atoms are grouped in  the manne r  indicated in  fig. 5, 
where an  oxygen a tom is s i tuated at  each corner of the figure. The 

B 46~1 Q q 
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zirconium atom is then situated at  the centre of the octahedron formed 
by the six oxygen atoms ; i.e. at  the positions (0,0,0) and (0,0,�89 Mirror 
reflection planes intersect the hexad screw axis (63) at  z = ~ and 
z = ~, perpendicularly between the octahedra. The (Si309) ~- groups lie 
in these planes with a potassium atom symmetrical ly above and below 
the centre of each. 

From the co-ordinates listed in table VI, it  was possible to calculate 
the interatomic distances. The values obtained for the O-O distances 
in the silica te t rahedra  (fig. 5) are: A B  ~ 2.49, A C  = A D -  2.64, 
B C  = B D -  2.53, C D -  2.77 ~.  The average of these is 2.60 ~.,  
which is the generally accepted 0 - 0  bond distance in these tetrahedra.  
Although the maximum error in these distances is 0-1 A., the value of 
C D  is still significantly large. 

The Si O distances obtained are: S A  - -  1.60, S B  = 1.58, S C  = 

S D  = 1.60 A. The accepted value 1 is 1-60/~. and the close agreement 
of the measured bond lengths tends to support  the  large 0 0 distance 
quoted for CD.  The Zr-O distance is 2-07 A. Ooldsehmidt radii  for 
zirconium and oxygen would suggest this value to be about 2.17 A. The 
K - K  distance was found to be 3"30 i .  as compared with Goldschmidt 's  
distance of about 2.7 i .  Each potassium atom is surrounded by  nine 
oxygen atoms ; three at  a distance of 2.82, three at  3"06, and three at  
3"44 ~.  Goldschmidt radii  suggest tha t  these figures could be as low 
as 2.65 A. 

CO),TOLUSION. 

The complete structure of wadeite has been determined by  X-ray  
methods. I t  has the space group, P63 /m ,  unit-cell dimensions 

a 6.893~-0.004, c 10.172~:0"002 A., 

and may be represented ideally by the formula Zr2K4Si6Ols. 
The fundamental  s tructural  unit  is the (SisOg) 6-  silicon-oxygen ring. 

The only previously known silicate mineral to be built  up on this unit  
is benitoite 2 from San Benito County, California, having the formula 
BaTiSi309 and space group P 6 c 2  2 (D~). 

There is evidence of some distortion in the individual silica tetrahedra.  
This distortion causes two-thirds of the oxygen a t o m s  in wadeite to be 
closer to the positively charged zirconium and potassium ions than 

1 j .  V. Smith, Acga Cryst., 1954, voL 7, p. 479. [M.A. 12430.] 
2 W. H. Zacharisen, Zeits. Krist., 1939, vol. 74, p. 139. [M.A. ~367.]  
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would be the case for regular tetrahedra, and yet it does not alter the 
Si-O distances or the average 0 - 0  distances in each tetrahedron. 
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