
P. A. H O W E L L  741 

sodium o:- type  I I  and oxygen across the  eight member  
ring 2.3 A.  These distances are consistent with the  
known adsorpt ion properties of the  material .  

Table 3. Discrepancy factors 

No. of R R 
No. of spectre- Reed This 

Class of reflec- meter & investi- 
reflection tions lines Breck gation 

Unique observed 17 17 0.24 0.18 
Non-unique 

observed 26 12 0.14 0.12 
All observed 43 29 0.21 0.16 

R=XlFo l -  ]Fcl/JFol where ]2'ol or ]Fc] for a non-unique line 
= (ZP_F~'/Pmax.)½. 

For the unobserved reflections (25 reflections, 18 lines), 
three calculate to be slightly above the observational limit, 
one of these 2-1.1 was observed by Reed & Breck. 

For the unique observed reflections the framework atoms 
alone give an/t----0-30. 

Table 4. Nearest neighbor distances for the refined model 

Distances within the framework tetrahedra 

d~ 
Si, A1-OI 1.69 /~ | 
Si,A1-OII 1.65 
Si,A1-OIH 1-61 
Oi-O~ 2-78 } 
OI-OH 2.71 
OI-Om 2-67 
0H-OH 2.70 

Sodium-oxygen distances 
Nai-Oiii 2.27 /~ 
Nai-O I 2.14 
NaH-OIt 2.36 

Average 
distance 

1.66 A 

2.71 X 

Thus far, the  ref inement  has been carried out  using 
the  pseudo uni t  cell for zeolite A ra ther  t han  the t rue  

uni t  cell wi th  a0=24.56 A. The larger cell of lower 
symmet ry  is required because of a very  weak reflective 
indexing ~.~-.½ '~ a on the  basis of the  small cell and is 
necessary to allow a l te rna t ion  of Si04p a nd  Al04/z 
t e t rahedra  according to the  ideas of Loewenstein 
(1942). Also zeolite A is not  s t r ic t ly  stoichiometric.  
Chemical analysis of Lot  4541 gives the  a tom rat ios 
Na/Al = 0.95 + 0.04 and Si/Al = 0.98 _+ 0-02. Si/Al rat ios 
less t ha n  1-0 have been noticed previously for zeolite A, 
Reed & Breck (1956), and the  suggestion was made 
by Barrer  & Meier (1958) t h a t  an extra  NaAl0~ uni t  
is occluded at  the  center of the  fl cage. The Na/A1 rat io  
less t h a n  one m a y  indicate  cation defects in the  
s t ructure  or a few per cent of hydrogen exchange. 
Because of these m a n y  factors, fur ther  ref inement  of 
the  s t ructure  does not  seem justif ied unt i l  single 
crystal  da ta  is available. 

I t  is a pleasure to acknowledge the  help of Mr L. G. 
Dowell who aided in the  exper imental  phases of this  
invest igat ion;  Mr L. D. Pot t s  who wrote the  program 
for the  Burroughs 205 computer ;  and Dr D. W. Breck 
who aided and supported the  ref inement  of the  struc- 
ture. 
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In a recent paper (Whittaker, 1960) it has been shown certain sites in the structure. I t  is therefore natural to 
tha t  the composition ranges of the orthorhombic amphi- enquire whether the same or a similar dependence can 
boles, and the different fl angles and a sin fl values of be observed in the related field of the pyroxenes. 
the various series of monoclinic amphiboles, depend to The amphibole structure may be regarded as a packing 
a large extent on the radii of the metal ions occupying together of narrow strips of talc-like structure. The 
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p y r o x e n e  s t r u c t u r e  (War r en  & Bragg ,  1928; W a r r e n  & 
Biscoe,  1931) m a y  also be r e g a r d e d  as be ing  bui l t  up  
f rom s imi lar  str ips,  a l t h o u g h  t h e y  are  so n a r r o w  t h a t  t he  
r e semblance  to t h e  ta lc  s t r u c t u r e  is m u c h  less obvious .  
Because  these  str ips are  so n a r r o w  the re  is no m e t a l  
ion si te  in t h e  p y r o x e n e  s t r u c t u r e  wh ich  is n o t  invo lved  
a t  all  in  l ink ing  the  str ips toge the r .  The  two  sites M 1 
a n d  M2 in t he  p y r o x e n e s  co r respond  to the  sites M e a n d  
1t/4 r e spec t ive ly  in t he  amph ibo le s  in respec t  of the i r  
degree  of i n v o l v e m e n t  in the  pack ing  of the  strips.  The  
M e of p y r o x e n e  also cor responds  to the  3//4 of a m p h i b o l e  
in t h a t  it  is t he  site w h i c h  can  be  occupied  b y  the  larger  
ions such  as ca l c ium or sod ium.  I f  t he  py roxenes  were  
to  con fo rm s t r i c t ly  to  t he  pr inciples  wh ich  h a v e  been  
s h o w n  to  be  appl icab le  to t he  amphibo les ,  it wou ld  follow 
that: 

(a) The purely magnesian pyroxene would be ortho- 
rhombie (corresponding to anthophyllite), but the 
replacement of any appreciable proportion of the 
magnesium by ferrous iron would lead to an im- 
mediate transition to a monoclinic structttre (cor- 
responding to cummingtonite). 

(b) Pyroxene phases containing ions other than mag- 
nesium would be orthorhombic only if (i) neither 
ion were larger than Mg (e.g. M 1=Al, M 2=Li), 
or (ii) ferrous  i ron were  p resen t  a t  M 2 a n d  a com- 
pensa t i ng  subs t i t u t i on  of a smal le r  ion (A1 or F e ' " )  
for  m a g n e s i u m  occur red  a t  M 1 (cor responding  to 
gedri te) .  

These  conclus ions  do n o t  co r respond  w i th  t he  facts.  
T h e  p u r e l y  m a g n e s i a n  py roxene ,  ens ta t i t e ,  is or tho-  
rhombic ,  b u t  i t  wil l  t o l e ra t e  subs t an t i a l  r e p l a c e m e n t  of 
Mg b y  F e "  whi le  m a i n t a i n i n g  the  o r t h o r h o m b i c  s t r u c t u r e  
(i.e. in  h y p e r s t h e n e ) .  On the  o the r  h a n d  the  p u r e l y  
m a g n e s i a n  p y r o x e n e  is d imorph ic  a n d  is also k n o w n  in 
t he  monoc l in ic  form,  c l inoens ta t i t e ,  whi le  t he  l i th ium 
a l u m i n i u m  py roxene ,  spodumene ,  is monoc l in ic  a l t h o u g h  
no  ion is i nvo lved  larger  t h a n  Mg. U n f o r t u n a t e l y  the re  
seems to  be  no  k n o w n  p y r o x e n e  con t a in ing  b a l a n c e d  
r e p l a c e m e n t  of Mg b y  F e "  a n d  A1, or by  F e "  a n d  F e ' "  
(wi th  of course  f u r t h e r  r e p l a c e m e n t  of Si by  A1 to preserve  
t he  cha rge  balance) ,  so t h a t  i t  is n o t  k n o w n  w h e t h e r  
such  a p y r o x e n e  ana logue  of a gedr i t e  wou ld  be or tho-  
rhombic .  

Thus  t he  o r t h o r h o m b i c  p y r o x e n e  s t r u c t u r e  is fo rmed  
u n d e r  r o u g h l y  s imi lar  condi t ions  of ion size to  those  
wh ich  lead  to  t he  o r t h o r h o m b i c  a m p h i b o l e  s t ruc tu re ,  
b u t  t h e  l imi t ing  condi t ions  are  far  less r ig id ly  def ined.  
A possible e x p l a n a t i o n  for  this  is t h a t  the  single SiO 3 
cha in  m i g h t  be  e x p e c t e d  to  be  m o r e  f lexible t h a n  the  
doub le  Si40 n chain .  Then ,  if the  i n t r o d u c t i o n  of d i f ferent -  
s ized ions leads to  d i s to r t ion  of t he  chain ,  it  will  a t  t he  
same  t ime  m o d i f y  t he  condi t ions  for s t ab i l i ty  of t he  
o r t h o r h o m b i c  a n d  monoc l in ic  s t ruc tu res .  The re  is some 
ev idence  t h a t  this  is in fac t  t he  case since t he re  are  
apprec iab le  differences in t he  re la t ive  posi t ions  of the  
silicon a n d  o x y g e n  a t o m s  in t he  th ree  p y r o x e n e  s t ruc tu re s  
t h a t  h a v e  been  p u b l i s h e d - - d i o p s i d e  (War ren  & Bragg,  
1928), ens t a t i t e  (War ren  & Modell ,  1930) and  s p o d u m e n e  
(War r en  & Biscoe,  1931). 

T h e  para l l e l i sm b e t w e e n  the  re la t ionsh ips  of fl a n d  
ionic size a t  M 2 in p y r o x e n e s  a n d  M 4 in amphibo les  is 
qu i t e  close as shown  in t he  fol lowing tab le :  

fl in am- 
Ion phiboles fl in pyroxenes 

Ca 105 ° 50' 104 ° 20'-105 ° 50' 
Na 107 ° 20' 106 ° 49"-107 ° 16" 
Mg I I I  ° 108 ° 22' 
Li 111 ° 110 ° 20" 

(Kuno & Hess, 1953) 
(Dana, 1932) 
(Kuno & Hess, 1953) 
(Warren & Biscoe, 1931) 

The  va lues  g iven for t he  amphibo les  are  those,  in ter-  
po la t ed  or e x t r a p o l a t e d  as necessa ry  to  t he  nea re s t  10", 
f rom the  g r a p h  re la t ing  fl to  t he  rad ius  of M 4 (~rhi t -  
t aker ,  1960). T h e y  re la te  to t h e / - c e n t r e d  a m p h i b o l e  cell. 
The  va lues  g iven  for the  py roxenes  have  been  c o n v e r t e d  
to t he  ob tuse  va lues  f rom the  acu t e  va lues  g iven in t h e  
l i t e ra tu re  and  re la te  to  t he  C-cen t red  p y r o x e n e  cell, 
wh ich  is s t r u c t u r a l l y  ana logous  to t h e / - c e n t r e d  amph i -  
bole cell. The  para l le l i sm is qu i te  m a r k e d ,  t h o u g h  aga in  
i t  is c lear  t h a t  t h e r e  is a d i s tu rb ing  inf luence  of t he  size 
of the  ion a t  M 1 in t he  p y r o x e n e s ;  as this  increases ,  
t he re  is a sy s t ema t i c  decrease  in fl w i th  a g iven ion size 
a t  Me as follows: 

M~ M 1 (predominant ion) 

Chemical Radius Chemical Radius 
symbol (A) symbol (A) fl a sin fl 

Fe"  0-83 104 ° 20' 9.55 
Ca 1-06 Mg 0.78 105 ° 50" 9-38 

Na 0.98 f Fe ' "  0.67 106 ° 49' 
( A1 0-57 107 ° 16' 

Mg 0.78 Mg 0.78 108 ° 22" 9-12 
Li 0"78 A1 0"57 110 ° 20" 8.91 

I r regu la r i t i e s  in t he  fl va lues  of t he  amph ibo le s  a re  n o t  
so obvious ly  a t t r i b u t a b l e  to a pa r t i cu l a r  factor .  

The  above  r e m a r k s  on the  effect  of ionic size on fl 
also app ly  to t he  effect  on a sin fl, w h e r e  this  is k n o w n .  
This  spac ing  is subs t an t i a l l y  m o r e  va r iab le  t h a n  in t he  
amphibo les  (pyroxene  range  0.64 A;  a m p h i b o l e  r ange  
0.27 /~). I t  is also no t ab l e  t h a t  t he  s t r u c t u r a l  r ead jus t -  
m e n t s  in s p o d u m e n e  p e r m i t  i t  to  ach ieve  a va lue  of 
a sin fl wh ich  is lower  t h a n  the  va lue  of a/2 in ens t a t i t e  
(9-10 A). 

D a t a  f rom pigeoni tes  h a v e  been  exc luded  f rom t h e  
above  discussion in v iew of t he  ev idence  t h a t  t h e y  h a v e  
a d i f fe ren t  space g roup  f rom the  o the r  py roxenes  (Bown 
& Gay,  1957). 

I wish to t h a n k  the  Di rec tors  of F e r o d o  L td .  for  per-  
miss ion to  publ i sh  this  c o m m u n i c a t i o n .  
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