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Star t ing wi th  the s t ructure of (low) albite published by  Taylor,  Darbyshi re  & Strtmz in 1934, the  
crystal  s t ructures of a low albite and of a high albite, both  near ly  pure NaA1SiaO s, have been 
refined by  means of a series of Fo and (Fo--Fc) Fourier  projections parallel  to all three axes. 
The mean bond lengths wi th in  the four non-equivalent  te t rahedra  are in low albite, 1-743, 1.590, 
1.636 and 1.616 /i~, and in high albite 1.653, 1-639, 1.643 and 1.647 /~, wi th  a s tandard  deviat ion 
0.02 A. I t  is concluded t h a t  in low albite the first  site Sil(0) contains near ly  all the  A1 and  t h a t  in 
high albite the A1 and Si a toms are randomly  dis t r ibuted throughout  the  four te t rahedra l  sites. 
The dimorphism of soda felspar is thus  due pr imar i ly  to differences in the degree of A1-Si ordering. 

Four features of the Na a tom were noted:  (1) In  both  albites the tempera ture  factor of this  a tom 
is much greater  t han  t ha t  implied in the f curve of Bragg & West .  (2) The tempera ture  factor is 
greater in high albite than  in low. (3) In  low albite this  a tom behaves as though i t  had  an  aniso- 
tropic thermal  vibrat ion wi th  a m a x i m u m  ampl i tude  near ly  along y equivalent  to an atomic 
separat ion of ~ 0-1 ~ .  (4) In  high albi te  the effect is similar bu t  much  more intense, equivalent  
to a separat ion of N 0.6 /~. A possible in terpre ta t ion  is t h a t  the  Na a tom occupies at  random 
through the s tructures one or other of two positions, wi th in  the same large cavi ty ,  separated by  
N 0.1 /~ or --- 0.6 A near ly  along y. On this  view, when the A1-Si a toms are disordered as in high 
albite the cav i ty  available for Na is effectively larger than  t ha t  a tom can fill, whereas when the 
A1-Si a toms are largely ordered, as in low albite, the  cav i ty  is small enough to near ly  enclose the 
Na atom. 

On the assumption t h a t  m a x i m u m  s tabi l i ty  a t  room tempera ture  corresponds to local balance 
of electrostatic charges throughout  the structure,  a detailed discussion of the two albites and  of 
sanidine and intermediate  microcline leads to a number  of unexpected and impor tan t  conclusions: 
(1) In  low-temperature felspars the most  stable s tructure is not  necessarily, as is generally assumed, 
one in which the A1-Si a toms are completely ordered. (2) The most  stable potass ium felspar is not  
'maximum'  microcline but  a monoclinic (C2/m) orthoclase wi th  A1 par t ia l ly  ordered into one half 
of the te t rahedra .  (3) In termedia te  microcline has an unstable charge dis t r ibut ion and all micro- 
clines lie outside the normal  s tabi l i ty  range of the potassium felspars, which runs from disordered 
sanidine to par t ia l ly  ordered orthoclase. (4) Most microclines probably  form as the exsolution 
product  of an alkali  felspar which cooled from fairly high temperatures  and which, at  those high 
temperatures ,  contained a sufficient proport ion of Na to confer par t ia l  ordering and the associated 
triclinic s y m m e t r y  on the te t rahedra l  framework. 

G e n e r a l  i n t r o d u c t i o n  

Sod ium fe lspar  (NaA1SiaOs) m a y  exis t  in  one of two  
well  es tab l i shed  modif ica t ions .  The  o r d i n a r y  low- 
t e m p e r a t u r e  form, cal led va r ious ly  l ow- t empera tu r e  

* Progress reports on this work were given at the Third 
Congress of the International Union of Crystallography in 
Paris, 1954 (Acta Cryst. (1954), 7, 633) and at the Fourth 
Congress in Montreal, 1957 (Acta Cryst. (1957), 10, 759). 

~f Present address: Geological Survey of Canada, Ottawa, 
Ontario, Canada. 

a lbi te ,  low a lb i te  or s imp ly  albi te ,  is widespread  in  
acid p lu ton ic  rocks.  The  m u c h  ra rer  h i g h - t e m p e r a t u r e  
form, cal led va r ious ly  h i g h - t e m p e r a t u r e  a lbi te ,  h igh  
albi te ,  or ana lb i te ,  has  been repor t ed  f rom some acid  
lavas  and  m a y  be p roduced  s y n t h e t i c a l l y  b y  crys ta l -  
l izing a glass of a lb i te  compos i t ion  or b y  h e a t i n g  the  
l ow- t empera tu r e  modi f i ca t ion  for long periods.  Of t h e  
possibl'e names  for t he  two  forms we prefer  low a lb i te  
a n d  h igh  albi te ,  wh ich  are a l r e a d y  ga in ing  wide ac- 
ceptance.  

The  c rys t a l  s t ruc tu re  of (low) a lb i te  was descr ibed  
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by  Taylor,  Darbyshi re  & Strunz (1934) shortly after  
Taylor  (1933) had  established the s t ructure  of sani- 
dine. In  the later  paper,  the authors  showed tha t  all 
felspars have essentially the same s tructure  and tha t  
the  small s t ructura l  difference between albite and 
sanidine is due to a slight collapse of the te t rahedra l  
f ramework  about  the smaller alkali  a tom in albite. 
The s y m m e t r y  is thus lowered from monoclinic to 
triclinic, and this early analysis showed tha t  a toms in 
albite are shifted up to 0.3 _~ from the positions of 
their  counterpar ts  in sanidine. The general s t ructura l  
features  of the felspar minerals,  including albite, are 
well known and need not  be reviewed here. 

Highly  accurate  s t ructure  analyses of the two 
modifications of albite were under taken  by the writers 
for several reasons. First ,  to t ry  to distinguish be- 
tween the  A1 and Si a toms (not differentiated in the 
early analysis) in order to determine whether  the 
principal s t ructura l  difference between the two forms 
is due to A1-Si order-disorder  as Bar th  (1934) postu- 
lated for the  potassium felspars, and as Cole, S6rum 
& Kenna rd  (1949) and Bailey & Taylor  (1955) have 
now proven for those felspars. Second, to determine 
any  s t ructura l  differences other than  the presumed 
A1-Si order-disorder.  And, third, to provide accurate  
s t ructura l  da ta  Deeded for the elucidation of the com- 
plex intermediate  members  of the two impor tan t  
series, the alkali (potassium-sodium) felspars and the 
plagioclase (sodium-calcium) felspars. 

High albite has optical and crystallographic prop- 
erties close to those of the  low-temperature  form. In  
part icular ,  Laves & Chaisson (1950) have shown tha t  
the two modifications have very  similar triclinic cell 
dimensions, the same cell content,  and similar X- ray  
pat terns ,  and have suggested tha t  s t ructura l  differ- 
ences between the two forms are small. We have 
assumed tha t  the s t ructures  of both modifications 
could be refined by s tar t ing with the parameters  of 
low albite published in 1934. In  this way  we have 
derived accurate  structures for a low albite and a high 
albite, both near ly  pure NaA1Si308, by means of a 
series of two-dimensional Fo and (Fo-Fc) Fourier  
syntheses for each of the three principal projections. 
The principal s t ructura l  difference between the two 
modifications is shown to be a largely ordered distribu- 
tion of the A1 and Si a toms in low albite and a random 
distr ibution in high albite. Other secondary s t ructura l  
differences have been revealed, particularly with 
reference to the sodium atom. 

In  this work we have used only two-dimensional 
Fourier  syntheses,  and certain atoms are not  fully 
resolved in any  of the three projections. Because of the 
great  geological importance of the soda felspars, we 
plan to refine the s tructures of both modifications still 
f a r the r  by  three-dimensional methods which permit  
full resolution of all atoms. Much prepara tory  work 
has a l ready been done, but  because considerable t ime 
will be required to manipula te  the measurements  for 
several thousand  reflexions, and because our present 

results appear  to be fairly conclusive, we have thought  
it advisable to publish them now. 

Par t s  I and I I  of the paper  describe the analyses of 
the s t ructures  of low albite and high albite respec- 
tively. In  Pa r t  I I I  we discuss our results. 

P A R T  I. LOW A L B I T E  

By R. B. FERGUSON 

1. E x p e r i m e n t a l  de t a i l s  

The specimen chosen for examinat ion was No. 29 of 
a suite of plagioclase felspars given by R.C. Emmons  
to W. H. Taylor.  Emmons  and his colleagues a t  the  
Univers i ty  of Wisconsin have published (Emmons,  
1953) detailed chemical and optical descriptions of 
these felspars as pa r t  of a broader  geological in- 
vestigation. The history of specimen No. 29 (Emmons,  
1953, and pr ivate  communication) is: collected by 
Waldemar  T. Schaller from the Litt le Three Mine, 
Ramona ,  San Diego County,  California, where it 
occurred in a cavity in an albitized pegmat i te ;  listed 

Table 1. Chemical analyses and molecular compositions* 
of Ramona and Amelia albites 

(Emmons, 1953, p. 19) 

Ramona Amelia 
(Emmons No. 29) (Emmons No. 31) 

Analyst R.E.  Stevens R.E.  Stevens 

SiO 2 68.05 68-17 
A120 a 19.73 19.62 
Fe203 0.10 0-08 
MgO Trace Trace 
CaO 0.05 0-08 
Na20 11.69 11.59 
K~O 0.18 0.28 
H20- 0-03 0.01 
tt20+ 0-10 0-11 
TiO~ 0.01 0-01 
Total 99.94 99-95 

Or* 1.0 1.6 
Ab 98.5 97.7 
An 0.5 0-7 

* Expressed as molecular percentages of KA1SiaO 8, NaA1SiaO 8, 
and CaA12Si20 s. 

Table 2. Optical data for Ramona albite and inverted 
Amelia albite 

gamona* Amelia, inverbed~ 
(Emmons No. 29) (Emmons No. 31) 

a 1-528 1.527 
fl 1.532 1-532 
? 1.538 1.534 

2V~ calc. 78 ° 33' 135 ° 54' 
2V r meas. 75 °, 80.5 ° 125-135 ° 
Extinction on (010) -t-21½ ° +9 ° 
Extinction on (001) -t- 4 ° + 1 ° 

* The refractive indices and 2V are from Emmons (1953) 
as amended in a private communication from S. W. Bailey 
(1956); extinctions by R. B. F. 

t The refractive indices, 2V calc. and 2V meas. are from 
Tuttle &Bowen (1950); extinctions by R. J. T. 
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Table  3. Cell  d i m e n s i o n s  o f  l ow  a n d  h i g h  a lb i tes  

High albite 
Low albito (inverted from low form), 

Ramona, Cal. Amelia, Virginia 

d(100) (A) 7.279±0.005 7.299~ 0.002 
d(010) ( / k )  12-7524-0.001 12.8454-0.001 
d(001) (/~) 6.388±0-002 6.353±0.003 

a* 86 ° 20'±02'  86 ° 06'±02" 
~* 63 ° 32'±02'  63 ° 38"4-02' 
y* 90 ° 28'±02'  88 ° 01'4-02' 

a (A) 8.138 8.149 
b (/k) 12.789 12.880 
c (A) 7.156 7.106 
a 94 ° 20' 93 ° 22' 
fl 116 ° 34' 116 ° 18' 

87 ° 39' 90 ° 17" 

Volume of cell (/k a) 664-2 666.7 
Cell content 4 [NaA1SisOs] 4 [NaA1Si3Os] 
Measured density 

(g.cm. -a) 2.621" - -  
Calculated density 

(g.cm. -a) 2.623 2.615 
Space group C1 C1 

* Emmons, 1953. 

as spec imen No. 89, 192 in the  U. S. N a t i o n a l  Museum 
Collect ion;  suppl ied  to E m m o n s  b y  C. S. Ross.  Tab le  1 
gives the  chemica l  compos i t ion  of th i s  a lb i te  a n d  of 
the  Amel ia  a lb i te  used,  a f te r  invers ion,  by  Trai l l  in 
his ana lys i s  of h igh  a lb i te  (Pa r t  I I) .  I t  can be seen 
t h a t  b o t h  spec imens  are nea r ly  pure  soda felspar,  a n d  
in our  r e f inement s  we have  a s sumed  t h a t  t h e y  are 
b o t h  pe r fec t ly  pure  NaA1Si30 s. Table  2 gives  the  
opt ica l  d a t a  for t he  R a m o n a  low a lb i te  and  for t he  
Amel ia  low a lb i te  af ter  invers ion  to  t he  h igh- tem-  
pe ra tu re  form. 

The  X - r a y  p a t t e r n s  were ob t a ined  f rom a f r a g m e n t  
nea r ly  equ id imens iona l  in  aspect ,  w i th  edge ~ 0 .2-  
0.3 ram.,  t he  o r i en t a t i on  being f ixed b y  reference to  
the  c leavage p lanes  (010) a n d  (001), ident i f ied  b y  
observ ing  the  ex t inc t ions  +21½ ° and  + 4  ° respec t ive ly .  
L a t t i c e  cons t an t s  de t e rmined  b y  the  ' 0 -me thod '  of 
Weisz,  Cochran  & Cole (1948), a n d  in sa t i s f ac to ry  
ag reemen t  w i th  accura te  va lues  pub l i shed  earl ier  for 
low a lb i tes  b y  Cole, SSrum & Tay lo r  (1951), L a v e s  
(1952), B a s k i n  (1956), a n d  others ,  are g iven  in Table  3, 
t oge the r  w i th  dens i ty ,  etc. Bai ley ,  Fe rguson  & T a y l o r  
(1951) appl ied  s t a t i s t i ca l  t e s t s  to the  X - r a y  in tens i t i e s  
of th i s  a lb i te  (as well as to an  or thoelase  and  a san id ine)  
a n d  showed i t  to be c e n t r o s y m m e t r i c a l ;  t he  space  
group C1 is app rop r i a t e  to  a cell cor responding  e x a c t l y  
w i th  t h a t  used or ig ina l ly  b y  T a y l o r  et al.  (1934). 
I n t ens i t i e s  were ob t a ined  f rom zero-level  Weissenberg  
p h o t o g r a p h s *  t a k e n  abou t  each of the  th ree  axes  us ing  
f i l tered Me rad ia t ion ,  t he  s t a n d a r d  mul t ip le - f i lm 
t echn ique  and  a compar i son  scale for v isual  es t ima-  
t ion.  The  in tens i t i es  are p r o b a b l y  accura te  to  -~ ± l0  %. 
A l toge the r  125 (Ok/), 110 (hO1) and  121 (h/c0) ref lexions  
were recorded;  for ( F o - F c )  syn theses  the  inclus ion of 
ref lexions  of zero i n t e n s i t y  w i th  (sin 0/~)~_< 0.5 in- 
creased the  n u m b e r s  of t e rms  to  163, 122 and  162 
respect ive ly .  The  measu red  in tens i t i es  were corrected 
g raph ica l ly  for Loren tz  a n d  po la r iza t ion  fac tors  
(Cochran,  1948); w i th  Me K s  r a d i a t i o n  the  absorp-  
t ion  in the  spec imen m a y  be neglected.  No effects 
a t t r i b u t a b l e  to  ex t i nc t i on  were observed.  

The  square  roots  of the  corrected in tens i t ies  gave  a 

* In addition, 26 upper-level equi-inclination photographs 
were taken to provide data for three-dimensional work. 

Stage of 
refinement 

Table  4. D e t a i l s  o f  the t w o - d i m e n s i o n a l  r e f i n e m e n t  o f  l ow  a n d  h i g h  a lb i tes  

a axis: 0kl b axis : hOl c axis: hkO 

~?ype of Type of "Type of 
Fourier R Fig. Fourier R Fourier R Fig. Comments 

(a) Low albite 
0 - -  0 . 3 3  - -  - -  0 . 4 3  - -  0 . 3 2  - -  

I - ~ o  0 . 2 5  - -  - -  - -  Fo 0 . 2 1  - -  

II  Fo-Fc 0"18 - -  - -  - -  Fo-Fc 0"20 - -  
I I I  Fo-Fc 0"13 2(a) - -  0.16 -~o-Fc 0.13 3(a) 
IV Fo-Fc 0.097 - -  Fo-Fc O. 11 2'o-.Fc 0.096 - -  

V Fo-Fc 0.092 2 (b) Fo-Fc 0.080 Fo-Fc 0.093 3 (b) 
] Fo-Fc - -  3(e) 

VI Fo-Fc - -  2 (c) Fo-Fc - -  ~ 2'0 - -  1 

(b) High albite 
0 - -  0-35 . . . .  0.37 

I Fo 0 " 3 4  - -  2'0 - -  Fo 0"28 
I I  Fo-Fc 0"33 - -  - -  - -  Fo-Fc 0"26 

I I I  Fo-Fc 0"24 - -  - -  0" 17 2'o-Fc O" 15 
IV Fo-Fc 0"19 - -  Fo-Fc 0"15 Fo-Fc 0"14 

/ Fo-Fc 
V 2'o-Pc - -  - -  Fo-Fc - -  I. Fo - -  

Parameters of Taylor et al. (1934); 
f values of Bragg & West (1928) 
f values unchanged 
f values unchanged 
f values unchanged 
f values unchanged 
fNa changed to B ---- 1.3 /~2 
f~'a changed to B ---- 1.6 /~2 
Final Fouriers : no new parameters 
derived from them 

- -  Parameters of Taylor et al. (1934); 
f values of Bragg & West (1928) 

- -  f values unchanged 
- -  f values unchanged 
- -  f values unchanged 
- -  f values unchanged 
- -  fNa changed to B ---- 1.5 ~2 

5 Final parameters derived from 
Stage V Fouriers 

Note: The parameters assumed for any given set of Fouriers except the first were the best derived from the previous set of 
Fouriers, i.e. at Stage III ,  for example, refined parameters I I  were assumed. 

24* 
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b/4 > y b/2 3b/4 
o .xx,,X~k.,,._~Oit]j//~ ;._:_. .~\ j ',~.j ~____~. .,,,>~,<,~.. } ~ ~  l]llll~~_..... .~ 

i \ 0 . / / ' ~ - ' . " ~ , "  ~ ' t\\\~J//llM I I//' : ' - - ' . , : /  
,.' .- . . . . . . . . .  ;-" 11 ",,, t ,  ~ t.,." 
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~ ~ " % ~ \ ' x \ \ \ t  I / , , " ,  ;.' ) \ '  ' ~ : (  ~' 
o/: ~ ' ~ ' ~ : o ' ~  <~>~\\ I ( \ " , , ' - 7 / o  \",. , ' (  "X-'--7 

o 1 2A 
I . . . .  ~ , , , , I  I I 

Fig. 1. Low albite,  ~o p ro jec ted  along [00l],  Stage VI.  a '  = a sin/7 = 7.279 ~ ,  b' = b sin c¢ = 12.753 /~, y '  = 89 ° 32'. Assumed  
posi t ions deno ted  b y  crosses, s y m m e t r y  centres  b y  open  circles. Pos i t ive  contours  in solid line, zero con tour  in chained llne, 
negat ive  contours  in b roken  line. Contour  in terval  100 uni ts  = 2-155 e./~ -~', excep t  on ei ther  side of zero con tour  (50 uni ts)  
and  in vic ini ty  of a toms Sit(0), Sil(m), O~(1) (200 units).  

set of relative Fo's, which were placed on the absolute 
scale by comparison with structure amplitudes cal- 
culated from the parameters of Taylor et al. (1934) 
and the f curves of Bragg & West (1928).* For all 
four of the tetzahedral (A1, Si) atoms one curve of 
(l /si+¼f~) versus (sin 0//t) 2 was used throughout the 
refinement. The use of this curve implies a completely 
random distribution of AI and Si in the tetrahedra, 
and so avoids any initial assumption that  ordering 
exists. Proceeding in the usual way with the com- 
parison between Fo and Fc for successive small ranges 
of (sin 0/2) 2, it gradually became clear as refinement 
proceeded that  the conversion factor was a constant, 
of the order of 14, for all the reflexions; the value of 
the factor was checked, and modified if necessary, 
after each stage in the refinement process. 

2 .  T h e  r e f i n e m e n t  

The refinement of the structure was carried out by 
means o{ Fo and (Fo-Fc) l~ourler syntheses o{ the 
reflexions in the three principal zones. Most syntheses 
were of the (Fo-Fc) type, but in the interpretation 
of these projections certain constants are required 
from the corresponding 2'0 projections (Cochran, 1951), 
and for this reason the first syntheses (along a and c), 
those based on the parameters of Taylor et al. (1934), 
were of the Fo type. All successive syntheses were of 

* The Bragg  & W e s t  values  p roved  sa t i s fac tory ,  as the  
ref inement  proceeded,  for all a toms  except  ~Ta, for which  a 
m u c h  larger t empe ra tu r e  fac tor  was found necessary.  Detai ls  
relat ing to  this a t o m  are given below. 

the (Fo-Fc) type until the final stage when an •o 
synthesis along the c axis (Fig. 1) was calculated 

/ ; !  d~ t~, ' k  - ~,..,,. . - . .  

, l  
/,t, d, ' - - ,  , ;  :,f4j 

1)  ._: ',....;.,.'/11 u j / i /  ~ r", ",_ 

(o) 

I \ . 
f" i ° , 

i/J/.;-'.'-b; '! "--i "~ 
t s r ~ ~l 

/' } / ~,',,;, ,,,, .. ) (b) 

/ U l , , ,  , . .~ , , , , , }~  # # i i1% l l l l t  

, ;  : "-:. ,, / i l / I -D ~ ~ 
' - - - /  "'. . " ; / I t  7 / / - - ,  

I l l f ~ l i , ' , " ,  " ~'/ 
• , / 1  • i / / ' / / )1~, ,  ,, ," .---, (~) 

I / / ( 1 1 i ;  . . . . . .  : - 
Z i ~ l x J  i ; ;  # ~ l  e I "  / r ~ I( L ~ / I !  "; l i l t - ,  ." ; 

-._.,.;, ,---:.,,'f( o / (  ..; r- 
l,.- 

Y 

Fig. 2. Low albite, (Qo--Qc) projected along [TOOl, in v ic in i ty  
of hTa atom. b'-----bsiny----12-778 /t~, c'----c sin /7----6.400 A, 
~ ' =  93 ° 40'. Assumed  posi t ions deno ted  b y  crosses. Con- 
ven t ion  for posit ive,  zero and negat ive  contours  as in Fig.  1. 
Contour  in terval  50 uni ts  = 1.225 e.A -2. (a) Stage I I I ,  
(b) s tage V, (c) s tage VI .  
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mainly to provide data  for the estimation of the final 
accuracy. In  the (Fo-F~) syntheses, terms for re- 
flexions with 2'0 = 0 were given half weight in order 
to allow, in a simple way, for the fact tha t  many 
reflexions with an observed intensity of zero probably 
would, with much longer X-ray exposures, be found 
to have an appreciable intensity. Table 4(a) lists the 
Fourier syntheses tha t  were calculated; other details 
in the table are referred to below. 

Hand calculation with Patterson-Tunell  strips in 
the early stages of refinement was followed by the 
use of the electronic computer F E R U T  at the Com- 
putat ion Centre, McLennan Laboratory, University of 
Toronto, for Fourier syntheses, structure factors, and 
interatomic distances and bond angles. In Fourier 
syntheses evaluations were carried out over one quarter 
of the area of each projection, at  intervals a/60, c/60, 
and b/120 (after Stage III)  which give points separated 
by a little more than 0-1 J~. The contours in Figs. 
1, 2 and 3 are in arbi t rary units; the conversion factors 
to absolute units are given in the legends. In locating 
the maxima on the ~o maps of Stage I the method of 
Booth (1948) was used, and in calculating the shift 
of an atom from the (~o-~)  maps (Stages I I  to V) 
the formula 

(dD/dr)~=o 
A 2V~o(0) (~) 

(Cochran, 1951) in which p = 5.0 J~-~ and Qo(0)= 
1450, 750 and 950 (arbitrary) uni ts /~-2 for Si, 0 and 
l~a respectively. 

The :Na atom presented a special problem. In the 
early (~o-~c) projections along a and c (Figs. 2(a) 
and 3(a)) this atom was enclosed by a strong negative 
area bounded on either side, nearly in the y direction, 
by reasonably strong positive areas. No a t tempt  was 
made to correct for the anisotropic thermal vibration 
indicated by the positive peaks, but to correct for the 
negative trough the value of B in the expression 
exp [ - B  (sin 0/~t) 2] was increased at Stage V to 1.3/~9 

i c...;) i '<:,'_} 
I ;":L'.':':;;" .-.\ ' " "  ; " : : : : '  

/ / . I  "~. I f',.;::,,'; '\ l 

(b ~ ~ ~ , ;  ~ \ \ \  .... , ",, ---. 
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.t 
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I .... '~ "-.":'-- ~'~ "(" 
, .! , " ," , - -X i !  ,.,,~ ~ ( 
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r ..-"~"X'~".."--':! / ,, "~ '~ ',, 
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I ."" ~", i ) 
t "l "".,, / '" f " x  

Fig. 3. Low albite, (~o--~c) projected along [001], in vicini ty 
of Na  atom.  Assumed posit ions denoted  by  crosses, a' ,  b'~',  
and  convent ion  for posit ive,  zero and  negat ive contours  a s  
in Fig. 1. Contour  interval  50 uni ts  = 1.078 e.A -2. 

(a) Stage I I I ,  (b) stage V, (c) stage VI.  

from the effective value of Bragg & West (1928) of 
N 0.6 /~9.. This reduced appreciably the depth of the 
trough around Na (Figs. 2(b) and 3(b)), but, because 
this trough was still marked, B was increased at  the 
final Stage VI to 1.6 J~. The effect is shown in Figs. 
2 (c) and 3 (c). I t  is unlikely that  this situation could be 
improved by any further changes in B; only an 
allowance for the anisotropic effect and perhaps a 
slight shift of the atom could remove the trough and 

Table 5. Final two-dimensional parameters of low and high albites 

Low albite High albite 

x y z x y z 

OA(1) OA1 0.009 0.134 0.967 0.004 0.136 0.981 
OA (2) OA~ 0-595 0-997 0.279 0.600 0"990 0.272 
OB(0) OB1 0"818 0"112 0"192 0"808 0"123 0"189 
O~(m) OB2 0.321(0.821) 0.353(0.853) 0.259 0.317(0.817) 0.352(0.852) 0.241 
OC(0) OCl 0.006 0.307 0.268 0.008 0.291 0.266 
Oc(m)  OC2 0"522(0"022) 0"196(0"696) 0'233 0"520(0"020) 0"188(0"688) 0"220 
O~(0) OD1 0"206 0'110 0"389 0.195 0-112 0"388 
OD(m) O~2 0"683(0"183) 0"369(0"869) 0"430 0"677(0"177) 0"380(0"880) 0"423 
Sil(0 ) Si 1 0.008 0.171 0-209 0.009 0.165 0.213 
Sil(m) Sil, 0.508(0.008) 0.318(0.818) 0.241 0.505(0.005) 0.315(0.815) 0.232 
Si~(0) Si 2 0-692 0.110 0.315 0.690 0.109 0.322 
Si2(m) Sin, 0.183(0.683) 0.382(0.882) 0.359 0.184(0.684) 0.377(0.877) 0.354 
Na  Na 0.272 0.990 0.145 0.277 0.007 0.140 

T h e  a toms  are n amed  and numbered ,  in parallel columns on the  lef t -hand side, first in the  s tandard  no ta t ion  of Megaw (1956) 
a n d  secondly in the  old nota t ion.  Where  parameters  are given in brackets  they  refer to the  type  a toms selected by Megaw; 
t h e  equivalent  parameters  no t  in brackets  refer to the  type  a toms of the  older convent ion which in Megaw's no ta t ion  would 
b e  described as OB(m0/0), Oc(m0i0), etc. 
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peaks still present. This anisotropic effect shows up 
on the final hlcOoo map (Fig. 1) but in a much less 
striking fashion than on the difference maps. The 
Fourier maps do not yield the exact magnitude of this 

anisotropic vibration, but they suggest that  the max- 
imum separation nearly along y is ---0.1 J~. On the 
first b-axis projection (Stage IV) a distinct trough 
surrounded Na but no clear anisotropic vibration was 

Table 6. Interatomic distances and interbond angles of low albite and high albite calculated from the final 

Si-O 

Na-O 

Si 1 

Si 1, 

Sia 

Si~., 

O-O 

two-dimensional parameters 

Interatomic distances in Angstr6m units 
Low albite 

^ 
Mean values 

Sit-OA1 1.762 } 
--OB1 1"702 1.74~. 
OcI 1"762 
Om 1"744 

Sif-OA1 1.599 } 
OB2 1"626 1.590 
0c2 1"553 
Ov2 1"583 

Si2-OA2 1-61 s } 
OB1 1"627 1.636 
Oc2 1-649 
O1)2 1"649 

Si2,-OA2 1.640 } 
OB2 1"597 1.616 
Oc~ 1.618 
Om 1.611 

o ,1 { 
OA2 { 

OB1 
OB2 
0cl 
Oc2 
OD1 
ODs 

OA1--OB1 
OAI-Ocl 
Oal-Om 
O m-O cl 
Ore-Ore 
Oc1--OD1 

OAI--OB2 
0A1-0c2 
OA1--OD2 
OB2-Oo~ 
OB2-Om~ 
0C~-01)2 

OA2--OB1 
OA.~-Oc2 
0A2-092 
OBI-Oc2 
Om-OD2 
Oc~-O/~2 

OA2-OB2 
0a2-0Cl 
OA~-OD1 
OB2--0Cl 
OB2--O~1 
Ovl--OD1 

2.615 
2.681 
2-363 
3.66 a 
3.759 
2.46 o 

(3"424 ) 
2.889 

(3-247 ) 
2.465 

(2"997 ) 

2.726 
2.974 
2.750 
2-86 s 
2.826 
2.909 

2"573 
2.632 
2"55 s 
2"586 
2.641 
2'589 

2"68~ 
2"604 
2.624 
2.721 
2"700 
2"691 

2.590 
2.556 
2.646 
2.6% 
2.629 
2"707 

I 2.842 

2.596 

2.67 o 

2.637 

1.649 

2.649 
2-721 
2"387 
3.192 
2.616 

(3.15~) 
(3"30~) 
2-912 
2.481 
3-035 

2.624 
2.748 
2.646 
2"584 
2.836 
2"736 

2.589 
2.712 
2.576 
2.727 
2.64 a 
2'784 

2.671 
2.642 
2.619 
2.591 
2.707 
2.834 

2.581 
2.659 
2.676 
2.717 
2.69~ 
2.793 

High albito 

Mean values 

1"659 } I 1"654 1.659 
1.645 
1.65 s 

1"646 } 
1"63a 1.639 
1.641 
1.636 

1"646 } / 
1"635 1.642 
1.64 o 
1.645 

1"637 / 
1"63a 1.647 
1'66 s 

2-695 

I 2.672 

2.677 

2.687 

1.645 
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Table  6 (cont.) 

Interatomic angles 

Low albite 

Mean values 
103 ° 48' / 105 ° 
115 ° 06' ] 112 ° 
103 ° 20" 109 ° 22" 106° 
111 ° 35' [ 103 ° 
110 o 13' ] 117 ° 
112 ° 09' 111 o 

O-Si-O 

OAF Si~ -Ore 
OA1-- --OCl 
O~tl- -Ore 
OBt-- --OCl 
OB1-- --OD1 
Ocl- -Ore 

OA 1-- Sir --0B2 
Oal- -Oc2 
OA1-- --OD2 
0B2-- --0C2 
OB2-- --OD2 
0c2- -OD~ 

105 ° 48" ~ 104 ° 
113 ° 11' ] 111 ° 
106 ° 48" 109 ° 17' 103° 
108 ° 51" [ 112 ° 
110 ° 43' ] 107 ° 
l l0  ° 18' 116 ° 

OAe-- Si 2 -Ore 110 ° 29' I 108° 
O~t2- -Oc2 105 ° 40' ] 106 ° 
OA2- -02)2 106 ° 52' 109 ° 16' 105° 
OB1-- --Oc2 112 ° 17' [ 104 ° 
OB1-- --002 110 ° 55' ] 111 ° 
Oc2-- --OD2 i090 20' 119 ° 

Oa2- Si2,-OB2 106 ° 16' / 104° 
0A2-- --0C1 103 ° 19' [ 107 ° 
OA2-- --O/)1 108 ° 57' 109 ° 22" 109° 
OB2- -Oct 113 ° 42' [ 110 ° 
OB2- -O~1 110 ° 04' J 110 ° 
Ocl- -Ore 113 ° 54' 114 ° 

Si-O-Si 

Si 1 --OA1-SiI" 
Si 2 -O,t2-Si2' 
Si 1 --OBI-Si 2 
Sil'-OB2-Si2, 
Sil -Oel-Si2, 
Sit,-Oc2-Si~ 

141 ° 54' / 
130 ° 47' 
140 ° 33' 
160 ° 20' , 139 ° 25' 
124 ° 
135 ° 

144 ° 
133 ° 
142 ° 
155 ° 

59' ] 127 ° 
21' 133 ° 

Si 1 -OD1-Si2' 133 ° 53' 136 ° 
Sil,-OD2-Si2 147 ° 35' 144 ° 

The old notation is used for the atoms; for the corresponding symbols in 
see the left hand side of Table 5. 

High albite 

Mean values 
03" 
55' 
09" 
04" I09 ° 28" 
47" 
51' 

16' 
09' 
24' 
48' 109 ° 10' 
05' 
18' 

59' 
59" 
28' 
34' 109 ° 25' 
16' 
13' 

14' 
08' 
08' 
46' 109 ° 23" 
21' 
38' 

24' 
07' 
33' 
04' 

139 ° 39' 59' 
43" 
03' 
18' 

the new (Megaw) notation, 

ind ica ted .  The  change  of B f rom ~ 0.6 to  1.3 A ~ at  
t he  n e x t  s tage b rough t  a zero con tour  near  Na  and  
conf i rmed  the  absence  of apprec iable  aniso t ropic  
v ib r a t i on  in th is  pro jec t ion .  I n  t he  final b-axis projec-  
t ion  where  B -  1.6 A ~, Na  is in  a def in i te  pos i t ive  
peak.  A p p a r e n t l y  in this  p ro jec t ion  the  N a  a tom has  
an  isotropic t h e r m a l  v ib ra t ion  wi th  a m a g n i t u d e  
cor respond ing  to  B = 1.3 A s. This  va lue  of B is 
equ iva l en t  to a t h e r m a l  v ib ra t ion  of a m p l i t u d e  
0.13 /~. The  Na a t o m  in low albi te  may ,  then ,  be 
cons idered  as hav ing  an  anisot ropic  t h e r m a l  v ib ra t ion  
which  in the  p lane  no rma l  to the  y axis is of a m p l i t u d e  
0.13 A and  along y has the  g rea te r  a m p l i t u d e  sug- 
ges t ed  by  t he  Fo a n d  (Fo-Fc) Four ie r  syntheses ,  
n a m e l y  0 . 1 3 + ~  0.05 = ---0.18 A. I t  is wor th  not ing ,  
especial ly  in v iew of Trail l 's  descr ip t ion  in P a r t  I I  
of t he  n a t u r e  of t he  Na  a t o m  in h igh  albite,  t h a t  w h a t  
is here  i n t e rp r e t ed  as an  anisot ropic  t h e r m a l  v ib ra t ion  
m i g h t  equa l ly  be t a k e n  to m e a n  t h a t  t he  Na  a t o m  
occupies,  a t  r a n d o m ,  one or o the r  of two pos i t ions  
w i t h i n  the  same cav i ty  which  are sepa ra ted  by  
---0.1 /~ nea r ly  a long the  y-direct ion.  

Table  4(a) shows, in a d d i t i o n  to  t he  Four ie r  syn-  
theses  carr ied out ,  t he  progress  of t h e  r e f i n e m e n t  as 
i nd i ca t ed  by  the  usual  ' re l iabi l i ty '  f ac to r  R = 
XIIFoI-IFclI+XIFol. In  ca lcula t ing th is  fac tor  only  
those  ref lexions  wi th  IFol > 0 h a v e  been  used. As 
one m i g h t  expect ,  t he  first set of Four ie r  syn theses  
(Stage I) y ie lded  p a r a m e t e r s  which  gave  m u c h  be t t e r  
R factors  t h a n  those  of Taylor  et al. (1934). The  first  
(Fo-Fc) syn theses  (Stage I I )  p r o d u c e d  a n o t h e r  
m a r k e d  i m p r o v e m e n t .  The  fact  t h a t  th is  does no t  
show in Stage  I I  of t he  hkO pro jec t ion  is due  to errors 
m a d e  in the  ca lcula t ion  of t h a t  synthesis .  Stage I I I  
of th is  p ro jec t ion  does show a m a r k e d  i m p r o v e m e n t .  
F r o m  Stage I I I  onward  the  ra te  of i m p r o v e m e n t  was 
slower. The  f inal  va lues  of abou t  0.09 are close to  
those  r epo r t ed  by  Bai ley  & Taylor  (1955) for t he  
comparab le  s tage ( the end  of t he  two-d imens ionM 
re f inement )  in the i r  analysis  of a t r ic l in ic  po ta s s ium 
felspar.  

The  final  p a r a m e t e r s  t a k e n  f rom the  Stage  V 
syn theses  are g iven  in Table  5. Megaw (1956) has  
p roposed  a new sys t em of n a m i n g  the  i nd iv idua l  
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T a b l e  7. Final two-dimensional observed and calculated structure factors of low albite and high albite 

The va/ues of (sin O/;t) ~" for low albite were calculated by desk calculator and checked by the graphical method of Cochran (1948); 
they are accurate to about 4-2 in the third significant figure. The corresponding values for high albite were determined only 
by the graphical method and, within the limit of error, are virtually the same as the values for low albite. Thus separate 
(sin 012) ~ values are not included for high albite. 

I~ al%ite high ~iblte Io~ ~ l b i t e  high alblte low alblte hiKh albite Ibw alblte high alb~tc 

h k ~ (sim@/A) ~ F O Po F o F c h k ~ (sin~/A) 2 F o F O ~o Fo h k & (sing/A) 2 F o F c F o F c h k ~ (sinO/A) 2 F o F o F O F o 

0 O1 .006 28 -~9 0 -16 0 2 f .0115 0 0 17 17 0 6 i .O56 12 17 6 28 0.12.9 .T60 2~ 27 
2 .0~5 198 -200 182 -170 ~ .029 82 78 82 9:5 2 .075 I02 -97 77 -79 
, ~ ~ ~ ~ 1~ ~ o. ]., 2o o-, ; ].® o ~ ~ ~ o].~ .~ 3~ 3~ 3~ 
4 .008 45 &1 ~, 31 4 .101 87 -90 72 -81 ~ .:U~ 61 .,.. 6,~:5 ~ .P, j6 36 -37 39 -23 
5 .153 38 7~ .I,-6 50 5 .15:5 6~ -61 :50 -7~ ~ .197 26 26 27 18 ~ .262 36 -~0 29 -26 
6 .211 I0 -I0 O -7 g .22~ 26 ~ ~ 15 ~ .259 .0 -7 23 -18 ~ .301 35 33 46 53 
7 .3o0 ~ -21 ~ -38 ~ .301 :59 62 ~,1 66 7 .333 0 -9 2.1 -29 ~ .)&O 0 3 o -21 
8 .392 I0 I0 O 1:5 ~ .392 11 -16 8 -9 B .&22 0 8 6 ].9 ~ .~I~ 2& -16 26 -33 
9 .496 16 i~ ~3 ~5 ~ .495 64 -61 A5 -51 ~ .530 31 25 - 7 .489 16 25 8 15 

15 ,61]. o 15 - 
0 2 0 .006 25 -26 43 -31 T~ .740 28 28 - - 0 8 l . IOA 0 10  PJ -35 0 .1 / , . 1  . 301  0 - 2  22  -14 

k .025 163 -159 169 -164 i~ .880 17 -19 - 2 .129 27 27 0 -i0 2 ,337 51 56 AO 26 
6 .O59 110 I08 105 ].06 ) .].63 47 47 72 5:5 3 .~73 13 -n 0 -~0 
8 .098 61 63 71 77 041 .032 21 25 13 21 & .209 49-~9 ~3-30 4 .~I0 0-2 0 11 

10 .17& 69 77 53 :53 2 .052 48 47 35 30 5 .267 16 -I~ 26 - 1 8 : 5  .~82 i o -i 
~ .221 9 -10 23 -2) 3 .084. ~3. -kS 60 -~7 6 .33B 22 21 27 26 6 .555 20 -23 22 -22 
IA .301 :53 -51 37 -37 4 .129 ~ -Z~ 16 -14 7 .~21 20 17 26 20 7 .6~0 2& 25 23 22 

1~ 4~ . 3]. ~ = ~ ~ o ~ ~-1o o~, ~o~ ~-6, ~-~ 

o~, ,~ ]. ~ 1/ , ,3:5 ~ ~ ~-,~ ].~ . ~o ,~io~ i .3.0 o ~ ~ 
• 170 10:5 115 122 IZI ~ .236 27 -2~ -12 .377 0 ~ 

8 .302 0 -& 5 - 5 O 4 ~ .009 96 95 107 9~ ~ .3o0 59 67 46 48 ~ .~7 15 18 8 -12 
10 .&72 57 58 59 6:5 2 .0~6 30 -26 15 -i ~ .368 ].6 15 0 4 ~ .480 10 18 ~7 17 
12 .679 23 22 ].6 22 ~ .o7:5 8/+ -88 70 -68 ~ .&65 2~ -27 12 -9 ? .563 28 23 26 ii 
1% .925 - - 0 ~ 4 .i16 43 &2 ~3 47 ~T .808 19 15 - ~ .650 - - 9 -10 
16 1.208 17 21 - S .170 0 -6 30 -A6 

g .236 36 -37 39 -4:5 0.i0.I .158 0 -4 0 -17 0.16.1 .&06 16 23 2& 12 
021 .o13 ; -a ~ .~ -2~  ~ .314 Iz ~ 2~ ~ z .186 43-,6 56-52 2 .&31 13-ii i~-20 

2 .0}2 I 15 1:5 .&D4 21 3 .221 53 46 23 26 3 .~60 0 0 0 -h 
3 .064 36 35 36 32 ~ .508 0 -1 1:5 -4 ~ .267 26 -~ 10 -15 @ .520 - - 0 } 
& .I07 45 -&2 43 -A8 5 .327 28 -29 20 -19 5 .580 - - 0 I0 
5 .163 0 0 20 -Ii 0 6 1 .0~ 69 66 89 85 6 .39B 50 32 21 2~ 6 .652 ].5 -i0 0 3 
6 .231 33 33 2~ 30 2 .085 63 -60 68 -T& 7 .480 0 i0 0 6 7 .738 16 12 0 
7 .312 0 -8 7 -:5 3 .118 95 -88 110 -11/ 8 .835 19 15 - 
8 .4o5 0 -I 0 3 4 .163 65 6~ 5~ 58 0.i0.~ .i36 2h -27 &l -32 
~ . o  ~ ~. ~ ~ ~ ~ o  . ].~ ~ ~ ~ . o  ~ .  ~, ~ 0 ~  . 3  3~ 3 ,  ~ 3~  

11 .758 17 -19 - .290 59 .-61 - ~ .191 -14 20 2 .,07 l& -25 
lZ ,89B 17 1~ - 7 .3~s 0 -1  ~ -].z ~ . ~ 0  0 ].0 0 -].2 ~ .~30 2o ].a ~ 30 

8 .468 22 25 ].5 16 5 .282 0 4 12 -26 ~ .~58 0 6 0 -19 
331 ~ .  o ~3 ) ~ o ~ o 

,51o o 13 ~ .63o 2, -s5 1~ - 
9 .833 2a ~ - - 

0.12.1 .232 16 21 9 16 
2 .253 17 -i~ 0 -ii 0.18.I .50~ 0 12 9 6 

.291 &3 -~/~ 55 -56 2 .537 28 -29 28 -32 
• 338 19 18 15 8 3 .575 - - 0 & 

) .389 o 1/ 20 28 ~ .625 - - 0 -& 
6 .465 0 -9 0 -2 6 .761 20 19 - - 
7 -555 20 -23 16 -18 

low albite ~h albt te low albi~e B/#h albite 
low albite hiEh albLte low 8/bite high .albite 

h k ~ (sln@/~) 2 Y o Pc Po Fc h k ~ (6in@/~) 2 F o F c Fo Fm h k ~ (sln@/~) 2 F o F c F o F c h k ~ (sin@/~) 2 F o F c F o F c 

0.18. i  .*,97 30 -31 31 -33 4 0 i .0625 58 ~8 58 56 
.501 0 -10 0 5 ~ .062 ~ &5 63 59 8 0 ~ .270 60 58 59 66 16.0.1 ] .29 12 -15 
.~o 9 15 ~ .o73 i~6-122 1)~o -n9 ~ .25o 6 1  o -i 

• o97 2 } ~ ,242 5 9 - 6 0  5 6 - 5 1  16.0,5 .980 ~3 11 - 
• 560 9 -12 .5 ,133 95 89 115 I00 ~ ,2~.7 26 3~ 39 ,7 7 ,973 13 -16 

0.20.i .629 20 -20 - ~ .181 2£ -29 18 -28 5 .263 22 Z~ 28 22 
3 .694 13 27 - ~ .2&/ 42 -&A 56 -52 ~ .293 20 -27 21 -31 I I 0 .006 20 17 19 10 
5 .~07 ~ -30  - - B .31~ 23 ss ]9 26 ~ . 3 ~  1 /  -15 10 - 1 /  ~ .oza 8~ -86 97 -102 

§ .399 19 22 27 33 _~ .3a7 o 3 o 2 .. .o~2 . o 1 2 - 2 5  
0.20,~ .61~ 17 22 - - ~0 .=96 Ii -i0 - - 9 .~53 17 17 12 16 7 .G80 35 30 ~3 3 

7 ,860 26 ~. - ~.f ,6o6 19 -18 - - ~.~ .530 - - z? 20 9 ,129 72 -72 % -i0~ 
1.05 22 -18 - - ~ ]..Ol 9 -8 - - ~I .622 23 -19 ii .].9o 2~ 27 19 9 

~? 1.42 11 0 13 .26& 27 25 25 15 
0.22.3 .8~8 20 -25 - - 6 0 I .~5 52 -50 51 -~1 15 .350 30 -20 22 -33 

~ ~ ~ ].4 ].3-~ ~oo i ~ ~ 78 ~ 12 . .~o o ~ ~ ~ 
o.~ ].~7 . ].~ - - 3., ~ ].~ = ~ .~ ~ 3 

3 1.125 19 ~ A .~8~ i} iA I~ 9 3 .671 ~i 27 R1 ~ ~ I 0 .006 26 16 3~ 29 
5 .467 2A 2& 32 38 A .762 25 2A 17 23 3 .019 IOA -109 121 -I01 

0 1 .035 ].0 1 /  ~ 7 8~ ~ .)&~ z:~ -15 0 -15 5 .~65 - - 0 -7  :5 .o~3 ~.3 -38 ~ -22 
2 .067.5 33 31 3 3 7 .671 20 -25 25 -32 6 .975 - - 0 -& 7 .080 a3 34 67 78 
3 .].03 39 .4.0 56 -49 8 .792 9 I~ 0 l&, 7 I,~I - - 0 -8 9 .130 67 -62 Al -28 

~]. "~ o ° 97 ~o ~ ~o].:5~ ~ ~ ; /  , ,  ~ ?o~o~ 1~ ]., ~o ~ l o o ,  43o ~ ~ o ~ ~ ~ 
6 .297 &2 -47 ~ -A5 I/ 1.22 - 0 -6 ~ .~00 21 -20 17 -21 15 .351 27 -2& I0 0 
7 .386 23 -2:5 20 -z~ ~ .383 ].6 -18 17 -23 17 .~52 0 12 16 28 

.&,88 15 19 17 15 6 0 :[ .I&7 2& 27 30 17 ~ .378 0 -2 0 -2 

.601 Ii 10 13 I0 } .137 127 -129 l&~ -132 5 .385 45 A7 A6 56 2 2 0 .025 127 -122 133 -1/8 
I0 .725 - - 0 7 ~ .].39 19 16 ].2 20 ~ .~05 0 7 11 I0 ~ .0~3 58 62 82 69 
I]. .860 - - 0 -~ h .153 66 6;, 57 56 "~ .~37 30 -36 32 -37 .07& 77 75 89 75 

.~ ,179 ~3 ~1 ~ 51 ~'.5 1.13 9 -6 - - 8 ,117 130 -133 11]. -108 
2 0 i .0].5 I~5 1&5 172 I~9 ~ .218 0 1 16 19 10 .171 0 -4 ~ 9 

.02A 169-170 195-177 7.269 L,9-~8 ~-L,A 12.0.1 .7~.) 27-27 21-26 12 .2~9 &2 39 36 &5 
~ ~:5 o ~ ~4 ].~ ~.~ ~3. ].~ ].~ ~ 3. ]., ~ o13 

.079 173 i(~ 196 179 9 .&O7 22 22 &O 32 12.0.~ .628 39 hO 33 37 ~ .411 18 8 ]I A 

,12L 21 21 25 ~ ~0 ,~95 0 5 ] I  6 ~ ,589 57-SE ~ - 5 7  18 .519 o .~ o u 

,252 23 -2~ 12 -21 ~ .707 ].2 -9 - .5~7 2 27 2 3 2 2 0 .025 129 -126 133 -].28 
B .334 0 4 0 0 I~ 1.12 9 -9 - - ~ .555 13 -9 - ~ .0&A &6 47 :52 && 
9 .~29 I~ I~ 18 17 i3 .96B 15 -11 - .075 107 i01 95 78 
I0 .535 - - 15 ii 8 0 I .3&6 21 20 19 ].7 8 .i18 120 -128 126 -13~ 
I~ .655 11 -8 13 -i~ 2 .~D3 23 -25 23 -25 !~.0.4 1.29 12 20 0 ].8 I0 .173 33 -71 At "4*9 

~ ~ ~ ~7 33 ].~ ~ ~ ~ 4~ 
4 0 i .].01 37 33 :,5 =,~ . ~ 3  ~ ~ 35 47 ~ . 0 . I  .B65 ~ Z~ 0 15 z~ j n  0 :5 ~,. 13 

.138 z~9 -136 1%-~6 ~ .6~7 iz ~ 0 z:5 ~ .Tso 30 -31 ~ -35 :t6 .~2 0 6 u -20 
3 .188 ].8 2& 19 IA 6 .753 25 -26 19 -27 5 .743 30 30 23 32 16 .519 29 -30 30 -30 

~o ~g ~_~ % ~ ~ . ~ o  • 3~:5 _ ~]..oo ~; £ ~ ~ ~ . ~  ~ - 1 ~  - . 
s a] .  lo 1 /  ].]. ~ ~ l u  o 
7 .51o 0 o o -6 io 1.28 - 0 

.615 - 0 0 
• 7~ 9 I0 ].7 20 

12 1.19 9 -2 - 
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Table 7 (cont.) 
low albite hiF~ albite 

,, ¢ ( s ~ ^ ) 2  Fo Fc r o r o 

3 I o .o~ ~5 ~8 52 5~ 
.~ .057 35 -36 .'33 -26 
.5 .o~I IO -~ o 9 
7 .117 33 29 h7 56 
9 .166 20 -15 8 -5 

11 .227 20 29 20 32 
I~ .301 29 -~ 27 -17 
15 .~86 35 -32 21 -16 
17 .z~. ~5 ;.7 ~2 59 

~, 1 0 . 0 A A  1~8 b.2 52 ~,-5 
3 .057 o -Ii 22 -19 
5 .082 0 ii 20 6 
7 .119 ~5 35 30 28 

.168 13 I0 8 -18 
Ii .230 35 ~,2 27 26 
1~ .~ 15 -11 IA -13 
15 .390 26 -II 0 -20 
3.7 .~89 ~5 L~ 2A 18 

A 2 0 .o81] 57 -5o 67 -66 
k .o994 14 -6 7 -io 
6 .130 81 79 70 70 
8 .172 ~o -~5 5A -56 

I0 .228 0 i0 0 -I0 
12 .295 2-~ 29 25 25 

• 470 0 - 

2 0 .082 39 -hl 2,7 "/+5 
.i01 30 -26 28 -28 

6 .132 51 52 ~,9 57 
8 .175 37 -A~ 23 -18 

I0 .231 21, 30 18 2~ 
12 .~oo o 8 7 7 
IA .379 k5 -/*7 3~+ -33 
16 .472 21 17 

5 1 0 .I19 2A 20 13 18 
3 .131 h6 -50 55 -57 
5 .155 37 39 32 20 
7 .192 38 39 33 ~0 

.2hl h8 -55 5~ -61 

.302 2~ 23 17 Ii 
1~ -375 ~0 22 18 Ii 
15 .~2 o -8 - - 

low albite hiF~ albite 

h k ¢ (,ine/~)2 I% ~'o Po ~c 

i 0 .120 17 I0 15 16 
.132 

5 .157 
7 .195 
9 .Z~ 

11 .~05 
13 .)80 
15 . ~ 7  

6 2 0 .175 
.195 

6 .22~ 
8 .267 

I0 .319 
.388 

2 0 .177 
.196 

6 .227 
8 .270 

10 .32k 
12 .390 
IA .475 

710 
} 
5 
7 
9 

11 

?ZO 

5 
7 
9 

11 
13 

.232 

.2~A 

.268 

.30~ 

.35~ 

~0 

.2~ 

.272 

.309 

.355 

.~18 

.498 

8 20  .307 

6 J55 
8 .~98 

10 .~50 
12 .519 

39 -37 h2 -he 
52 ~2 ~8 38 
2~ I~ 22 30 
57 -59 52 -53 
0 9 21 19 

35 25 29 ~ 
0 -9 - 

75 -7~ 68 -67 
86 -93 92 -8~ 
20 26 28 32 
0 -9 0 7 
0 i0 20 21 

27 -22 22 -18 
-52 38 -36 

39 -~1 h~ -h2 
87 -85 88 -gA 
2A 23 17 19 
0 -13 0 -5 
0 I~ 0 -7 
0 -2 0 -9 

29 -28 n -17 

38 ~0 39 36 
25 -29 19 -21, 
~0 28 29 3~ 
20 19 17 2} 
2~. -27 2b, - 28  
29 ~ 30 37 

o 1 o 13 

-25 29 -52 
0 12 0 1 

..'33 28 22 27 
o 7 o 1 
o 17 o 6 
0 -9 2~ -21 

12 -~9 26 -28 
5~ 51 ~5 h5 
A~ ~ ~5 36 
6~ -67 66 -72 
o -2 o -9 

~D A~ 28 3~ 

1o- albite hiRh albite low albite high albite 

h k ~ ( s in~/~)  2 F o .% r o F c h k t Csi=~/~)2 ~o Fo r o  ~o 

2 0 .309 33 -35 26 -27 10 2 0 .~77 30 -25 16 -22 
2. .328 32 32 37 39 A ,.A98 33 -31 2.,'3 -2~ 
6 .359 51 56 /+9 56 6 .525 26 25 27 30 
8 .~o3 ~5 -50 35 -hA 

10 .~59 23 -20 x~ -x5 ~20 .~2 0 0 0 -~ 
12 .528 23 23 2.5 ~,7 ,t,. .A98 3o -29 ~2 -38 

6 .520 0 8 
9 1 0 .377 0 I0 O 10 

3 .395 h5 -~6 39 -A7 ~ • 0 .575 0 -~ - 
5 .~1~ 0 1 0 -~ 3 .586 13 -12 - 
7 .~,55 0 10 - - 5 .612 21 26 - 
9 .50~ 0 -15 - 7 .650 20 6 - - 

9 .700 27 -25 - - 
§ 1 o .382 o 11 o 12 

.,=2"'~ ~o ~ -~- "o-~ 
7 . ~ 1  o -7 
9 .512 o -IA - 

atomic sites in the felspar structures in an attempt to 
standardize the descriptions of these structures. For 
albite she has proposed that no change be made in 
existing usage in defining the sites of atoms 0~1, O~2, 
081, OcI, OD1, Siz, Si2 and Na; the prototypes of 
these atoms remain (0000) in her notation. For the 
remaining atoms, OB~, 0c.2, Or2, Sir and Si~, she has 
suggested that the prototypes be (mOO0) and not 
(mOiO) as in the past. The co-ordinates of the former 
are related to those of the latter by an addition of 
±0.5 to x and y, with z remaining unchanged. Because 
all our work has been done with the older prototype 
(mOiO) of these atoms we give our parameters with 
reference to it in Table 5 without parentheses, but in 
parentheses we give the parameters of the atoms with 
reference to (mOO0) as prototype. Finally, in Table 6 
are given the interatomic distances and interbond 
angles calculated from the parameters given in Table 5, 
and in Table 7 are given the final Fo and -Pc values. 

3. Accuracy  and conc lus ions  

The R factors given in Table 4(a) indicate in a general 
way the accuracy of the results, the final values of 

9% suggesting that the refinement has been car- 
ried about as far as is justified by the accuracy of the 
intensity measurements. 

The distribution of A1 and Si atoms in the tetrahedra 
may be deduced from the interatomic distances listed 
in Table 6 by means of Smith's (1954) curve of 
(A1, Si) content against size of tetrahedron, as follows: 

Tetrahedron Mean bond length (A) A1 content  

Six(0 ) 1.742 0.80 
Si 1 (m) 1-590 0 
Sig(0) 1.636 0.22 
Si2(m ) 1.616 0.10 

Total  1-12 

Table 8. Analysis of the accuracy of results of the two-dimensional syntheses of low and high albites 
Low albite  High  albi te  

r 

O 303 280 
-Cn (e.A -4) Si 845 629 

Na  365 - -  
a(y) (A) I O 0.018 0.016 

Si 0.006 0.007 
I N a  0.015 - -  

a(Si-O)  (A) 0.019 0.018 

6l/a Si i (0)-Si l (m ) 5.76 Signif icant  0-52 Not  significant 
-Si2(0 ) 4.02 Signif icant  0.40 Not  significant 
-Si2(m ) 4.77 Signif icant  0.20 Not  significant 

Si2(0)-Sil(m ) 1.74 Poss ib ly  s ignif icant  0.12 Not  significant 
-Sig(m) 0.76 Not  significant 0.20 Not  significant 

Siz(m)-Si~(m ) 0.99 Not  significant 0.32 Not  significant 

For A1-O = 1 .78±0 .02  A and  Si-O -- 1.60=[=0.01 A 
(Smith ,  1954) 

(A) 611~ 
Siz (0)-[A1-O ] 0.027 1-39 Not  significant 
Si l (m)- [S i -O ] 0-021 0-47 Not  significant 
Si2(0)-[Si-O ] 0.021 1.70 Possibly significant 
Si2(m)-[Si-O ] 0.021 0.76 Not significant 

For (Si~A1¼)-O = 1 .642±0 .008  A 
(Cole et al., 1949) 

1"645 ± 0.018-[  (Si~.A1¼)-O] 
a = 0.020 A ~ll(~ = 0.15 
Not  significant 
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The fact tha t  the total  A1 content is appreciably 
greater t han  un i ty  is p resumably  due to the possible 
error in both the mean bond lengths and the graph. 

The significance to be a t tached to these comparisons 
of bond lengths is brought out more clearly by  the 
application of the statist ical  tests of Cruickshank 
(1949) in the manner  recommended by Lipson & 
Cochran (1953). The s tandard  deviat ion of errors in 
the atomic parameters  was derived from the final 
(Stage VI) ~o and (~o -~ )  c-axis projections, using 

the expression a(y , )= {(dD/dy)~'}½/C~, where D = 
~o-~c and C~ is the central curvature at the centre 
of the n th  atom. By  evaluat ing a(y) over the whole 
cell (the first of the two procedures suggested by  
Lipson & Cochran (1953, p. 308)), errors due to 're- 
sidual gradients ' ,  which might  be removed by further  
small  changes in parameters,  and those due to a 
wrongly-assumed electron dis t r ibut ion around the Na 
atom, have been included in the exper imental  errors. 
No allowance has been made for computat ional  errors, 
which the analyses of sanidine and microcline showed 
were negligible in relat ion to the exper imental  errors, 
even for a three-dimensional  refinement.  Table 8 lists 
the values of a(y) for Si, 0 and Na atoms. The 
s tandard  deviat ion of error is assumed to be the same 
in all directions, and no account is taken of the 
a symmet ry  of the Na atom. The value of a(Si-O) 
for the Si-O te t rahedral  distances is also shown in 
Table  8. 

Cruickshank's  significance levels are expressed in 
terms of the probabi l i ty  P tha t  by chance a bond 
length A could be observed as greater than  a bond 
length B by at least 61, a l though real ly equal to B. 
Wi th  a 2 = a ~ (A) + a 9(B), 

if P > 5 %, dl/(r < 1.645, difference not significant,  
if 5% > P > 1%, 2-327 > dl/¢x > 1.645, difference 

possibly significant,  
if 1% > P > 0.1%, 3.090 > dl/a > 2.327, difference 

significant,  
if P < 0.1%, r}l/(x > 3.090, difference highly sig- 

nificant.  

In  Table 8 the values of 6l/a are set out first for the 
comparison of the (A1, Si)-O distances with each 
other, second for comparison of these distances with 
Smi th ' s  values for A1-O (tetrahedron Sil(0)) and Si-O 
(tetrahedra Sil(m), Si~(0) and Si~(m)). Smith's stated 
' accuracy '  of 4-0.02 ~t for the A1-O distance, and 
+0.01 A for Si-O, is assumed to be the s tandard  
deviat ion of his error. 

The figures in Table 8 show clearly that ,  within the 
l imits  of accuracy of the analysis,  site Si~(0) is oc- 
cupied largely by A1 atoms, sites Sil(m ) and Sie(m ) 
largely or entirely by Si atoms, while site Si2(0 ) m a y  
have a small  amount  of A1 replacing the dominant  Si. 
In  this case, the Si displaced from Si2(0 ) has pre- 
sumably  been transferred to Sil(0). The three-dimen- 
sional ref inement  is expected to show beyond doubt 

whether  or not a small  amount  of A1 is present in 
site Si2(0). 

I t  is of interest  to note at what  stage of the refine- 
ment  the true nature  of the A1-Si ordering became 
apparent .  This is shown by the following tabula t ion:  

Average sizes of tetrahedral 
Stage of R factors 'holes' (/~) 
refine- ^ 
ment a b c "Sil(0 ) Sil(m ) Si2(0 ) Si2(m )" 

II 0.18 - -  0.20 1.68 1.60 1-70 1.61 
III 0.13 0.16 0.13 1.76 1.61 1.65 1.59 
IV 0.097 0.11 0.096 1-74 1.58 1.64 1.61 
V 0.092 0.080 0"093 1.74 1.59 1.64 1.62 

Thus in this case of a high degree of A1-Si ordering, 
the nature  of the ordering was apparent  as early as 
Stage I I I  a l though further  ref inement  was necessary 
to verify this. 

In  summary ,  three principal  conclusions m a y  be 
drawn from this two-dimensional  ref inement  of the 
structure of low albi te:  

1. The Si and A1 atoms are highly ordered with A1 
occupying site Sil(0 ). A small  amount  of A1 m a y  be 
present in site Sis(0), a corresponding amount  of Si 
being present in site Sil(0 ). 

2. The Na atom has a real or apparent  anisotropic 
thermal  vibrat ion:  in a direction roughly paral lel  to 
the y axis its ampl i tude  is perhaps 0-05 /~ greater 
than  in the plane normal to the y axis. This anise- 
tropic thermal  vibrat ion m a y  also be interpreted as 
meaning tha t  the Na atom occupies, at random, one 
or other of two positions within the same cavi ty  which 
are separated by --~ 0.1 /~ roughly along y. 

3. The Na atom has, furthermore,  a much higher 
degree of thermal  vibrat ion even normal  to the y axis 
than  tha t  implied in the scattering factor of Bragg & 
West  (1928), the former corresponding to B = 1.3 A 2, 
the lat ter  to B ~ 0.6 /~2. 
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PART 1I. HIGH ALBITE* 

By 1%. J. TRAILL 

1. Experimental  details 

The crystal used for the structure analysis was a low- 
temperature albite from Amelia County, Virginia, 
which was inverted to the high-temperature form by 
heating. The natural specimen was obtained from 
1%. C. Emmons of the University of Wisconsin, who 
in turn had obtained it from C. S. Ross of the U. S. 
Geological Survey. This albite is specimen No. 31 in 
the suite of felspars described chemically, optically 
and petrologically by Emmons (1953). The chemical 
analysis, as reported by C. S. Ross in Emmons (1953), 
is given in Table l, and shows the mineral to be nearly 
pure NaA1Si~Os. 

A few fragments of the specimen were heated at a 
temperature of 1065 ° C. for 16 days. Tbe heated albite 
was examined optically, after cooling, by the writer to 
determine whether the inversion had taken place. 
Extinction angles measured on the (010) and (001) 
faces were found to be about 9 ° and 1 ° respectively, 
in agreement with the values for high albite recorded 
by Tuttle & Bowen (1950). Confirmation that  the 
inversion had taken place was obtained by comparing 
X-ray powder diffraction data for the heated and 
unheated specimens. The measured spacings and 
estimated intensities for the heated material are in 
close agreement with the data for high albite listed by 
Turtle & Bowen (1950). The line at d = 3.01 A which 
Tuttle & Bowen consider to be diagnostic of the high- 
temperature form is present in the pattern of the 
heated albite and does not occur in the pattern of the 
unheated material. There was no doubt that  the inver- 
sion from low- to high-temperature albite had taken 
place. 

Most of the high albite proved to be twinned poly- 
synthetically, but it was possible to isolate a few 
fragments optically free from twinning; one of these, 
about 0.1 mm. on each edge, was found to give single- 
crystal X-ray patterns and was finally selected for the 
structure analysis. The orientation of the crystal was 
fixed in the first instance by reference to the cleavage 
planes (010) and (001), identified from their extinction 
angles +9 ° and + l °  respectively; precise alignment 
in the X-ray camera was achieved by the methods of 
Weisz & Cole (1948). 

The dimensions of the unit cell, chosen to corre- 
spond with the cell of low albite, were determined by 
the 0-method of Weisz et al. (1948) using the reflexions 
600, 0,16,0, and 007. The mean values from a number 
of independent determinations are collected in Table 3, 
together with the calculated density etc. 

Intensities were estimated visually, with a compar- 
ison scale, on Weissenberg equi-inclination photo- 

* Extracted from an unpublished Ph.D. Thesis: The 
Atomic Structure of High-Temperature Albite. Queen's Univer- 
sity. 1956. 

graphs taken with filtered Mo radiation, using the 
standard multiple-film technique. Altogether about 
15,000 intensities were measured, for 2200 different 
reflexions (hkl) appearing on 22 layer lines around the 
a, b and c axes; of these only the reflexions on the 
three zero-layer patterns (Ok/), (hOl) and (hkO) were 
used in the present two-dimensional analysis. 

The statistical test of Howells, Phillips & Rogers 
(1950) applied to the measured intensities of 512 
reflexions with indices (hkl) and (lk/) shows that high_ 
albite is centrosymmetrical (Fig. 4). Space group C1 

(7 
40 __*/~/* _-~./-  N(z) 

(O/o) / . . . . . "  O) 
2O 

/ 
I I I I I I I I I 

0 20 40 60 0 1 O0 
z (%) 

Fig. 4. N(z) test for centrosymmetry in high albite. Ex- 
perimental points are indicated by crosses. The theoretical 
curve for centrosymmetry is indicated as a solid line, 
that for non-centrosymmetry as a dashed line. 

is chosen, rather than P1, to conform with low albite. 
The measured intensities were corrected for Lorentz 

and polarization factors and were converted to ab- 
solute Fo values, as described by Ferguson in Part I. 
The atomic parameters of Taylor et al. (1934) and the 
f values of Bragg & West (1928) were used to calculate 
the first set of structure factors. Improved parameters 
were used as the refinement proceeded, and an in- 
creased temperature factor was applied to the f values 
for the Na atom in the later stages of the refinement. 

2. The ref inement 

The structure of high albite was refined by successive 
two-dimensional Fo and (Fo-Fc) Fourier syntheses, 
which are listed in Table 4(b). The reasons for using 
both Fo and (Fo-Fc) syntheses are given by Ferguson 
in Part I and need not be repeated here. 

Details of the procedure during refinement are 
available in the author's Ph.D. Thesis: in general the 
account given in Part I for low albite is also applic- 
able to high albite, e.g. in regard to the numbers of 
terms (0kl), (hO1) and (h/c0), to the areas of projection 
and the intervals chosen for computation, and to the 
methods used in deriving information about atomic 
shifts at each stage of the refinement. The R values 
quoted in Table 4(b) serve to indicate the progress 
made at each stage. 

In all the (~o-0c) maps prepared to Stage IV, the 
Na atom is located in a deep electron-density depres- 
sion flanked on one or both sides, more or less along y, 
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by marked positive areas. In an attempt to reduce 
this persistent trough, a larger empirical temperature 
factor was introduced into the scattering factor of the 
Na atom at Stage V. The revised f values were ob- 
tained by multiplying the Hartree values by a Debye-- 
Waller temperature factor, exp [ - B  (sin 0/~)2], with 
B = 1-5 /~. This value of B is approximately twice 
that  which is incorporated in the experimentally 
derived Bragg & West f values for Na. Final (Fo-F~) 
syntheses were then computed over the same projected 
areas and summation intervals as the Stage IV syn- 
theses, and in addition an Fo synthesis was made 
along the c axis (Fig. 5), mainly to provide data for 
estimating the accuracy of the analysis. These maps 
showed that increasing the temperature factor of Na 
to B = 1.5 A ~ changed only slightly the magnitude 
of the depressions occupied by that  atom in the 
(Qo-~c) projections along the a and c axes, but resulted 
in a large decrease in the magnitude of the depression 
in the b-axis projection. The persistence of the latter 
depression, however, indicates that  the thermal vibra- 
tion of the Na atom is greater than in low albite. 
From a consideration of the troughs and associated 
peaks in the vicinity of the Na positions it is apparent 
that  the final x and z parameters are substantially 
correct but that  no single choice of the y parameter 
could eliminate the anomalies around Na in the 
(~o-Qc) maps or the pronounced elongation of the 
electron-density curves around it on the Qo map. 
These characteristics of the Fourier maps indicate 
that  the Na atom either has an exceedingly strong 
anisotropic thermal vibration nearly along y, or that  
it occupies, at random throughout the structure, one 

) 

b/2 
O 

Fig. 5. High albite, ~o projected along [001], Stage V. Contour 
interval 100 units----2.13 e./~ -2 around the Na atom. 
Negative contours omitted. Compare with the correspond- 
Lug portion of Fig. 1 for low albite and note especially the 
elongation (along y) of the contours of the sodium atom. 

side (nearly along y) of one-half of the available 
cavities and the other side of the remaining cavities. 
The latter seems the more reasonable interpretation, 
and, because of its interest, is discussed in greater 
detail below. However, a set of parameters describing 
the bes~ average position of Na has been deduced by 
taking, as the maps suggest, values intermediate 
between those used for the Stage IV and Stage V 
Fourier syntheses, and these values are given in Table 5 
along with final parameters for all the other atoms 
taken from the final Stage V maps. Where two sets 
of parameters are given in the table, those without 
parentheses refer to the prototype (mOiO) and those 
in parentheses refer to prototype (m000), according 
to the notation proposed by Megaw (1956) to stan- 
dardize the naming of atomic sites in felspar struc- 
tures. A list of the interatomic distances and interbond 
angles calculated from the final parameters is given 
in Table 6, and the Fo and Fc values used for the 
Stage V refinement are compared in Table 7. Fc values 
were not computed from the final parameters and thus 
a comparison of the final values cannot be given. 

3. Accuracy and conclusions 

The standard deviations of errors in the atomic para- 
meters and in the tetrahedral interatomie distances 
have been determined by the same methods as with 
low albite, and Cruickshank's significance tests have 
also been applied; the results are shox~n in Table 8. 
No analysis of error in the sodium parameters was 
attempted because of the marked asymmetry of that  
atom. 

The application of Cruickshank's significance levels 
(Table 8) shows that  the differences between the four 
mean tetrahedral distances are not significant, and 
that  the mean value of the 16 measured bond lengths 
(1.645 A) is not significantly different from the mean 
value, 1.642 /~, of the 16 tetrahedral bond lengths 
measured in sanidine by Cole et al. (1949). The mean 
value in high albite is, like that  in sanidine, consistent 
with a statistical distribution of (3 Si+¼A1) in each 
tetrahedral site, and it is thus concluded that  the 
structure of high albite is characterized by a random 
distribution of A1 and Si atoms throughout the 16 
tetrahedral sites. 

I t  was noted earlier that the final Fourier maps 
indicate that  the cavity available for Na is much larger 
than this atom can fill and that  it probably occupies 
one side (along y) of one-half the available cavities 
and the other side of the remaining cavities. This 
being so, a more realistic set of N a - 0  distances than 
that  given in Table 6 is probably obtained by assuming 
one set of parameters for one-half the sodiums and 
another set for the other half, the two sets of para- 
meters describing the extreme positions in the cavity 
which Na is able to occupy. The exact amount of this 
separation cannot be deduced from the Fourier maps, 
but they suggest and the resultant Na-O distances 
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confirm that  a separation of 0.6 A along y is reason- 
able. The sum of the ionic radii Na + and O 9- is 2.35 J~, 
and if it is assumed that  the Na atom can move 0.3 A 
to either side along y of the position listed in Table 5, 
it is found that  no Na-O distances are less than 2.35 A. 
The two extreme Na positions have therefore been 
chosen 0.6 _~ apart along y, and the Na-O distances 
calculated for these two positions are given in Table 9. 
The Na-O distances in Tables 6 and 9 are referred to 
again in Part III,  where charge distributions are 
discussed, but it may be noted here that  in both low 
and high albite Na can be regarded as having about 
six or seven closest neighbours. If only the six contacts 
of ~ 2.9 ~ or less are included, then a comparison of 
Table 9 with Table 6 shows, as one would expect, 
that  the oxygens enclose the extreme Na positions 
more closely than they do the average Na position. 

Table 9. Interatomic distances between the oxygen atoms 
and the two extreme positions of sodium in high albite 

(Distances in ~mgs t rem units)  

A t o m s  N a '  N a "  

Na--OA(1) 2"46 (3) 2"85 (5) 
N a - O A ( I ' )  2"92 (6) 2-53 (3) 
Na-OA(2)  2.44 (2) 2.37 (1) 
Na~-OA (2') 3"49 3'52 
Na-OB(0)  2.80 (5) 2.45 (2) 
N a - O B  (m) 2.98 (7) 3.35 
N a - O c  (0) 3.57 3.05 (7) 
:Na-Oc(m) 2.68 (4) 3.15 
Na-OD(0)  2.35 (1) 2.64 (4) 
Na-O1) (m) 3.22 2.87 (6) 

Notes: (a) I n  the  above  table  the  two  sod ium posi t ions are 
s epa ra t ed  b y  0.6 A in the  y direction.  The  pa rame te r s  are:  

I~a': x ---= 0.277, y ---- 0.030, z = 0.140; 
N a " :  x ---- 0.277, y ---- - -0 .016,  z ----- 0 .140 .  

(b) The number s  in paren theses  show the  orders  of in- 
creasing N a - O  dis tance  of the  seven closest  oxygens  in each 
case. 

(c) Two oxygen  a toms  of t y p e  A(1) m a k e  con tac t s  wi th  
the  sod ium a tom,  and  are dis t inguished as CA(l)  and OA(I ' ) ;  
s imilar ly for a toms  CA(2) and  CA(2');  compare  figures in 
Table  6. 

In summary, the following conclusions may be 
drawn from this two-dimensional analysis of the 
structure of high albite: 

1. The A1 and Si atoms are randomly distributed 
among the four tetrahedral sites, resulting in a com- 
pletely disordered arrangement. 

2. The Na atom does not occupy a single fixed 
position throughout the structure but instead it 
occupies, at random, one side along y of one-half the 
available cavities and the other side of the remaining 
cavities, the separation of the two extreme positions 
being --~ 0.6 A. The large size of the cavity presumably 
results, directly or indirectly, from the random distri- 
bution of the A1-Si atoms. 

3. The Na atom has a much higher degree of thermal 
vibration than that  implied in the scattering factor 
of Bragg & West (1928), and also an appreciably 

greater thermal vibration than the Na atom in low 
albite. 
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PART III.  DISCUSSION 

1. Comparison of sodium felspar and potassium 
felspar s t ruc tu res  

Tables 5 and 6 show that  the structures of low and 
high albites are closely similar, as was strongly sug- 
gested by the similarity in optical properties and cell 
dimensions. 

The interatomic distances and interbond angles for 
the albites (Table 6) may be compared with those for 
microcline (Bailey & Taylor, 1955, their Table 8), and 
for sanidine (Cole e$ al., 1949, their Table 4). In 
comparing the triclinic structures with the monoelinic 
sanidine, it must be kept in mind that  pairs of sites 
Sil(0 ) and Sil(m), Si2(0 ) and Si2(m), O~(0) and Oz(m), 
etc. which are non-equivalent in the triclinic struc- 
tures constitute single sites Si 1, Si 2, OB etc. in the 
monoclinic structure. Comparison of the microcline 
structure with that  of low albite involves a complica- 
tion arising from the arbitrary choice of positive 
directions for the axes of a triclinic crystal. The 
difficulty of selecting axes which are structurally 
comparable for microcline and low albite is enhanced 
because both cells depart only slightly from mono- 
clinic symmetry. Laves (1951) has given reasons for 
supposing that  structural equivalence with the con- 
ventional albite cell is not achieved when the con- 
ventional microcline axes are used, but that  the 
microcline axes must be rotated 180 ° around b. 
Accepting this viewpoint, for comparison with albite 
it becomes necessary to interchange the pairs of sites 
Sil(0 ) and Sil(m ), Si2(0 ) and Si2(m ), OB(0) and OB(m), 
etc. of the microcline structure as described by Bailey 
& Taylor (1955), who accepted the conventional axial 
orientation; for example the tetrahedral group Sil(0) 
of albite (Si 1 in the old notation) as described in the 
present paper should be compared with the tetrahedral 
group Sil(m ) (Si r in the old notation) of microcline as 
described by Bailey & Taylor. I t  must be emphasized 
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tha t  this choice of the basis of comparison of two 
structures, both near monoclinic, is dependent not on 
any convention concerning axial angles but on the 
experimental observations reported by Laves. 

Comparison of these four structures shows that  there 
are very striking similarities between the two pairs 
of felspars : 

(a) The high-temperature minerals, sanidine and 
high albite, are characterized by complete disordering 
of the A1-Si atoms, whereas the low-temperature 
minerals, microcline and low albite, are characterized 
by a fairly high degree of A1-Si order. The degree of 
ordering is higher in low albite than in the particular 
microcline examined by Bailey & Taylor, but the close 
similarity between the two structures nevertheless 
persists in that ,  in both minerals, the highest concen- 
tration of A1 is found in structurally equivalent sites, 
Sil(m ) in microcline and Sil(0 ) in low albite. Towards 
the end of the paper we show that  it is possible to 
suggest a reason for the close similarity between the 
low albite and microcline structures. 

(b) The alkali atoms in both low-temperature forms 
have about the same degree of thermal vibration, the 
B value for K in microcline being 1.0 /~2 and for Na 
in low albite 1.3 _~2. Furthermore,  in both high-tem- 
perature forms the alkali atoms have a much higher 
degree of thermal vibration than in their corresponding 
low-temperature forms, the K in sanidine having a 
B value of 1.9 A 2 (Bailey & Taylor, 1955) and the 
Na in high albite a value which, although not deter- 
mined, is probably near this. 

An important  difference between the K and the Na 
felspar structures is that  in the former the K atom 
shows no signs of anisotropic thermal vibration 
whereas in the albites the :Na atom shows effects 
equivalent to anisotropic vibration (nearly along y), 
to a small degree in low albite but to a very high 
degree in high albite. This difference in the behavior 
of the two alkali atoms is presumably due to the fact 
tha t  the large K atom can fill the large cavity whereas 
the small Na atom cannot fill it completely. The 
physical interpretation of the effective anisotropic 
vibration of the Na atom requires discussion. In the 
first place, the effect may in fact be a thermal vibra- 
tion, with a moderate degree of anisotropy in low 
albite and a high degree of anisotropy in high albite. 
Alternatively, as has already been suggested in Parts I 
and II, the Na atom may occupy at random through 
the structure one or other of two positions, within the 
same large cavity, separated by ~ 0.1 /~ (in low albite) 
or ~ 0.6/~ (in high albite), in a direction nearly along y. 
In this case the randomness may represent either a 
space average--each Na atom remaining in its own 
position within the cavi ty- -or  a time average--each 
Na atom spending part  of its time in one position, 
part  in the other, within the cavity. I t  may be possible 
to say more about this when the three-dimensional 
syntheses are completed. Experiments at low temper- 
ature would also be instructive. 

2. Electrostatic charge distributions in low and 
high albites 

The stability of an ionic structure may be discussed in 
terms of 'electrostatic valence' or local balance of 
charges; on this view the strengths of the positive 
bonds contributed to each oxygen ion 0 -e should 
total 2, and the more nearly this requirement is 
satisfied the more stable is the structure. Similarly, 
bond strengths contributed to the four oxygens con- 
sti tuting a tetrahedral Si04 or A104 group should 
total 8. Arguments based on this idea of charge balance 
must be accepted with some caution in the case of the 
felspars. In the first place the structures are very 
complex, so tha t  the chance of achieving the ideal 
balance is reduced by comparison with simpler and 
more regular coordination groupings. Secondly, it 
seems likely tha t  some of the bonds in silicates, and in 
particular those within the tetrahedral SiO 4 group, 
may be at least part ly covalent in character. Thirdly, 
especially in the high-temperature materials, we can 
discuss only averages for a random A1-Si distribution 
within a given tetrahedron, whereas in fact there must  
be local adjustments to correspond with the actual 
environment. 

Some complicating factors should next be considered 
in relation to the figures set out in Table 10. First ,  
for low albite it is necessary to decide whether to t reat  
an idealized fully ordered A1-Si distribution in which 
Sil(0 ) = A1, remaining tetrahedral sites = Si, or 
whether to assume that  the actual distribution* 

Table 10. Bond strengths contributed by A1 +a, Si +4 and 
Na +1 to 0 -2 atoms in tetrahedral groups 

Low albi te  High  albi te  

Te t r ahedron  (1) (2) (3) (4) (5) (6) 

Sil(0 ) 7-83 7.71 8.02 7.90 8.17 8.14 
Sil(m ) 8.08 8.18 8.03 8-13 8-00 8-00 
Si2(0 ) 8.08 8.18 7.93 8-03 8-00 7-93 
Si2(m ) 8.00 7.93 8.00 7-93 7.83 7.93 

0.33 0.72 0.12 0.33 0.34 0-28 

The columns (1) to (6) correspond to the  following assump-  
t ions : - -  

(1) Sil(0 ) = A1, remainder  ---- Si, N a  coordinated  b y  6 oxy-  
gens A(1),  A(1),  A(2),  B(0),  C(0), D(0).  

(2) Sil(0 ) = A1, remainder  ---- Si, N a  coordina ted  b y  7 oxy-  
gens A(1),  A(1),  A(2),  B(0),  C(0), D(0) and D(m).  

(3) Actual Al-Si distribution; Na coordination as in (1). 
(4) Actual  A1-Si d is t r ibut ion;  Na  coordinat ion as in (2). 
(5) R a n d o m  A1-Si d is t r ibut ion;  ei ther  Na '  or N a "  occupied,  

or bo th  a t  random,  coordinated  b y  6 oxygen  a toms.  
(6) R a n d o m  A1-Si d is t r ibut ion;  Na '  and  N a "  occupied a t  

random,  coordinated  by  7 oxygen  a toms.  

The to ta l  devia t ion  from balance  X[A[ is shown a t  t he  foot  
of each column. 

* Pending  the  complet ion  of the  three-dimensional  analysis ,  
i~ order  to t ake  account  of the  appa ren t  excess in to ta l  a m o u n t  
of A1 the  a m o u n t  in each group is arb i t rar i ly  reduced  b y  10 %, 
thus  Sil(0 ) ---- 0.72, Sil(m ) ---- 0, Si2(0 ) = 0.20, Si2(m ) ---- 0.09, 
to ta l  1.01. 
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described in Par t  I is typical of low albite. Secondly, 
in computing bond strengths contributed by Na +1 it is 
necessary to fix its coordination number:  it may safely 
be assumed that  any Na-O contact distance exceeding 
3.2 ~ may be ignored, but it is not obvious whether 
contacts ~-- 3.0 A, which raise the coordination number 
from 6 to 7 in both low albite and high albite (Tables 
6 and 9), should also be ignored.* Thirdly, oxygen 
atom A(2) needs special consideration; for in all the 
structures so far examined this atom makes the 
shortest contact with the cat ion-- thus  sanidine 2.70/~, 
microcline 2.76 /~, orthoclase (subject to revision) 
2.90 /~, for K +1 and low albite 2.36 A, high albite 
2.4 /~, for Na+l; on the other hand in the ordered or 
par t ly  ordered structures microcline, orthoclase (sub- 
ject to confirmation) and low albite the atom A (2) is 
bonded to atoms Si2(0 ) or Si2(m ) which tend to contain 
little Al+a. I t  might therefore be supposed that  the 
short contact arises entirely from packing considera- 
tions and that  no electrostatic bond is involved (cf. 
Bailey & Taylor, 1955, p. 630). This possibility has 
been examined in some detail for albite, and is found 
to lead to inconsistencies and difficulties more serious 
than any implicit in the t reatment  adopted in this 
paper, namely that  electrostatic valence is to be 
reckoned from the coordination number of the cation 
irrespective of the variations in bond lengths from 
other ions to the coordinating anions, and that  the 
very short contact to A (2) is a direct consequence of 
its special situation relative to the cation cavity into 
which it tends to be thrust  by the two tetrahedral 
groups of which it forms the common corner. Lastly, 
although in general the balance of charge on the indi- 
vidual oxygen atom should be studied, in albite it is 
convenient to consider the tetrahedral group as the 
unit, since the structural changes under discussion 
depend upon the A1-Si distribution within the tetra- 
hedra. Tables 10 and 11 therefore contain only the 
figures for tetrahedral  groups; none of the deductions 

Table 11. Bond strengths contributed by AI+~, Si+4 and 
K +1 to 0 -2 atoms in tetrahedral groups 

Tet rahedron  Microcline Sanidine 'Orthoclase '  

Sil(0 ) 8.11 ~ 8.05 8.00 
Sil(m ) 7.87 J 
Si2(0 ) 8.00 ~ 7.94 8.00 
Sic(m) 8-08 ! 

0.32 0.22 0 

Nine-coordina t ion  of K is assumed for all cases. For  micro- 
cline and sanidine the  observed  A1-Si d is t r ibut ions  are used 
in calculat ing bond  s t rengths ;  for 'or thoclase '  the  figures 
correspond to the  ideal ease discussed in the  text ,  § 3(b). 

Fo r  bo th  triclinie and monoclinic cases the  to ta l  devia t ions  
2:lz] [ are compu ted  for corresponding number s  of t e t rahedra l  
groups (4). 

* Three-dimensionM ref inement  m a y  permi t  a definite 
decision on the  coordinat ion of the  N a  a tom,  b u t  in our  
opinion this  is unl ikely where  the  cat ion coordinat ion  is so 
m a r k e d l y  irregular.  

based on these figures is contradicted if individual 
atoms are considered, though some are much less 
strikingly demonstrated. 

A number of important  conclusions may be drawn 
from the figures given in Table 10 for the charge 
balance for individual tetrahedral groups and for the 
total  deviation from balance 2:IAI for the structure as 
a whole: 

(a) For low albite, with either the actual AI-Si 
distribution or the idealized fully-ordered distribution, 
the charge balance is much better for 6-coordination 
than for 7-coordination of the Na atom. Henceforward 
we assume 6-coordination for this structure. 

For high albite, with random A1-Si distribution, 
the deviation from balance slightly favours 7-coordina- 
tion for Na. This is in accordance with expectation, 
but  in any case it is not to be anticipated tha t  in such 
a high-temperature disordered structure there will be 
either a well defined coordination-group or a very 
satisfactory charge balance. 

(b) For low albite the actual ANSi distribution 
corresponds to a much smaller deviation from balance 
than does the idealized fully-ordered distribution. 
This comparison between actual and fully-ordered 
ANSi distributions is valid whether 6-coordination or 
7-coordination is assumed for Na, but if we accept 
6-coordination, as in (a) above, the discussion can be 
taken further, as follows. First, it is clear that  the 
actual distribution (column (3) of Table 10) represents 
quite a good approximation to a perfect balance of 
charge, since -rlAI = 0.12. Secondly, it is a simple 
calculation to show that  perfect balance would be 
achieved for a distribution in which the site Sil(0 ) 
contains 0.75 A1, while each of the other sites Sil(m ), 
Si2(0 ) and Si2(m) contains 0.08 A1. The accuracy of 
our two-dimensional analysis of the structure is not 
sufficient to enable us to decide whether the actual 
distribution shows a real departure from that  pre- 
dicted for a perfect charge-balance, and it would be 
premature to speculate on the possible bearing of our 
findings on the well-known variations in rate of trans- 
formation to high albite observed on heating low 
albites from different sources. I t  is, however, very 
significant tha t  the actual distribution observed in 
the structure, which appears to differ appreciably 
from the fully-ordered distribution, corresponds to a 
much more stable system of electrostatic forces, and 
tha t  (see (d) below) the general AI-Si distribution in 
low albite can be predicted from the charge distribu- 
tion in high albite. Caution is necessary in thus 
developing the discussion of the importance of charge 
balance on the basis of a two-dimensional analysis 
(el. significance tests, Table 8, and the corresponding 
text,  Par t  I, § 3). I t  is therefore very satisfactory tha t  
the general ideas now under discussion are supported 
by evidence derived from the highly accurate three- 
dimensional analyses of potassium felspars (§ 3, below). 
We may then assert tha t  there is considerable evidence 
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in favour of the view that  the most stable structure 
for low albite is not one in which the A1-Si distribution 
is fully ordered, but one in which partial ordering 
results in the optimum distribution of electrostatic 
valence (or balance of charge). 

(c) The greater stability of low albite in comparison 
with high albite can be correlated with the low value 
of 2:IA] computed for the actual A1-Si distribution and 
6-coordination of Na, in low albite, compared with 
2:IAI for high albite for either 6- or 7-coordination. 

(d) I t  is possible to show why, starting with the 
random A1-Si distribution of high albite, as ordering 
proceeds A1 tends to be concentrated* in group Sil(0). 
Columns (5) and (6) of Table 10 show that in high 
albite, assuming either 6- or 7-coordination for Na, 
the oxygen atoms of group Sii(0 ) alone receive ap- 
preciable excess total bond strength; hence as ordering 
begins A1 will tend to enter Sii(0 ). Assuming 7-coor- 
dination for Na at this initial stage of the ordering 
process, column (6) shows that a corresponding move- 
ment of Si into sites Si~.(0) and Sis(m ) will begin; if 
6-coordination is assumed instead, column (5) indi- 
cates a movement of Si only into Sig.(m). As ordering 
proceeds, contact distances and bond strengths 
gradually change, and the above argument should 
not be assumed to apply to the later stages of ordering 
as it does to the initial onset of order; nevertheless the 
trend is correct, since the low albite actual distribution 
shows Sis(0 ) = 0.20 A1, Sic(m) -- 0.09 A1. Nothing in 
the above argument shows why site Sii(m ) should 
lose the 0.25 A1 it contains in high albite, since the 
bonds to the four oxygens of that group total almost 
exactly 8, irrespective of the coordination assumed for 
Na. A more detailed consideration of the individual 
oxygen atoms, and of their bonds to Na, can be shown 
to lead to the prediction of a reduction in the A1 
content of Sii(m); the steps in the argument are not 
reproduced here, since it is difficult to be satisfied of 
their validity for such a complicated series of changes, 
but the total bond strength 8.03 achieved in the actual 
low albite structure, assuming 6-coordination for Na, 
shows that in the later stages of the ordering process 
the loss of A1 from this site is essential for a satis- 
factory local balance of charge. Moreover, it must not 
be forgotten that  factors other than balance of charge 
may influence the structure, and that in any case the 
exact proportions of A1 in each site remain uncertain 
until the three-dimensi0nal analysis is completed. 

The excess bond strength received in high albite by 
the oxygen atoms of group Si~(0) is due to the fact 
that  A(1) makes contacts with two Na atoms, and is 
the only oxygen to do so; atom A(1) also contributes 
to the group around Si i(m), but here its double contri- 
bution is offset by weaker-than-average contributions 
from other atoms. In other high-temperature felspar 
structures, however, this need not necessarily be so 

* For the actual low-albite distribution, and also for the 
fully ordered distribution, if such exists. 

AND H I G H - T E M P E R A T U R E  A L B I T E S  

and we should then anticipate a tendency for concen- 
tration of A1 into both groups Sii(0 ) and Sil(m); the 
application of this idea to the K felspars is discussed 
below. 

The above treatment of ordering, based on charge 
distribution, appears to give a satisfactory account of 
the principal features observed. For, provided the 
most reasonable assumptions are made about the 
coordination of Na, a self-consistent model is obtained 
which accounts for the stability of low albite relative 
to high albite, for the initial tendency of Al+a to be 
segregated into group Sii(0 ) as ordering begins, and 
for the observed retention of some Al+3 in a group 
or groups other than that in which it is chiefly con- 
centrated. 

De Vore (1956) is the only previous author to at- 
tempt to explain why ordering should occur, but we 
find it difficult to accept his treatment, if we have 
understood it correctly, since it appears to violate 
crystallographic symmetry requirements, and, more- 
over, takes no account of the cations Na, K or Ca. 

3. Electrostat ic  charge  d is tr ibut ion  in microc l ine  
and sanidine  

Discussion of charge distributions in these felspars is 
simplified because the large K+l ion occupies fairly 
well-defined cavities, in both structures, with nine 0 -3 
atoms at distances between 2.7 /~ and 3.2 •. More- 
over, the groups Sil(0 ) and Sii(m ) of triclinic micro- 
cline* are combined into a single group Si x in mono- 
clinic sanidine, and similarly for Sis, OB, Oc, OD; in 
such a monoclinic structure each atom 0B, Oc, OD 
receives the same bond contribution (1.875) from the 
two tetrahedra to which it is common, irrespective of 
the A1-Si distribution. The bond strengths quoted in 
Table 11 for microcline and sanidine are computed 
from the figures given by Cole et al. (1949) and Bailey 
& Taylor (1955). 

If we again accept balance of charge as a measure of 
stability, striking conclusions about the relationship 
between degree of A1-Si ordering and stability can be 
derived from the figures quoted in Table 11. I t  should 
be noted that  this discussion rests entirely on accurate 
structure-analyses by three-dimensional methods. 

(a) Microcline, the low-temperature partly ordered 
potassium felspar, is less stable than sanidine, the high- 
temperature form with random Al-Si distribution. 
Bailey & Taylor (1955) noted certain aspects of the 
poor charge balance in microcline, and concluded that  
geometrical packing considerations predominate over 
charge in controlling the coordination of K in that  
structure. While accepting the validity of this view of 
the importance of packing for the K-atom coordina- 
tion, we are now able to offer a more complete dis- 
cussion of the significance of the poor charge balance, 

* In any comparison with albite it must not be forgotten 
that Sil(O), Si2(O), B(O), U(O), D(O) of one structure corre- 
spond to Sil(m), Sis(m), B(m), C(m), D(m) of the other. 
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in microcline, on the basis of our knowledge of the 
albite structures (§ 4, below). 

(b) The structure of a K felspar with a perfect 
charge-balance, and hence presumably more stable 
than both sanidine and microcline, can be deduced in 
the following way. The argument already applied to 
the albites (§ 2(d)) indicates that  when the random 
sanidine structure first begins to order, Al+3 tends to 
occupy tetrahedra of group Sil, with a corresponding 
increase in the proportion of Si +4 in group Si 2. In the 
Na felspars the small Na +1 ion, occupying a cavity 
which is too big for it, contributes bonds only to 6 of 
the 9 oxygens enclosing the cavity, and the charge 
distribution is such that  most of the Al+a migrates to 
Sil(0), with changes in the unit-cell dimensions as 
ordering proceeds. With the K felspars, however, the 
large K +1 ion fully occupies its cavity and contributes 
bonds to all 9 enclosing oxygens; this being true for 
both sanidine and microcline, it follows that  the re- 
distribution of A1 +3 and Si +~ as ordering proceeds 
should not necessarily require serious changes in the 
geometry of the structure nor, in particular, a change 
in symmetry. In this case, the stable low-temperature 
structure should remain monoclinic C2/m, and re- 
distribution of A1 +3 and Si +4 should proceed until the 
two types of tetrahedra Si x and Sig. contain such 
proportions of Al+a that  balance of charge is achieved. 
With bonds +~ from K +1, this corresponds to 
(0.36 A1+0.64 Si) in Si I and (0.14 A1+0.86 Si) in Si 2. 
I t  seems reasonable to conclude that  the stable low- 
temperature form thus predicted may be represented 
by orthoclase, for which there is some evidence 
(Chao et al., 1940) of ordering of the kind indicated, 
though definite proof of this proposed ordering scheme 
is still awaited (Cole et al., 1949). 

4. A possible  origin for microcl ine 

If the A1-Si ordering process in sanidine produces 
orthoclase as the stable structure, it is necessary to 
show under what conditions ordering results instead 
in the unstable microcline structure. In particular, 
it should be possible to suggest why in microcline one 
group Six(m ) should be enriched in Al+a, with the 
associated change of symmetry from monoclinic to 
triclinic. I t  is proposed that  the microcline type of 
ordering arises from the influence of sodium atoms, 
in the following way. 

Microclines frequently occur in albitized pegmatite, 
and microcline perthites (including micro- and crypto- 
perthites) are very common. Furthermore, heating 
experiments such as those of Spencer (1937) have 
shown that  microperthites are readily homogenized at 
relatively low temperatures (350-750 ° C.), this change 
being supposed to correspond to disordering of the 
K+I and Na +1 ions throughout the available cavities 
without any change in the A1-Si distribution which 
would require the much more severe heat-treatments 
resulting in sanidinization. Let us assume that the 

converse process operates similarly, so that  the K-Na  
distribution remains random throughout the range of 
high temperatures in which A]-Si ordering takes place 
as temperature falls. Then, if the alkali atoms are 
mostly K, the A1-Si ordering should approximate to 
that  for the partially ordered monoclinic orthoclase 
described above, whereas if Na predominates the A1-Si 
ordering should be like that  of low albite, and for 
more nearly equal proportions of K and Na an ordered 
arrangement intermediate between the two would be 
expected. Table 12 shows that  this is in agreement 

Table 12. Comparison of A1-Si distributions 
in low-temperature felspars 

Tetrahedral 
group Low albite Microcline 'Orthoclase' 
Sil(0 ) 0.72 0.56 0.36 
Sil(m ) 0 0.25 0.36 
Sis(0 ) 0.20 0.08 0.14 
Si2(m ) 0.09 0.07 0.14 

The figures show the proportion of A1 +a in each tetrahedron. 
For low albite the figures are those given in the footnote to 
§ 2 above, for (monoclinic) 'orthoclase' the figures are those in 
§ 3(b), and for microcline those of Bailey & Taylor (1955). 
The numbering of the four groups is that appropriate to low 
albite. 

with observation, at least in general terms; it must 
not be forgotten that  the figures for Al-content in 
low albite are subject to amendment (probably small) 
when the results of three-dimensional syntheses be- 
come available. On passing to lower temperatures the 
perthitic structure appears as separate K-rich and 
Na-rich regions, but it is no longer possible for any 
serious change in A1-Si ordering to take place; the 
most that  can happen as the tetrahedron framework 
in each of these regions seeks to accommodate either 
predominantly K ions or predominantly Na ions is a 
small reorientation of the tetrahedra. In such a struc- 
ture the K-rich component of a perthitic microcline 
will show unbalance of charge since the large K+I ion 
is within an A1-Si distribution appropriate to the 
average K-Na cation of the high-temperature struc- 
ture. (Similarly, the Na-rich component would show 
unbalance, for the same reason.) 

On this view, the presence of sodium during cooling 
is essential to the formation of a microcline; whether 
a 'maximum microcline' corresponds to a higher 
proportion of sodium is not certain, though this seems 
probable when the figures in Table 12 are considered 
in relation to the opinion of Bailey & Taylor (1955, 
p. 630) that  in a maximum microcline all or most of 
the A1 +a is concentrated in one tetrahedron. This 
argument provides at least a partial explanation for 
the contrast between the abundance of intermediate 
microclines and the rarity of albites intermediate in 
structure between low albite and high albite. Its 
development for a wider treatment of the origin of 
the various alkali felspars will be considered elsewhere, 
but its potential importance for petrological purposes 
is obvious. 
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Thus the t rea tment  which offered a consistent model 
for the albites also provides a reasonable account of the 
relat ionship between A1-Si order and s tabi l i ty  in the 
potass ium felspars, and gives significance to the dis- 
t inct ion between triclinic microcline and monoclinic 
sanidine and orthoclase. 

5. Conc lus ion  

I t  is necessary to proceed with caution in deriving 
generalizations from structures in some of which the 
ref inement  is restricted to tha t  obtained by  two- 
dimensional  methods,  and in basing arguments  about  
s t ructural  s tabi l i ty  on discussions of electrostatic 
charge balance when it is not  certain tha t  the inter- 
atomic forces are purely  ionic, a l though it is f requent ly  
found tha t  this  procedure is satisfactory even when 
it is known tha t  non-ionic forces are involved. 

:Nevertheless, such considerations lead to a con- 
sistent explanat ion of the relat ive s tabi l i ty  of high 
albite and low albite, and of the nature  of the ordering 
process in detail ,  and suggest tha t  the more accurate 
structure to be obtained from a three-dimensional  
analysis  will suggest reasons for a number  of hi therto 
unexpla ined exper imental  observations on the high- 
low transit ion.  

In  addit ion,  it seems highly  probable tha t  an en- 
hanced degree of A1-Si ordering need not necessarily 
be associated with greater s tabi l i ty  in the potassium 
felspars; and tha t  there is not one series increasing 
continuously in s tabi l i ty  from sanidine to m a x i m u m  
microcline, bu t  two series of which one begins with 
sanidine and runs to a part ial ly-ordered orthoclase as 
both  degree of A1-Si order and s tabi l i ty  increase, while 
the other begins with a highly-ordered m a x i m u m  
microcline and also runs to the same monoclinie 
orthoclase but  with s tabi l i ty  increasing as order 
decreases. 

I t  is also very  probable tha t  complete concentration 
of all the Al+3 into one te t rahedral  site is not achieved 
even in the most highly-ordered alkali  felspars, with 
the doubtful  possible exception of a m a x i m u m  micro- 
cline. 

The ideas developed in the preceding discussion are 
not regarded as proved with complete cer ta inty but  
they  do have the meri t  tha t  they  are based on the 
measurements  available and tha t  they  m a y  provide a 
satisfact0ry explanati0n, for example, for the origin 
of microclines. Their applicat ion to other petrological 

aspects of the  felspar problem is under  consideration. 
They are opposed to some aspects of the s t ructural  
models advanced by Goldsmith & Laves (1954). They  
m a y  be confirmed, or the need for their  modif icat ion 
m a y  be demonstrated,  when the three-dimensional  
ref inement  of the albite structures is completed and  
when the results of a revision of the orthoclase struc- 
ture become available short ly in the Labora tory  of one 
of the authors (W. H. T.). 
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