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Feldspar solid solutions
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Abstract

Solid solution series ofordered and disordered alkali and ternary feldspars were prepared
to provide reference data to estimate structural state and chemical composition and to
characterize feldspar volume behavior. Indexing charts based on those powder diffraction
lines that were actually used in refining lattice parameters are given as a practical guide in
indexing analbite (AAFhigh sanidine (HS) and low albite (LApow microcline (LM) solid
solutions. The triclinic/monoclinic transformation in the AA-HS series is found to occur
at 34 molTo Or. Mole fraction Or (n".) is related to cell volume (V) by equations for the
(AA){HS) series,

r \o. :  -535.186 + 2.37332V -  3.52656-10-3W + 1.75614-10-6W
s.e.e. : 0.003n* (s.e.e. : standard error of estimate),

and rhe (LA){LM) series,

no, : -1209.142 + 5.28104V - 7.70522.10-3W + 3.75650. t0-6W
s.e.e. : 0.004no,.

The influence of An-content on estimating nor can be accounted for from the volume data
of the ternary series. The volume behavior of the alkali feldspars is characterized by
Margules parameters WulcaUbarl that are similar for AA and HS:

Wuo^t: 0.083(7), Wuotst: 0.070(l l),

but are markedlv dissimilar for LA and LM:

W"o-ot :  0 .111(5) ,  Wvout  :0.015(12) .

That is, the excess volume is nearly symmetric in the disordered series, but it is definitely
asymmetric in the ordered series and thus depends on the degree of Al,Si order. Its behavior
is discussed in terms of two factors: geometrical dilatation and chemical contraction.

Introduction In the following, the term topochemical symmetry will
Estimation of the Al,Si distribution in feldspars from be used to characterize Al,Si distribution independent of

their lattice parameters has become routine. The proposed the actual symmetry of the feldspar. In the sense of Smith
determinative diagrams and equations use as ttriir frame (1970) a feldspar is said to be topochemically monoclinic/
of reference crystal structrue analyses and solid solution triclinic, if its Al,Si distribution does/does not allow the
series of constant and known Al,Si distribution. Kroll feldspar to be monoclinic, e.g., monalbite and analbite
(1983) and Kroll and Ribbe (in prep.) review and modifo are topochemically monoclinic, whereas high and low al-
the determinative methods on the basis ofrecent structure bite are topochemically triclinic.
refinements and of several solid solution series which were
prepared for this purpose. These series also serve as ref- Experimental
erences for estimating Or-content and for interpreting vol- Low albite_low microcline series
ume behavior which has lastly been discussed by Hovis
(1977), Hovis and Peckins (1978) and Newton and Wood To date, two such solid solution series have been prepared by
(1980). We report results on these topics with regard to orvitte(tf!]) andwaldbaumandRobie(1971),andHovisand

the following ieries: (l) Low albite (LAtlow miciocline Peckins. (197-8) have re-refined the waldbaum and Robie cell
(LM); (2) Analbite tai>nreh sanidine.Grg; rij inr-- l-TT::::::"th 

of these solid solution series were produced

series oiiow ternary ierdipars Ab*or,An", *r,6." " 
: r os, ffiTJfi,T#:JtilfJ"':l-trj*il* T.i",t".lfi:t"?"il*T

21.5,27.8, respectively (x + y + z : 100); (4) Two series ;;;;1;;;"ratures. We found, however, thatNa_exchangeof
ofhighternaryfeldsparsAb"OrrAn,,wherez: 16.5and low microcline as well as K-exchange of low albite does not
27.0, reSpeCtively. produce samples that have the same lattice parameters as have
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Table l. Efect of ion-exchange on low albite and low microcline unit cell parameters

S a m p l  e

N o .

c

t 8 l T o l

I

I  
o ]

I o ]

F e . l d 6 p € r g t )  g

t 8 l  t 8 l
V  N o .

L  A  J  r r n e s

6 4 3 6 0  8 1 2 1  -  L o u  a l b i t e

6 4 5 9 m  A f t e r  K -  a n d  N a - e x c h a n g e

6 4 3 6 m  A f t e D  K - e x c h a n g e  o n L ,

6 3 ? 5 m  C a z a d e D o  -  L o u  a l b i t e

6 4 6 0 o  A f t e r  K -  a n d  N a - e x c h a n g e

6 9 ? 1 m  A f t e r  K - e x c h a n g e  o n i ,

? 1 c 5 F  P F i l F n  -  |  n l r  F i . r n . I i n B

6 0 4 1  A f t e r  N a -  a n d  K - e x c h a n g e

6 0 3 0  A f t e r  N a - e x c h a n g e  o n f  y

e . 1 4 1 4 ( 1 2 )  1 2 . 7 8 8 1 ( B )

A  a ^ q . l t ^ \  a c  a a a a I u ) \

b . f E E o \  r /  r z , v o J o \ o /

8 , 1 3 s 3 ( z )  1 2 . 7 8 5 2 ( ? )

a  1 a A A l . . \  i ,  a a a n l  o \

a  c a F A l F \  1 .  o a t . t q \

8 , 5 e 1 8 ( ? )  1 2 . e 6 1 2 ( 8 )

a  q e o q f  r F \  1 ,  o < F n f  1 ? \

8 . 1 3 7 2 ( 1 3 ,  1 2 . 7 9 3 1 ( 1 0 )

7 . ' t 4 s e ( B )  e 4 . 2 o 1 ( e )

7 . 1 s 2 9 ( 1 e )  e 4 . 1 8 1 ( 1 4 )

? . 2 1 6 e ( 6 )  e o . s ? 6 ( 6 )

7 . 1 5 8 2 ( 7 )  9 4 . 2 7 4 ( 6 )

? . 1 5 6 1 ( 7 )  e 4 . 2 4 6 ( 8 )

?  . 2 2 2 ?  (  4 )  e 0 .  6 3 3  (  4 )

7 . 2 2 1 ' t ( 5 )  s o . 6 2 3 ( 6 )

? . 2 2 0 1 ( 1 e )  s o . 6 ? 4 ( e )

? . 1 5 3 0 ( e )  e 0 , 2 3 6 ( 8 )

1 1 6 . s 6 ? ( 6 )  B ? . e 4 8 ( 8 )  6 6 3 . e 1 ( 1 e )  4 ?

1 1 6 . s s 4 ( 1 s )  8 ? . e 4 9 ( 1 5 )  6 6 4 , 6 6 ( 4 1 )  2 ?

1 1 s . 9 5 8 ( s )  8 ? . 8 ? 8 ( ? )  ? 2 1 , e s ( 1 3 )  6 2

1 1 6 . 6 0 0 ( 5 )  8 7 . 6 8 s ( 6 )  6 6 3 . 8 6 ( 1 4 )  6 s

1 1 6 . s s ' 7 ( 6 )  B ? . 6 8 s ( 6 )  6 6 4 . 0 8 ( 1 7 )  4 0

1 1 5 , e 4 s ( 3 )  8 7 , 6 2 5 ( a )  7 2 2 . 3 e ( e )  6 3

1 1 5 , s 4 s ( 4 )  8 ? . 6 8 3 ( s )  ? 2 2 . 4 8 ( 1 2 )  6 2
' 1 i 5 . 9 ? 9 ( 1 L )  8 ? . 6 8 3 ( 9 )  ? 2 2 . 3 6 ( 4 5 )  2 ?

1 i 6 . 6 1 ? ( 8 )  8 7 . 7 4 2 ( 7 )  6 6 3 . 8 8 ( 2 1 )  3 3

' l )  S t a n d a r d  e r r o D s  a r e  g i v e n  i n  p a r E n t h e s e s  a n d  r e f e r  t o  t h e  t a s t  d e c i m a l  p l a c e ( s ) .

their natural equivalents. In particular, the 'y angle is larger by
0.06'in Na-exchanged low microcline than it is in natural low
albite, and vice versa for K-exchanged low albite and natural low
microcline (Table l). The difference in 1 is not due to a change
in the Al,Si distribution produced by the exchange process: ifso,
the Al,Si order would have decreased during Na-exchange, but
increased during K-exchange, which is unlikely; furthermore, af-
ter Na-(K)exchange and K-(Na)back-exchange the 'y angle of
the original material is restored, demonstrating that no change
of order occurs. Apparently the 1 angle is larger in a transfor-
mation-twinned low microcline than in a sample lacking this

type of twinning, i.e., in a low microcline prepared from low
albite.

We therefore decided not to use end members that had been
prepared by ion-exchange, but chose natural low microcline (per-

thitic amazonite) from Prilep, Yugoslavia and low albite from
Cazadero, California. Both feldspars are fully ordered as dem-
onstrated by structure refinements (Strob, 1983; Wenk and Kroll,
1984). Tables 2 and 3 give details oftheir origin, composition
and treatment.

The solid solution series was prepared in the following way:

Cazadero albite and Prilep microcline were first ground in a ball

Table 2. Preparation ofend members for alkali and ternary feldspar series

0 r i g i n a . l  f e l d s p a r L o c a . l i t y T r e a t m e n t P r o d u c t  f e l d s p a r

- 1 m i c r o c l i n e  s e r i

C a z a d e r o ,  C a l i f o r n i a  n o n e  f o u  a l b i t e  c e z

P r i f e p ,  Y u g o s . l a v i a  i o n - e x c h a n q e d  i n  K C l : 5 h / B 5 0 o C 7 l t s g *  1 o u  m i c r o c l i n e  P r i - K

C a z a d e r o ,  C a l i f o r n i a a n n e a l e d  a t  1  0 9 0 " c ,  1  1  0 d  a n a l b i t e  c a z - h

i o n - B X c h a n g e d  i n  K c l :  5 h / B 2 5 o c / ' t t s o  h i g h  s a n i d i n e  C a z - h - k

L o u  a l b i t e

L o u  m i c r o c l i n e

L o u  a l b i t e

A n a l b i t e  C a z - h

7

I

9

1 0

1 1

1 2

1 3

1 4

L o u  o l i g o c l a s e  ( A n 1 6 . 5 )  S u l t a n  H a m u d ,  K e n y a

L o u  o l i q o c L a s e

L o u  o l i g o c l a s e  ( A n 2 1 . 5 )  A r e n d a l ,  N o r u a y

L o u  o l i g o c l a s e

L o u  o . I i q o c l a s e  (  A n 2 7 . 8 )  Q u e b e c ,  C a n a d a

L o u  o l i g o c l a s e

n o n e

i o n - e x c h a n g e d  i n  K C I :

n o n e

i o n - e x c h a n g e d  i n  K C l  3

n o n e

i o n - e x c h a n g e d  i n  K C I :

an/ asooc /'t z so

en/asooE/trso

an /asooc / t  t so

1 o u  o . l i g o c l a s e  8 4

l o u  ( - o l i g o c . l a s e

. I o u  o l i g o c l a s e  1 6 6

l o u  K - o f i g o c f a s e

1 o u  o . l j . g o c l a s e  3 1

l o u  K - o f i g o c L a s e

L o u  o . I i g o c l a s e  ( A n 1 6 . 5 )

H i g h  o l i g o c l a s e  V i s

L o u  o l - i g o c l a s e  ( A n 2 7 , B )

H i g h  o l i g o c . l a s e  3 1 h

A r e n d a . l  ,  N o r u a y

Q u e b e c ,  C a n a d a

a n n e a l e d  a t  1 0 9 0 o c , 2 9 d  + ' 1 1 1 0 o c , 3 0 d  h i g h  o l i g o c . I a s e  V i s

i o n - a x c h a n g e d  i n  K c l :  3 h / B 2 5 o c 1 ' t z s o  h i q h  K - o l i g o c l a s e

a n n e a l e d  a t  1 1 2 o o c , 3 1 d  h i g h  o l i g o c l a s e  3 1 h

i o n - e x c h a n g e d  i n  K c l :  ? h / 9 0 0 o c / l z a o  h i g h  K - o l i g o c l a s e

*  R u n  d u r a t i o n  i s  g i v e n  i n  h o u r s  ( h )  o r  O a y s  ( O ) .  t J e i q h t  p r o p o r t i o n  f e . I d s p a r  s a m p l e  :  K C t  u a s  1  3 5 0  o r  1 : 6 0  i n  t h e

e x c h a n o e  e x o e r i m e n t s .
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Table 3. Chemical composition of end member feldspars

E n d - m e m b e r  f e l d s p a r C o m p o s i t i o n

A b - 0 r - A n I m o l f t ]

A n a l y s t

3

4

5

6

?

B

9

1 0

1 1

1 2

'14

L o u  a l b i t e  C a z

L o u  m - i c r o c - l i n e  P ! i - K

A n a l b i t e  C a z - h

H i g h  s a n i d i n e  C a z - h - K

L o u  o l i g o c . l a s e  8 4

L o u  K - o f i g o c . I a s e

L o u  o . I i g o c L a s e  1 6 6

L o u  K - o l i . g o c l a s e

L o u  o l i g o c l a s e  3 1

L o u  K - o l i g o c l a s e

H i g h  o . l i g o c l a s e  V i s

H i g h  K - o l i g o c f a s e

H i g h  o l i q o c f a s e  3 1 h

H i g h  K - o l i g o c l a s e

9 9 . 7  A , 2  0 . 1

0 . 1  9 9 . 8  0 . 1

( o  e e ' e  0 . 1 ) * *

9 9 . 4  0 . 3  0 , 3

8 . 9  9 8 . 9  0 . 3

( o  e e . ?  0 . 3 ) * *

E 2 . A  O . 7  1  6 . 5

0  B s . s  1 6 , 5

7 7  . 3  1 . 2  2 1 . 5

0  7 8 , 5  2 ' t  . 5

6 9 , 9  2 . s  2 7  . e

D  7 2 . 2  2 7  . e

7 9 . O  4 , 5  1 6 . 5

0  8 3 . 5  1 6 . 5

6 ? . 5  5 , 5  2 ? . O

o  ? 2 . 2  2 7 . 8

H .  R e t t m a r ,  l v l i j n s t e r

D ,  l l a u r y ,  l v l i i n s t e !

A .  B i s c h o F i ,  l v l i i n s t e r

A .  S c h m i d t ,  l v l l j n s t e r

C o r l e t t  &  E b e r h a r d  ( 1 9 6 ? )

c o n p l e t e  e x c h a n q g  a s s u m e d

C o r l e t t  &  E b e r h a r d  ( 1 9 6 7 )

c o m p l e t e  e x c h a n g e  a s s u m e d

C o r l e t t  &  E b e r h a r d  ( 1 9 6 ? )

c o m p l e t e  e x c h a n g e  a s s u m e d

H .  R e t t m a r ,  f l l i . i n s t e r

c o m p l e t B  e x c h a n g e  a s s u m e d

I .  S c h m i e m a n n ,  l v l i j n s t e r

c o m p l e t e  e x c h a n g e  a s s u m e d

( e m o l *
( n n s ; *

( E l v l p )

( A A S )

(Efv tp  )

(Er " lP)

(E l ' lp )

( E I t p )

( A A B )

E w l p  =  E l e c t r o n  l v l i c r o p r o b e ,  A A S  =  A t o m i c  A b s o r p t i o n  S p e c t r o m e t r y .  + *  S e e  t e x t .

mill and then in an agate mortar down to a grain size routinely amount of perthitic albite in the bulk sample was determined by
used in X-ray powder photography (< 10 pm). Prilep microcline atomic absorption spectroscopy (AAS) to be 9 mol0/0. The inffu-
was K-exchanged to remove its non-exsolved Na content and to ence of its K-exchange equivalent on the 7 angle of the bulk
convefi the exsolved (perthitic) albite into low microcline. The exchange product can thus be considered negligible. Mixtures of

Table 4. Unit cell parameters of low albite-low microcline solid solutions

S a m p - L e  0 r  A o  A n  h o m o g e n i z a L i o n  a

N o .  I m o r f i ]  t [ h o u r s ]  T t o c l  t 8 l

D

t 8 l
c

t  8 l t  
o l

I

I  
o ]

I  
o ] . ? 3 r

N o .

l i n e s

6 3 7 5 m  o . 2  9 e . 7  o . 1  ( 1 ) * *  8 . 1 3 s 5 ( 7 ) +  j 2 . ? B s 3 ( B )  ? . 1 s 8 3 ( 6 )  s 4 . 2 7 8 ( 6 )' 7 1 s e o  o . 2  9 e . 7  o . ' t  ( t 1 * * o o r r o o  B . 1 3 s s ( B )  1 2 . 7 8 4 3 ( 6 )  z . r s e o ( o )  s 4 . 2 6 1 ( s )
8 4 2 s a  5 . 0  9 4 , e  0 , 1  ( t ) * * o o r n o o  B . 1 s e 9 ( 7 )  1 2 . ? s 6 2 ( 6 )  7 . 1 6 0 4 ( 7 )  s 4 . 1 0 7 ( 6 \
? l e e n  s . 0  9 4 . e  0 . 1  4 0  e 0 0  8 , 1 s 7 6 ( s )  1 2 . ? s 4 7 ( 6 )  ? . 1 6 1 1 ( 7 )  s 4 . 1 2 0 ( 6 )
4 4 2 3 n  1 0 . 0  B e . e  0 . 1  4 0  9 0 0  e . 1 7 9 0 ( 1 1 )  1 2 . 8 o 8 2 ( B )  7 . 1 6 6 3 ( ? )  % . s 6 s ( 7 )
7 1 9 9 u  1 0 . 0  8 9 . 9  0 . 1  4 0  9 0 0  8 . 1 ? 8 3 ( 1 0 )  1 2 , 8 0 8 9 ( 8 )  ? . 1 6 5 1 ( 8 )  9 3 . 9 6 0 ( ? )

4 4 2 3 u  1 s . 0  8 4 . 9  0 . 1  4 D  9 0 [  8 . 1 9 8 3 ( 1 4 )  1 2 . 8 2 1 6 ( 7 )  7 , 1 ? O D ( 1 2 )  s 3 . ? ? 1 ( s )
7 2 0 7 o  1 s . 0  8 4 . 9  0 . 1  4 0  9 0 0  8 . 1 9 6 7 ( ' t 3 )  1 2 . 8 2 1 4 ( g )  ? . ' t 6 s 1 ( ' 1 1 )  9 3 , 7 6 6 ( 9 )
B 4 s B o  2 a . O  ? e . e  8 . 1  4 0  1 0 0 0  8 . 2 2 3 7 ( 1 2 )  1 2 . 8 3 2 8 ( 1 4 )  7 . 1 ? s B ( 1 0 )  e 3 . 5 s 0 ( 1 3 )
7 3 2 o o  2 a , o  ? e . 9  o . 1  4 0 / 9 O E + 2 O / 1 O E o  8 . 2 2 f i ( 1 0 )  1 2 . $ 6 s ( 8 )  7 . 1 ? 4 6 ( B )  9 3 . s 2 0 ( e )
7 3 2 O n  2 5 . o  7 4 . 9  o . 1  4 D / g E O * 2 0 / 1 D o O  8 . 2 4 8 2 ( 1 1 )  1 2 . 8 s 4 2 ( 1 o )  Z , t t s A ( e 1  9 3 . 2 8 6 ( 1 0 )
7 3 2 O u  3 0 . 0  6 e . 9  0 . 1  4 A / 9 D O * 2 O / 1 O o E  8 . 2 ? 6 1 ( 1 2 )  1 2 . 8 6 s 2 ( s )  7 , 1 e 5 2 ( s )  s 2 , s 7 1 ( 1 2 )

7 3 2 2 o  3 5 , o  6 4 . 9  D . 1  4 0 / e j o * 2 8 / 1 O B o  8 . 2 9 7 3 ( 2 D )  1 2 . 8 7 8 6 ( ' t 2 )  ? . 1 8 e 6 ( 1 s )  s 2 . 7 , 1 6 ( 1 4 )
? 3 2 2 n  4 0 . o  5 9 . 9  0 . 1  a o / e o o + 2 0 / . 1 s o o  8 . 3 2 2 8 ( B )  1 2 . e s ? s ( 7 )  . t . t g q e ( t )  s 2 . 3 % ( ? )
7 3 2 2 u  4 s , 0  s 4 . 9  0 . 1  4 E / e O O + 2 o / 1 o o 1  8 . 3 4 5 8 ( 1 1 )  1 2 . 9 1 0 0 ( B )  t . t e e s ( t )  s 2 . o ? s ( s )
7 3 6 e m  s 0 . 0  4 9 . 9  o . 1  4 0 / 9 o o + 2 o / 1 o o o  8 . 3 7 1 7 ( 1 3 )  t z . s z z z ( t t )  ? . 2 0 1 1 ( r o ;  s r . e o z ( r r )
7 3 2 6 m  s s . 0  4 4 . e  o . ' t  4 0 / e o o * 2 D / 1 o o o  B . 3 s 4 s ( 1 4 )  t z , g z z . t ( g )  t . z o + t i , r o j  9 1 . a 8 1 ( e )
8 4 s B u  6 0 . 0  3 9 . 9  0 . 1  4 0  1 0 0 0  8 . 4 1 9 5 ( 2 3 )  1 2 . % s g ( 1 s )  7 . 2 O 6 D ( 2 1 )  s 1 . 3 2 4 ( 1 7 )

7 3 ? O o  6 5 . 0  3 4 . 9  0 . 1  8 0  9 0 0  8 . 4 4 6 5 ( 1 0 )  1 2 . 9 4 6 1 ( g )  ? . 2 0 8 5 ( B )  9 1 , A s ? ( s )
7 3 7 0 n  7 A . O  2 9 . 9  O . 1  8 0  9 0 0  8 . 4 ? 0 3 ( 8 )  1 2 . s 4 s 2 ( 8 )  ? . 2 1 1 2 ( 6 )  S t . O O O ( Z ;
7 3 7 O u  7 5 , O  2 4 . 9  A - 1  8 0  9 0 0  8 . 4 9 1 0 ( 9 )  1 2 . 9 s 1 3 ( g )  7 , 2 1 0 6 ( 6 )  9 0 . 8 8 6 ( 7 )
7 3 o 4 o  8 0 . 0  1 9 . e  0 . 1  6 0  9 0 0  B . s 1 3 e ( 7 )  1 2 . s s 7 1 ( B )  ? , 2 1 4 s ( ? )  s a , 7 s s ( 7 )
7 3 ' 7 7 o  B s . 0  1 4 . e  0 . 1  7 2  8 0 0  B . s 3 3 s ( B )  1 2 . 9 6 0 0 ( 9 )  7 , 2 1 5 7 ( 5 )  9 0 . ? 6 8 ( 6 )
7 3 8 0 o  e 0 . 0  e . e  0 . 1  ? 2  e 0 0  8 . 5 5 4 0 ( 8 )  1 2 . s 5 e 2 ( 6 )  7 . 2 1 8 a ( 6 )  s O . 6 s 4 ( 6 )

7 3 8 0 m  9 s , 0  4 . 9  O . 1  ? 2  8 0 0  B . s ? 3 5 ( 6 )  1 2 . 9 5 8 9 ( 6 )  ? . 2 1 8 7 ( 5 )  9 0 . 6 6 4 ( 5 )
7 3 7 ? n  e e . B  0 . i  0 . 1  ( z ) * * r r r u o o  8 . 5 9 0 3 ( 1 0 )  1 2 . s 6 j 6 ( 1 o )  ? , 2 2 0 0 ( B )  s o . e : r ( g )
? ' t 6 9 n  e e . 9  0 . 0  0 . 1  ( 2 ] - * *  8 . s 9 0 ? ( B )  ' 1 2 . s f f i 4 ( j )  7 , 2 2 j s ( 6 )  9 0 . 6 0 9 ( B )
7 3 6 3 n  s 9 . 9  0 , 0  0 . 1  ( 2 1 * *  B . s 9 1 s ( 6 )  j z . s 6 2 4 ( s )  7 . 2 z z o ( s i  s o . 6 2 7 i s )
8 3 6 0 m  e e . 9  0 . 0  0 , 1  ( z ) * *  8 . 5 9 2 s ( ? )  j 2 , s 6 4 E ( 7 )  ? . 2 2 2 1 ( 6 )  9 0 . 6 0 2 ( 6 )
7 1 5 5 m  9 9 , 9  0 . 0  0 , 1  ( 2 ) * * 8 . 5 9 1 ' t ( 7 )  1 2 . e 6 1 2 ( 8 )  ? . 2 2 1 1 ( 5 )  s O . 6 ? 3 ( 6 )

1 1 6 . 6 0 6 ( 5 )

1 1 6 , s 3 9 ( s )

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

1 1 6 , 4 3 2 ( 8 )

1 1 6 . 3 s 7 ( 6 )
1 ' , ! 6 . 2 8 6 ( 7 )

1 1 6 . 1 7 8 ( 1 2 )
1 1 6 . 1 3 4 ( ? )

1 1 6 . 0 1 0 ( 8 )

1 1 5 . 9 3 4 1 1 6 )

1 1 s . 9 1 s ( 6 )
1 1 s . 9 1 s ( 5 )

1 1 s . s 1 e ( 5 )
1 1 5 . 9 1 2 ( 5 )

1 1 5 . s 4 4 ( 4 )
1  1 5  . 9 6 0 ( ?  )
1  1 s  . 9 4 6 ( 5 )
1 1 5 . 9 4 6 ( 4 )
1 1 5 . e s s ( 4 )
1 ' ,1s .945(4)

8 7 . 6 8 4 ( s )  6 6 3 . e 4 ( 1 3 )  6 s
8 ? . 6 9 3 ( s )  6 6 3 . 2 8 ( 1 3 )  ? 3
8 7 . 6 6 2 ( s )  a t z . ' t s ( t z )  6 8
8 7  . 6 6 4 ( 4 )  6 6 6 . e 2 ( 1 5 )  5 s
e ' 7 . 6 4 2 ( 6 )  6 7 0 . 2 5 ( 1 8 )  6 1
8 7 . 6 2 9 ( 6 )  6 ? o . 1 4 ( 1 ? )  5 3

8 7 . 6 3 s ( e )  6 7 3 . 3 2 ( 2 5 )  4 3
8 7 . 6 3 7 ( B )  6 ? 3 . ' t 4 ( 2 3 )  5 s
8 7 . 6 2 ? ( 1 2 )  6 7 ' ? . 2 1 ( 2 3 )  3 s
e 7 . 6 o s ( z )  6 7 ? . 4 2 ( ' t 7 )  b B
e 7 . 5 5 2 ( 1 0 )  6 8 1 . 1 e ( 1 8 )  4 0
8 7 , s s z ( 1 0 ) 6 8 5 . 4 0 ( 2 0 )  4 4

e ? . 5 6 4 ( 1 1 )  6 8 8 . 4 e ( 3 s )  4 0
8 7 . s 3 4 ( 6 )  6 9 2 . 4 6 ( 1 s )  4 2
8 ? . 4 s 7 ( 6 )  6 9 s . 8 3 ( 1 6 )  4 3
8 ? . 4 ? 6 ( 1 o )  6 e 9 . 3 7 ( 2 2 )  4 6
8 7 , s 2 0 ( B )  7 8 2 . 4 8 ( 2 2 )  5 1
8 7 . 5 1 7 ( 1 2 )  ? 0 5 , 3 4 ( 4 4 )  3 3

8 7 . 5 6 8 ( B )  7 0 8 . 3 4 ( 1 7 )  s 0
8 7 . s 7 s ( s )  7 ' , t o . 7 B ( ' 1 3 )  4 4
e ? . 6 2 8 ( ? )  7 1 2 . s 2 ( 1 4 )  s 4
8 7 . 6 3 7 ( 6 )  ? 1 5 . 2 4 ( 1 3 )  6 0
8 7 . 6 0 3 ( 6 )  7 1 7 , 1 5 ( 1 3 )  5 6
B ? . 6 4 9 ( 5 )  7 1 8 . 9 7 ( 1 3 )  5 3

8 ? . 6 5 2 ( 5 )  7 2 0 , 5 ? ( 1 1 )  5 4
B z . 6 B B ( B )  7 2 2 . 1 8 ( 1 9 )  s s
B z , 6 9 B ( 7 )  7 2 2 . s 6 ( 1 3 )  s B
8 ? . 6 7 ' t ( 4 )  7 2 2 . 6 0 ( 1 o )  5 ?
B ? . 6 9 2 ( 6 )  7 2 2 . ? 7 ( 1 3 )  6 9
B ? . 6 8 3 ( s )  ? 2 2 . 4 8 ( 1 2 )  6 2

*  S t a n d a r d  e r r o r s  a ! e  q i v e n  i n  p a r e n t h e s e s  a n d  r e f e r  t o  t h e  f a s t  d e c i m a l  p l a c e ( s ) .
* *  T h e  n ! m b e r  _ i n  p a r e n t h e s e s  a e f € r s  t o  T a b l e s  2  a n d  3 .
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Fig. l. Variation of cos2a* with temperature for various an-

albite and high albite samples. Tlpically the slope of a high albite
curve is more gentle than ofan analbite curve, because the ap-
proach of d* to 90o is hindered in high albite due to triclinic
topochemistry. From the appearance of the curve of heated Ca-
zadero albite it is assumed that monoclinic topochemistry has
been achieved. The functions (cos2o* + cos27) : A and (cos'?a *
cos2,y*) : B both vary linearly when plotted versus temperature.
The cosine terms in each of them are proportional to those off-
diagonal elements in the thermal or compositional strain tensor
which vanish at the triclinic to monoclinic displacive transfor-
mation (Kroll, 1984). Both A and B are related to the square of
the order parameter Q for the displacive transformation (Salje
et d., 1985). Whether A or B is chosen to represent Q2, is a rnatter
ofconvenience. The form ofthe function - A or B - simply results
from the choice of the relative orientation of the crystal axes
system to the cartesian system used to express the strain tensor
components in terms of lattice parameters. Because cos a* is
linearly related to cos T as is cos a to cos ?*, it suffices to plot
either cos2a* or cos2o versus temperature.

the Na- and K-end members (200 mg) were then weighed at
intervals of 5 molVo, thoroughly mixed in an agate mortar, pressed
to tablets (at I kbar) and homogenized at 800-1000€ for 40 to
80 hours. Lattice parameters were determined from Guinier-
Jagodzinski photographs (CuKat radiation) using standard pro-
cedures (e.9., Kroll et al., 1980); see Table 4.

In preliminary experiments we had determined the tempera-
true range in which homogenization would proceed, but Al,Si
disordering would not. When the lattice parameters of the heated
and unheated end members are compared in Table 4 it is seen
that they are indeed statistically identical.

Anal bi t*h igh s an id ine ser i es

A topochemically monoclinic alkali feldspar series in which
the Al,Si distribution does not change with composition is best
prepared from only one end member which is ion-exchanged to

yield the other end member. We did not use sanidine as starting
material because Na-exchange typically produces poor powder
patterns, whereas K-exchange results in sharp patterns.

We started with Cazadero albite which was converted into

analbite by dry heating of crushed fragments (1-5 mm in size)
in a sealed platinum tube at 1090t for I 10 days. A single crystal
was then X-rayed on the precession camera and the a* angJe
followed with temperature. To effectively linearize the variation

of a* we plotted cos2a* vs. 7 (Thompson et al., 1974; Kroll,
1984), see Figure 1. The straight line drawn through the data
points for f > 400p,C intersects the abscissa (a* : 90") at 989 t I 89C .
For comparison the data points ofanother analbite and two high

albites are also plotted. The analbite and one ofthe high albites
were hydrothermally crystallized from glasses at 1000 and 950"C,
respectively (Kroll et al., 1980), whereas the second high albite
was prepared by dry heating of Tiburon low albite (Winter et aI.,
1979). The data points of the two high albites virtually follow
the same line, which has a more gentle slope than has the analbite
line. This is typical for high albite compared to analbite and
results from the fact that the approach to monoclinic geometry

is hindered by the topochemically triclinic Al,Si distribution (see

Kroll et al., 1980, p. 1200). Thus, the behavior of our heated
Cazadero albite in Figure I is consistent with, though not proof

of the assumption that this Na-feldspar is in fact topochemically
monoclinic.

It may be noted that long term annealing at temperatures well

above the temperature of the diftrsive transformation does not
necessarily mean that monoclinic topochemistry has been
achieved. Even if the K-exchange product of such a Na-feldspar
yields a sharp monoclinic powder pattern, the Al,Si distribution
of the original Na-feldspar still rnay have been topochemically
triclinic. We found that after K-exchange two high albites which
were hydrothermally synthesized at 950 and 900'C resulted in
monoclinic powderpatterns, whereas a sample prepared at 850f
yielded a triclinic pattern.

After it had become probable from Figure I that our heated

Cazadero albite was indeed analbite, it was K-exchanged, ana-
lyzed by AAS (Table 3), and a solid solution series was prepared

analogous to the LA-LM series. Lattice parameters and homog-
enization conditions are listed in Table 5.

It is seen from Table 5 that the cell volume of the K-exchanged
analbite is significantly larger before than after heating at 1000qC
for 2 days, which is surprising. Probably the K-exchange was not
quite complete, but due to its small amount the non-exchanged
analbite did not show up in the powder pattern, and thus the
lattice parameters represent the fully exchanged product. During
heating, however, mixing occurred and consequently the cell vol-

ume dropped to the value that represents the bulk composition
determined by AAS analysis. If a similar effect has occurred in
the LA-LM series, it is hidden within the uncertainty of the
chemical analysis.

Low ternary feldspar series

Three oligoclase crystals Anr6 r, ArI2r , and Anr* were K-ex-

changed, and low ternary feldspar series ofconstimt An-content
were prepared using the procedures described above. Details con-
cerning the end members are given in Tables 2 and 3. The lattice
parameters and homogenization conditions are listed in Table 6.

High ternary feldspar series

Two oligoclases An,u , and An, o were converted into the high

structural state by dry heating of crushed fragments (l-5 mm in

size) in sealed platinum capsules (Tables 2 and 3). Monoclinic

High otbite
High otbite
Anot bite

989 {18) 'C

I
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Table 5. Unit cell parameters of analbite-high sanidine solid solutions

S a m p l e  0 r A b  A n H o n o q e n i z a t i o n  a b

t  8 l
d

I  
o ]

B
I  

o ]
I  

o ]
t  831

N o .

l i n e s

c

t ElN o .  I  m o r $ ] t [ d a y s ]  T [ o c ]  t 8 l

; )  7 . 1 a 7 ? ( 4 )  e 3 . 4 8 i ( s )  ' t 1 6 . 4 4 8 ( 4 )  9 0 . 2 8 1 ( s )  6 6 6 , 4 1 ( 1 0 )
t B )  ? . 1 1 s 7 ( 1 1 )  % . 2 i 2 ( 1 3 )  1 1 6 . 4 1 8 ( ? )  e 8 , 2 4 6 ( i E )  6 ' 1 8 . 1 4 ( z o )
i )  7 . 1 2 1 3 ( E )  e 2 . e 6 s ( s )  1 ' 1 6 . 4 0 3 ( 4 )  e 0 . 2 0 3 ( s )  6 ' t 3 . s 2 ( 1 o )
) )  7 . 1 2 8 8 ( B )  e 2 . 6 2 ? ( e )  1 1 6 . 3 5 8 ( ? )  e o . 1 e 3 ( ' t )  6 7 7 . s 6 ( 1 ? )
) )  7 , 1 3 4 ? ( 6 )  e 2 . 2 6 ? ( 9 )  1 1 6 , 3 4 a ( 6 )  e O , 1 5 2 ( ? )  6 8 1 . 2 7 ( 1 4 )
) )  7 . 1 q 3 ( 1 0 )  9 1 , 8 4 6 ( 9 )  1 1 6 . 3 0 e ( 6 )  e 0 . 1 3 8 ( 6 )  6 B s . 2 4 ( 2 0 )
l 6 )  ? . 1 s 0 0 ( 1 s )  9 1 . 3 0 9 ( 1 3 )  i 1 6 . 2 ' ? 5 ( 1 1 )  e 0 . 0 8 ? ( 1 3 )  6 8 9 . 0 2 ( 3 3 )

4 2

4 2
4 0
2 B

8 4 5 8 u  3 9 . 7  6 0 . 0  0 . 3
7 5 6 5 u  3 9 . 7  6 0 . 0  0 . 3
7 5 7 5 o  4 4 . 6  5 5 . 1  0 . 3
7 5 7 5 n  4 9 . 6  5 0 . 1  0 . 3
7 5 7 5 u  5 4 . 5  4 5 . 2  0 . 3

7 ? 7 6 0  5 9 . 4  4 0 . 3  Q . 3
7 5 ' 7 6 n  6 4 , 4  3 5 . 3  0 . 3
? 5 7 6 u  6 9 . 3  3 0 . 1 1  0 . 3
7 5 8 3 o  7 4 . 3  2 5 . 4  O . 3
7 5 A 3 n  7 9 . 2  2 0 , 5  0 . 3

6 9 5 . 2 1 ( 1 8 )  3 1
6 e 5  . 0 1  ( 2 4 )  2 3
6 e 8 . 2 7 ( 1 6 )  2 e
? o 0 . 4 6 \ 1 6  )  3 1
? 0 3 . 4 7 ( 1 4 )  3 9

? 0 6 , 2 6 ( 1 1 )  4 2
a n a  a t (  1 t \

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

7 1 7 . 0 7 ( 1 o )  4 ?
7 1 e . 2 2 ( 1 D )  s 6
7 2 1 , 1 8 ( 1 1 )  1 ! B
a a t  a a (  4 t \  q .

a t a  a E (  1 a \  q ^

2 d
2 d
2 d
2 d

2 d
2 d
2 d
2 d
2 d

1 0 0 0 o c  e . 3 3 4 3 ( 1 0 )  1 2 . e 8 9 3 ( 1 0 )  7 . 1 s 6 2 ( 8 )  e 0
1  0 0 0 - c  8 . 3 3 2 7 ( 1  4 )  1 2 . e 8 s 3 ( 1 4 )  ?  . 1 s 4 4 ( 1 1 )  s O
1 0 0 0 - c  8 . 3 6 0 3 ( i 0 )  1 2 , s s 4 j ( 1 2 )  ? . 1 s 9 6 ( 6 )  9 0
1 0 0 0 " c  8 . 3 7 9 2 ( 1 0 )  1 2 , s s s 2 ( 1 0 )  ? . 1 6 1 1 ( 8 )  9 0
1 0 0 0 " c  8 . 4 0 6 1 ( 1 1 )  1 3 . 0 0 s ? ( 9 )  ? . 1 6 4 2 ( 6 )  e 0

r 0 o 0 o c  8 . 4 3 0 5 ( B )  1 3 . 0 1 3 4 ( 8 )  ? , 1 6 s 9 ( s )  9 0
1  0 0 0 " c  8 . 4 5 s 0 (  7 )  1 3 . D 1 ? 2 ( B )  7  . 1 6 7 5 ( 6 )  e 0
1 0 0 0 " c  8 . 4 7 4 8 ( B )  1 3 . 0 1 9 ? ( B )  ? . 1 6 8 3 ( ? )  e 0
r 0 0 0 " c  8 . 4 9 ? B ( s )  1 3 . 0 2 i s ( 6 )  7 . i 6 s . 7 ( 4 )  9 0
1 0 0 0 - c  e , 8 1 9 6 ( ? )  1 J . o 2 s 6 ( 1 )  7 . 1 7 1 4 ( s )  9 0

1 1 6 . 1 8 4 ( 7 )
1 1 6 , 1 5 7 ( e )
1  1 6  . 1 3 4 ( 6 )
1 1 6 . 1 0 1 ( 6 )

' t  1 6  . 0 5 7  (  4 )
1 1 6 . O 3 2 ( 4 )
1  1 6 . 0 0 7 ( 6 )
1 1 6 . 0 0 8 ( 3 )
1 1 6 . o o o ( 4 )

1 1 s , 9 8 ? ( 4 )
1  1 s  . 9 9  4 (  4 )
1 1 6 . o o ' t  (  4 )

1  1 6 . D 1 1 ( 6 )

9 0
9 0
9 0
9 0
9 0

9 0
9 0
9 0
9 0
9 0

7 s 8 3 u  8 4 . 2  1 5 . s  0 , 3  2 d  1 0 0 0 ' c  8 . s 3 9 5 ( 6 )  1 3 . 0 2 6 3 ( 8 )  ? . 1 ? 1 3 ( 5 )
7 5 8 9 o  8 9 . 1  1 0 . 6  0 . 3  2 d  1 0 0 0 " c  8 . 5 5 9 9 ( 6 )  1 3 . 0 2 8 5 ( ? )  ? . 1 ? 5 0 ( 5 )
7 5 8 9 m  e 4 . 1  s . 6  0 . 3  2 d  1 0 0 0 : c  s . s e 0 4 ( 6 )  1 3 . 0 3 1 3 ( ? )  7 , 1 . / 6 2 ( 5 )
7 5 8 9 u  e B , B  0 . e  0 . 3  ( a ) * * r o r , o o o ' t  8 . s 9 6 7 ( 7 )  1 3 . 0 3 1 4 ( B )  ? , 1 ? 8 5 ( s )
7 2 9 s n  e e . 7  0  0 . 3  ( 4 ) * *  8 . 6 0 4 5 ( 1 0 )  1 3 . 0 3 0 6 (  1 E )  7 . 1 ? 8 ? ( B )

9 0
9 0
9 0
9 0
9 0

9 0
9 0
9 0
9 0
9 0

+  S t a n d a ! d  e r r o r s  a r e  g i v e n  i n  p a r e n t h e s e s  a n d  r e f e r  t o  t h e  l a s t  d e c i m a l  p l a c e ( s ) .

* *  T h e  n u m b e r  i n  p a r e n t h e s e s  r s f e D s  t o  T a b l E s  2  a n d  3 .

topochemistry cannot be produced in this way because the sta-
bility field of monalbite does not extend above An,, (Kroll and
Baumbauer, l98l). Consequently, triclinic powder patterns re-
sulted after K-exchange. The degree of Al,Si disorder achieved
compares to that of plagioclases synthesized by dry crystallization
of glasses close to the solidus. The structure of high An, o has
been refined by Kroll (1978).

Solid solution series were prepared from the end members

analogous to the LA-LM series. The temperatures at which the
mechanical mixtures were homogenized had to be carefully cho-
sen to avoid changing the degree of disorder: When (Na,Ca)-high
albites are K-exchanged and then heated at elevated temperatures
(e.g., 900"C for Anrr), they become topochemically monoclinic
K-sanidines (see Kroll and Baumbauer, l98l).

The lattice parameters and homogenization conditions are list-
ed in Table 7.

Table 6. Unit cell parameters of three ternary feldspar solid solutions of low structural state

S a m p l e  H o m o g e n i z a t i o n

N o .  t [ d a y s ]  T [ o c ]

A b  0 r  A n  a

fmo1 f i ]  t 8 l

b

r 8 l
c

t 8 l l ' l
B

I  
o ]

t  
o l

V  N o .

L  A  . . /  r r n e s

B 4 - 2 3 a 4 n  ( 0 ) * *

1 6 6 - 2 3 8 4 u  ( 8 ) * *

s 1 - 2 s 1 9 o  (  s 1 * *  ^
3 1 - 2 4 4 3 o  2 d / 1 O a o " c
3 1 - 6 2 D 6 n  t  o o / e s 0 o c
3 1 - 2 4 4 2 n  2 d / 1 O 0 O " E
3 1 - 2 4 4 2 0  2 d / 1 0 o O " C
3 1 - 2 4 4 1 0  2 d / l D E O 0 c
3 1  - 5 g 2 6 n  S t / Z S O o  C *  d / e A O "  C
3 1 - 2 4 2 s o  (  t  o ) * *

1 6 . s  8 . 1 4 9 ( 1 ) {
1 6 . s  8 . 1 9 s 1 2 )
1 6 . 5  8 . 2 3 s ( 1 )
1 6 . s  8 . 2 8 4 ( 1 )
1 6 . s  8 , 3 1 s ( 1 )
1 6 . s  B . i s s ( 1 )
1 6 , s  8 . 3 8 9 ( 1 )
' 1 6 . 5  8 . 4 2 9 ( 1 )
1 6 . 5  e . 4 7 5 ( 1  )

2 1  . 5  8 . 1  6 0 (  1  )
2 1 . 5  e . 1 9 1 ( 1 )
2 1  , 5  B  . 2 3 s ( 1  )
2 1  . s  B , 2 7  4 ( 2 )
2 1 , s  8 . 3 1 7 1 2 )
2 1 , s  8 . 3 6 0 ( 1 )
2 1 . 5  8 . 3 s 3 ( 2 )
2 1 . s  8 . 4 2 5 ( 1 )
2 1  . s  8 . 4 6 0 (  1  )

2 7  . a  8 . 1  s B (  1  )
2 ?  , B  8 . 1 9 2 ( 2 )
t a  A  a  ) r F ( a \

2 ?  , 8  8 . 2 7 6 ( 2 )
2 7 . A  8 . 3 1 7 ( 1 )
2 7  , 8  8 . 3 s 7 1 1  )
2 ? , 8  B . 3 e o ( i )
2 7 . 8  8 . 4 2 4 1 1 )

1 2 . 8 1 9 ( 1 )  7 . ' 1 3 ? ( 1 )  e 4 . 0 1 ( 1 )
1 2 . 8 4 0 ( 2 )  7  . 1  4 6 ( 2 )  e 3  . 6 8  (  1  )
1 2 . 8 7 3 ( 1 )  7 . r s s ( 1 )  e s . 2 8 ( 1 )
1 2 . e o 4 ( 1 )  7 . 1 6 7 ( 1 )  e 2 . B o ( 1 )
1 2 . 9 1 8 ( 1 )  7 . 1 ? 2 ( 1 )  9 2 , 4 1 ( 1 )
' t 2 . 9 3 7 ( 1 )  ? . 1 ? e ( 1 )  e 1 . 9 7 ( 1 )
1 2 . s 5 o ( 1 )  7 . 1 8 3 ( 1 )  e 1 . 6 3 ( 1 )
1 2 . s 6 2 ( i )  7  . 1 8 ? ( 1 )  9 1  , 3 o (  i  )
1 2 . e ? 4 ( 1 )  ? . 1 9 2 ( 1 )  e 1  ,  0 3 (  1  )

i 2 . 8 3 ' 7 ( 1 )  7 . 1 3 s ( 1 )  e 3 . B ? ( 1 )
1 2 . 8 s 4 ( 1 )  7 . 1 4 0 ( 1 )  e 3 . 6 0 ( 1 )
1 2 , 8 7 8 ( 1 )  7 . 1 4 8 ( 1 )  e 3 , 2 5 ( 1 )
1 2 . e 0 6 ( 2 )  ? . 1 s 8 ( 1 )  e 2 . 7 ' ? ( 1 )
1 2 . e 3 0 ( 1 )  7 . i 6 6 ( 1 )  e 2 . 2 e ( 1 )
1 2 . 9 4 s ( 1 ) ' 7 . 1 7 2 ( 1 )  e 1 . B z ( 1 )
1 2 , e 5 4 ( 2 )  ?  . 1 7 s ( 1 )  9 1  . s 2 ( 1 )
1 2 , e 6 7 ( 1 )  7 . 1 8 1 ( 1 )  9 1 . 2 9 ( 1 )
1 2 . 9 8 2 ( 1 )  ? . 1 8 s ( 1 )  e 1 . 1 0 ( 1 )

1 2 , 8 4 4 ( 1 )  7 . 1 2 1 ( 1 )  9 3 . 2 s ( 1 )
1 2 . 8 6 ? ( 1 )  7 . 1 3 1 ( 1 )  9 3 . 4 e ( 1 )
1 2 . B B B ( 1 )  z . i 3 s ( 1 )  e 3 . 1 8 ( 1 )
1 2 . 9 1 7 ( 1 )  7 . 1 4 8 ( 1 )  e 2 . ? 1 ( 1 )
1 2 . e s ! ( 1 )  ? . i s 6 ( 1 )  e 2 . 2 8 ( t )
1 2 . 9 s 7 ( 1 )  7 . 1 6 0 ( 1 )  e 1 . 9 0 ( 1 )
1 2 . e 6 5 ( 1  )  7 . 1 6 3 ( 1 )  9 1 . 6 e ( 1 )
1 2 . e 8 3 ( 1 )  7 . 1 7 o ( 1 )  e 1 . 2 7 ( 1 )

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

0  8 3 . 5

? 7 . 3  1 . 2
6 8 . 5  1 0
5 8 . 5  2 0
4 8 . 5  3 0
3 8 . 5  4 0
2 8 . S  5 0
1 8 . 5  6 0

8 . 5  7 0
0  ? 8 , 5

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

o  ? 2 . 2

1 1 6 . 4 8 ( i )  B e . 6 2 ( 1 )  6 6 s , ? ( 1 )  s 3
i i 6 . 3 2 ( 1 )  B B . 6 o ( i )  6 7 2 . 4 ( s )  z s
1 1 6 . 3 4 ( 1 )  8 8 . 5 8 ( 1 )  6 7 8 . 6 ( 2 )  3 2
1 1 6 , 2 e ( 1 )  B B . s 2 ( i )  6 8 6 . 4 ( 2 )  4 0
1 1 6 . 1 s ( i )  e B . 4 e (  I  )  6 9 0 . 7 ( 2 )  4 4
1 1 6 . 1 3 ( 1 )  8 8 . 4 s ( 1 )  6 e 6 . 2 ( 1 )  4 0
i 1 6 . 1 a ( 1 )  8 8 . 4 1 ( 1 )  z o o . 6 ( 1 )  s s
1 1 s . 9 8 ( 1 )  8 8 , 3 e ( 1 )  7 0 5 . s ( 1 )  6 3
1 1 s . s 3 ( 1 )  e 8 . 3 8 ( 1 )  7 1 o . 9 ( 1 )  6 7

1 1 6 . 3 9 ( 1 )  8 e . 3 ? ( 1 )  6 6 6 . 8 ( 1 )  4 6
' 1 1 6 . 3 2 ( 1 )  8 e . 3 3 ( 1 )  6 ? 2 . 4 ( 2 )  3 o
1 1 6 . 2 8 ( 1 )  8 9 . 2 8 ( i )  6 ? 7 . 4 ( z )  4 1
1 1 6 . 2 1 ( 1 )  B e . 2 2 ( 1 )  6 8 4 . 8 ( 3 )  2 7
1 1 6 . 1 6 ( 1 )  B e . 2 o ( 1 )  6 9 0 . s ( 3 )  3 s
1 1 6 . 1 2 ( 1 )  8 9 . 1 ? ( 1 )  6 e s . B ( 2 )  2 5
1 1 6 . 0 0 ( 1 )  8 e . 1 0 ( 1 )  6 e e . 2 ( 2 )  6 1
1 1 s . e s ( 1 )  B e . 0 6 ( 1 )  7 o 4 . e ( 1 )  s o

1 i 6 . 4 4 ( 1 )  8 8 . 9 6 ( 1 )  6 6 7 , 4 ( 1 )  i B
1 1 6 . 3 8 ( 1 )  8 8 . e 1 ( 1 )  6 7 2 , o ( 2 )  4 1
1 r 6 , 3 3 ( 1 )  B B . 8 6 ( 1 )  6 7 8 . 2 ( 2 )  4 2
1 1 6 . 2 6 ( 1 )  B B .  B o (  r  )  6 e 4 . 7 ( 3 )  2 a
1 1 6 . 1 s ( 1 )  8 8 . 7 6 ( 1 )  6 e 1 . 3 ( 3 )  3 s
1 i 6 . D ? ( 1 )  B s . 6 8 ( 1 )  6 s 6 . 8 ( 2 )  i 2
1 1 6 . 0 1 ( 1 )  8 8 . 6 ? ( 1 )  ? 0 0 . 8 ( 3 )  3 7
1 1 5 . 9 8 ( 1 )  8 8 . 6 6 ( 1 )  7 a 4 . e ( 2 )  5 0
1 1 5 . e 3 ( 1 )  8 8 . 6 3 ( 1 )  ? 0 9 , s ( 2 )  s 1

*  S t a n d a r d  e r r o r s  a r e  g i v e n  i n  p a r e n t h e s e s  a n d  r e f e r  t o  t h € . l a s t  d e c i m a . l  p l a c e .

* *  T h e  n u m b e r  i n  p a r e n t h e s e s  r e f e r s  t o  T a b t e s  2  a n d  3 .
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Table 7. Unit cell parameters of two ternary feldspar solid solutions of high structural state

S a m p l e  H o m o g e n i z a t i o n

N o .  t [ c a y s ]  T [ o c ]

A b  0 r  A n  a

I  morg] t  Rl
o

t  8 l
c

r 8 l
a

t o l T  o t l ' l
N o .

I i n e si  8 3 1

V i s - 4 9 7 3 m  ( t t ) * *  ^  ? 9
V i s - 5 4 2 s o  ( t t ) . * *  ' , a o r t a o " t  7 9
V i s - 5 4 2 5 m  1  B d l 8 5 0 ' C  ? 3 . s
V i s - 5 4 2 5 u  1  B d i l 8 5 0 ' C  6 3 . 5
V i s - 5 4 3 4 o  1  B d . / 8 5 0 - C  5 3 , 5
v i s - 5 6 0 2 o  t e a / z s o a c * z q a / 8 0 0 o c  4 i . 5
v i s - 5 6 0 2 m  l e a / l s o o c * z o a / a 0 0 o c  a 3 , s
V i s - 5 6 0 2 u  t a a l z s o " ^ c * z + a 1 e 0 0 o c  2 3 . s
V i s - 5 1 r 3 8 m  1 8 d / ? 5 0 " C  1 3 . 5
V i s - 5 4 3 8 u  1 B d / 7 5 o ' c  ^  3 . 5
V is . . s446m (  tZ ) * *  , r o r r rO" ,  0
V i s  5 0 4 9 m  ( ' t z ) * '  0

9 8 . 2 5 ( ' t )  6 6 e . 3 ( 1 )  4 7
e 8 . 2 6 ( 1 )  6 6 9 . 4 ( 1 )  8 4
9 0 . 2 3 ( 1 )  6 7 2 . 5 ( 1 )  6 2
e o . 1  s (  1  )  6 ? e . o ( 1 )  5 e
9 0 . 1 1 ( i )  6 e 6 . 0 ( 4 )  3 i
e o . o s ( 1 )  6 e 1 . e ( 2 )  3 1
B e . e 6 ( 1 )  6 s 7 . 6 ( 3 )  3 3
B e . e s ( 2 )  ? 0 1 . 3 ( 4 )  z s
8 9 . 9 2 ( 1 )  7 o 7 . 3 ( 3 )  3 0
8 e . s s ( 1 )  ? 1 1 . 1 ( 2 )  3 7
B s . s 4 ( i  )  7 1 3 . 2 ( 3 )  2 5
B e . e 2 ( 1 )  ? 1 3 . 2 ( 1 )  3 7

6 ? O . 1  ( 1  )  6 9
6 ? 0 . 1 ( 1 )  6 s
6 6 9 . 3 ( 1 )  4 a
. 1 a  E I  .  \

6 ? e . 4 ( 2 )  4 8
6 8 6 . 1 ( 2 )  4 a
A o . 1 ( t \  a a
A o q  1 f " \  t a

? 0 3 . 3 ( 4 )  3 4
7 8 7 . 1 ( 2 )  4 2
I  u o . . \ z  )

4 . 5  1 6 . 5

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

5 0  1 6 . 5
6 0  1 6 . 5
? o  1 6 . 5
8 0  1 6 . 5
8 3 . 5  1 6 . 5
8 3 .  s  1 6 .  s

1 2 . 8 1 e ( 1 )

1 2 . 9 4 s ( i )
1 2 . 9 7 7 ( 1 )
1 2 . 9 9 1 ( 1 )
1 3 . 0 0 2 ( 1 )
1 3 . 0 1 4 ( 1 )
1 3 . 8 2 3 ( 1 )
1 3 . 0 2 s ( 1 )

1 2 , 8 8 1 ( 1 )
1 2 . 8 8 1 ( 1 )

1  2  . 8 9 6 ( 1  )

1 2 , 9 4 7 ( 1 )
1 2 . 9 ? 5 ( 2 )
1  2  , 9 e 3 1 2  )
1 3 . 0 0 0 ( 1 )
1 3 . 0 1 2 ( 1 )
1 3 . 0 0 9 ( 1 )

s \ . 9 7 ( 1 )
9 1 . i 1 ( 1 )
s 0 . 3 0 (  1  )

9 0 . 1 s ( 1 )
e 0 . 0 e ( 1 )
9 8 . 1  2 (  1  )
e 0 . 1 1 ( j )

1 1 6 . 3 4 ( 1 )
1 1 6 . 3 s ( 1 )
1 1 6 . 3 3 ( 1 )
1 1 6 . 2 9 ( 1 )
1 ' l 6  . 2 i  (  1 )
1 1 6 . 1 5 ( 1 )
1 1 6 . 0 9 ( 1 )
1 1 6 . 0 9 ( 1 )
1 1 6 . 0 0 ( 1

1 ' 1 5 . 9 2 ( 1

' 7 . 1 1 4 ( 1 )

7 . 1 1 2 ( i )
7 . 1 1 e ( 1 )
7 . 1 2 9 ( 1 )
7 . 1 3 9 ( 1 )
7 . 1 4 8 ( 1 )
7 . 1 s 6 ( 1 )
? . 1 5 9 ( 1 )
7  . 1 6 3 \ 1  )
7  . 1 6 ?  \ 1  )' 7 . 1 7 o ( 1 )

7 . 1 6 7 ( ' t )

8 . 1 7 0 ( 1 ) *
8 . 1 ? 1 ( 1 )
8 . 1 e 2 ( 1 )
8 . 2 3 2 ( 1 )

8 . 3 1 1 ( 1 )

B  . 4 4 2 ( 2 )
8 , 4 8 0 (  1  )
I  . 4 9 2 (  1  )
8 , 4 e 6 ( i )

3 1 h - s s ? m  ( 1 3 ) * *

3 1 h - 4 4 7 6 n  (  t  + 1 * *

7 . 1 1 ' t ( 1 )  9 3 . 3 1 ( 1 )
7 . 1 1 1 ( ' t )  e 3 . 3 1 ( 1 )
7 . 1 1 o ( 1 )  e 3 . 3 3 ( 1 )
7  . 1 1 7 ( 1 )  e 3 .  o e (  1  )
7 . 1 2 6 ( 1 )  e 2 . 6 7 ( 1 )
7 . 1 3 7 ( 1 )  e 2 . 8 8 ( 1 )
? . 1 4 4 ( i )  e 1  . 4 6 ( 1 )
7 . i s 1 ( 1 )  e o . 6 e ( 1 )
7  . 1 s 4 ( 1 )  e o . 4 s (  1  )
7 . 1 6 2 ( 1 )  e 0 . 2 4 ( 1 )
? , 1 5 9 ( 1 )  9 0 , 3 1 ( 1 )

6 7  . 5  5 , 5  2 7

6 0 . 1  1 2 . 9  2 7
5 D , 4  2 2 . 6  2 7
4 8 , 7  3 2 . 3  2 7
3 1 . 1  4 1 . 9  2 ?
2 1 . 4  5 1 . 6  2 7
' t 1  . 8  6 1  . 2  2 7

0 7 3 2 7
o ? 3 2 7

I  . 1 ? ?  ( 1 )
8 . 1 7 ? ( 1 )
8 . i 7 2 ( 1 )

B  . 2 3 9 (  1
8 . 2 7 7 ( 1

8 . 3 9 9 ( 2

1 1 6 , 2 8 ( 1 )
1 1 6 . 2 8 ( 1 )
' 1 1 6 . 2 8 ( 1 )

1 ' , t 6  . 2 5 (  1 )
1 1 6 , 2 4 ( 1 )
1 1 6 , 1 3 ( 1 )
1 1 6 . 1 1 ( 1 )
1 1 6 . 0 0 ( 1 )
1 1 5 . 8 0 ( 1 )
1 1 s . e 3 ( i )
1  1 5  . 9 2 ( 1  )

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

s 8 . 2 6 ( 1  )
9 0 . 2 6 ( 1 )
e 0 . 2 6 (  1  )

e 0 . 0 6 ( 1 )
8 9  . e 6 ( 2 )
8 9 . 9 3 ( 1  )
8 9 . 8 e ( 1 )
e e . 8 8 ( 1 )

*  S t a n d a r d  e r r o r s  a r e  g i v e n

* *  T h e  n u m b e r  i n  p a r e n t h e s e s

i n  p a r € n t h € s € s  a n d  r e f e r  t o

r e f e r s  t o  T a b f e s  2  a n d  3 .

t h e  I a s t  d e c i m a l  p l a c e .

Results

Indexing charts

As an aid in indexing we prepared two charts for the
AA-HS and LA-LM series which give the variation with
composition of line positions in the powder pattern (Fig.
2, 3). Only those lines were selected on which we have
based the refrnement of lattice parameters. This choice
should help to avoid misindexing by confusion with lines
which are usually too weak to be observed or suffer from
overlap. The two charts add to those compiled by Ribbe
( l  e83) .

Table 8. Al,Si distribution in the alkali and ternary feldspar
solid solutions

Lattice parameters and Al,Si distribution

Due to the methods of synthesis, the Al,Si distribution
in each ofthe seven solid solution series remains constant.
This has been determined by structure refinement or from
lattice parameters by applying the equations given by Kroll
and Ribbe (1983) and Kroll (1983). These equations apply
to alkali feldspars, plagioclases and ternary feldspars. The
results are listed in Table 8.

Instead of refining the whole set of lattice parameters
to determine the Al,Si distribution, it is also possible to
use just two or three lines of the powder pattern. To char-
acteize the "triclinicity" of microclines Goldsmith and
Laves (1954) and MacKenzie (195a) suggested the use of
I 3l-13 I and 130-130 line splittings, respectively. Wright
(1968) proposed the "three-peak-method" for the alkali
feldspars, which is analogous to the D*, c* plot of Smith
(1974,p.258). Based on the data presented in this paper,
Kroll and Ribbe (in prep.) give improved and modified
diagrams and equations related to these simple determi-
native methods.

The unit cell parameters of the two alkali feldspar series
are plotted in Figure 4. Their variation with composition
and structural state is discussed by Kroll and Ribbe (1983),

also see Kroll et al. (1980), Kroll (1984), and citations
therein. We will only briefly compare the variation of the
a and ̂ t angles in the various series.

In topochemically triclinic alkali feldspars, a and 7 de-
viate from 90" for two reasons: (a) the double crankshafts
are twisted (displacive effect), O) the Al,Si distribution is
unbalanced with respect to the T'0, T'm and Tr0, Trm
sites. When such a structure is rapidly heated or Na is
replaced by K, only the displacive part of the "triclinicity"

S e r i e s -  
1 ' " 2 ^

- 2 -t 'r t

( 1 )  L A  -  L l v l  s e r i e s

( 2 )  A A  -  H S  s e r i e s

1  . 0 0  0 . 0 0

o . 2 B  O . 2 8

0 .  0 0

o  . 2 2

0 .  0 0

E  . 2 2

t  
1  

o  a t j . t *

( a )  o o *  o n . , u . u  o " . , o o _ ,  ( l o r )  0 , 8 2 0  0 . 1  1 5

(  4 )  - -  A n 2 1  
, 5  

- -

( s )  - -  A n 2 ? , 8  - -

( 6 )  - -  A n j 6 , 5  - -

1 7 )  - -  A n 2 7 , O  - -

( I o u )  0 , ? 6 5  0 . 1 5 0

( r o u )  0 . 6 ? 5  o . 2 o o

( h i g h )  o . i 5 o  o . 2 7 o

(  h i s h  )  0 . 3 9 s  o . 2 9 0

( t )  t - v a l u e s  d e r i v e d  f r o m  s t r u c t u r e  r e f i n e m e n t s  ( c E z a d e r o - L A :
l r 6 n k  a n d  K D o r t  ( 1 9 8 4 ) ,  P r i l 6 p - L l Y l :  S t r o b  ( 1 9 8 3 ) )

( 2 )  s e e  d j . s e u s s i o n  b y  K r o I l  a n d  R i b b e  ( 1 9 8 3 ,  p . 7 1 , ? 4 )
( 3 ) - ( ? )  t - v a l u e s  d e r i v e d  f r o m  l s t t i c e  p a r a m e t e r s  ( K r o l I ,

1 9 8 3 ,  T a b l e  1 ,  e q .  ( i i i ) ,  p . 1 1 2 )
r  < t , m >  =  ( t . , m  *  t . , o  *  t r o ) / =
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Table 9. Polynomials to calculate from cell volume Z or line positions 20(201) and 20(4OO) mole fraction Or: n* : A + BX +
CX' + DX3

x  
( 1 )

' 2  
( z )

" . " . . .  

( t )  
E n d  m e m b e r  c o m p o s i t i o n

1 l

A A  -  H S  s e r i e s

- 5 3 5 . 1 8 9  2 . 3 7 3 3 2

956.454 - ' , t .ZgezA" tO2

' 1 3 3 1  . 7 1 s  - a  . o a r t z .  ' t o 1

LA -  L lv l  ser ies

- 1 2 0 9 . ' 1 4 1  5 , 2 8 1 0 4

2 8 3 5 . 2 s 0  - z . g r s a q .  r o 2
' t 9 7 3 . 6 3 ?  - t . t g g g s . t o 2

( 4 )

- 8 7 2 . 3 3 0  3 . e 2 7 9 , 1

1ag3 .263  - z . sozaz " t o2

1  682  . 3Eg  - r  , oosa i  ,  . t o2

- s .  s 2 e s e .  t  o - 3

5  . 89?31

1 , 6 4 1 1 6

- t  . t  osz2  .  r  a -3

t . e o o e g . t o l

2  . 4 3 7 7  1

- s , u t u g s . t o - 3

r . r gaaz .  r o l

2 . 0 3 9 0 5

r  , z sa ' t s .  r o -6  v
- 2- 9 . 0 0 s 7 9 . 1 0  -  2 e l 2 1 1 )

- ' t , ' t t s o z . t o - 2  2 o ( 4 o o )

g .  z s e s o .  t  o - 6  v
- 1- 2 . ? 8 5 2 4 . 1 O  2 e ( 2 4 1 )

- t . a s 4 s o . t o - 2  2 e ( 4 o o )

z . t saas .  r o -6  v
- 1- 1  . 8 4 0 2 8 . 1 0  2 e 1 2 0 1  )

- ' t . s a t s o . t o - 2  2 s ( 4 o o )

0 .  9 9 9 9  0 .  0 0 3

E  , 9 9 9 ?  0 .  0 0 5

0  , 9 9 9 e  0 .  0 0 5

o  . 9 9 9 9  0 .  0 0 4

o . 9 9 9 9  0 ,  0 0 4

o . 9 9 9 9  0  .  0 0 4

0 . 9 9 9 4  0 . 0 0 8

0 . 9 9 8 9  0 . 0 0 9

0 . 9 9 9 2  0 . 0 0 8

0 . 9 9 8 6  0 . 0 1 0

0 .  9 9 8 4  0 .  0 1  0

- 2 9 0 . 3 8 5

- 3 6 6 3 . 3 1  B

1 . 2 9 4 2 0

1  . 6 0 0 9 7 . 1  0

- ' t . g q q ' r e . ' r o - 3  g . u t z a g . , t o - ?

- z , s s q o a . ' t o - 2  r . r z s z \ . r o ' 5

o  
"o

o " 1 o o

n r- - 0

o  
"o

o " t o o

o" ' t  oo

A b e 3 . s A n 1 6 , s  -  o t e : . 5 A n 1 o . s

A o t s . o A n z T . o  -  o t ? 3 . o A n 2 T . o

A b B 3 . 5 A n 1 6 . s  -  o " B 3 . 5 A n 1 o . s

A b z e . s A n 2 t , s  -  o " ? 8 . 5 A n 2 1 , a

A h l z . z A n z ? . a  -  o '  
7 2 . 2 4 n 2 ? . o

- 4 4 . 6 1 3

- 1 1 9 2 . 4 3 6

- 1 3 2 9  . 2 ?  4

( l )  v  i s  m e a s u r e d  i n  8 3 ,  2 0 - v a l u e s  r e f e !  t o  c u K q l - ! a d i a t i o n  ( l  =  1 . s 4 0 5 9 e  F , ) ,  ( 2 )  , 2  =  c o e f f j . c i e n t  o f  d e t e r n i n a t i o n ,

( : )  s . e . e .  =  s t a n d a r d  e r r o r  o f  e s t i m a t e ,  ( 4 )  p o l y n o m i a l s  c a l c u l a t e d  f o r  c u r v e s  t h a t  l i e  h a l f u a y  b e t u e e n  t h e  f i m i t i n g

a n a l b i t e  ( A A )  -  h i q h  s a n i d i n e  ( H S )  a n d  l o u  a t b i t e  ( l n )  -  f o u  m i c D o c . l i n e  ( L t ' t )  c u r v e s .

a .zsoea . ' t o -1  - t . zas rg . rE -4

s . 2 3 4 ' 1 6  - z . o e t g t .  t o - 3
5 . 8 8 0 8 2  - e .  o g s g e .  t  o - 3

q . ' t  sqzg  .  r  o -1

z  . 7 e g t  q  
" r o - 6

a . z g s q g '  r o - 6

the structural state is known and the proper determinative
curve can be chosen.

The influence of An-content on estimating no. from
volume is shown in Figure 8. Only the high and the low
An,u, ternary series are compared to the alkali feldspars,
because other ternary series almost coincide with these
two. A decrease in volume with increasing An-content
in disordered alkali feldspars is observed, especially for
Or-rich compositions, and thus should be considered, if
possible. An-content can be determined from a powder
pattern using Viswanathan's (197 1, 1972) ion-exchange
technique. (See Kroll, 1983, Fig. 5, for a compilation of
the determinative diagrams of Viswanathan, l97l and
Johannes, 1979.) Polynomials to estimate no, from Zin
the ternary series are given in Table 9.

Margules yolume parameters

Margules parameters are widely used to describe the
deviation from ideal behavior in solid solutions. The Mar-
gules volume parameters were defined by Thompson
(1967,  p.352)  as

Wur*t: Voo - Voo ( l )

where 7|o (rt ) is the partial molar volume of Ab (Or) at
infinite dilution in Or (Ab), ar,d VNb (Z*) is rhe molar
volume of pure Ab (Or). Zf,o and V[, can be calculated
from the equations

7^: v*. 
[*)"^.:.

(3)

and

see Waldbaum and Thompson (1968, equation 6). The
Margules parameters can thus be found via equations (lf
(4) from a least-squares fit of a polynomial of Zin no.:

V:  A  +  Bno.  *  Cn3.  +  Dn3.  +  . . . . (5)

If V can be expressed as a second or third order polyno-
mial, it is convenient to formulate Z in terms of WyAbl
and Zr,*, in order to directly get the Margules parameters
and their standard errors (Waldbaum and Thompson,
1968, equation l0):

V: Voonoo + V-n* + Wu,,rn?6on-
+ Zr,oo,noonf,.. (6)

Applying equation (6), Hovis ( I 977) and Hovis and Peck-

(4)

and

Wu'.t: V* - V*, (2)
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110

700

VtA3I

690

680

670

part been treated as a single series because ofinsufficient
data. We will subdivide the series into two portions, Oro-
Orrr. and Orrr.{r,oo, and fit them separately using equa-
tion (5). In deciding what degree of polynomial should be
chosen we applied the F-value criterion: the F statistic
had a maximum for the chosen polynomial and dropped
when the degree was further increased.

The Na-sanidine data in Figure 4 are adequately de-
scribed by a parabola, whereas the K-analbite data follow
a straight line (see Table l0 for polynomial coefrcients).
A straight line, however, would imply ideal volume be-
havior; and furthermore, extrapolation to Or,* would
yield a volume for hypothetical triclinic sanidine far great-
er than the true value for sanidine. Both consequences
appear to be improbable. However, a parabolic fit is not
justified statistically: not only did the F-value drop, but
also the Student-ltl-value of the coeffibient of the qua-
dratic term became smaller than l.

On the other hand, extrapolation of the K-sanidine pa-
rabola, which comprises two-thirds of the total data, re-
sults in a reasonable volume for hypothetical room-tem-
perature monalbite: V: 2.4047 callbar or V: 668.25 A3
compared with Z: 2.3976 cal/bar or V:666.28 A3 for
analbite. Thus, reduction in symmetry at room temper-
ature would decrease the cell volume by about 2 A'.

In a strict sense, each of the two subseries requires its
own Margules parameters. For the K-analbite series Z'
would equal zero because ofthe straight line fitting, where-
as for the Na-sanidine series we calculate from polynomial
(4) in Table l0 Wu (Rf - monalbite) : IZ" (high sani-
dine): 0.077(7) cal/bar. However, the accuracy of these
Margules parameters is considered low because of the
uncertainty inherent in the extrapolation, especially for
the K-analbite series. We therefore approximate the molar
volumes of the hypothetical end members, namely tri-
clinic sanidine and room-temperature monalbite, by the
actual molar volumes of high sanidine and analbite. This
implies approximation of the AA-HS series as an iso-
structural series. Using equations (l) to (4), we find from
the polynomials in Table l0

710

700

V tA]1
690

680

670

660

660
0 20 40 60 B0 100

0rlmot%l
Fig. 8. Comparison of the volume curves of disordered and

ordered alkali and ternary feldspar series demonstrating the in-
fluence ofAn-content on volume.

ins (1978) concluded that no more than a slmmetric fit
\irlh Wv6b\: Wuo,> is justified in both the AA-HS and
LA-LM series. Based on the precision and density ofthe
new data we can modify this conclusion.

The AA-HS series is a non-isostructural series consist-
ing of two populations, the triclinic K-analbites and the
monoclinic Na-sanidines. It has, however, for the most Wwst: Ao + 84 - A, : 0.084(4) caUbar; (7)

Table 10. Polynomialsrelatingmolarvolume Vlcal/barl tomolefractionOrorAb: V: A+ BX + CX, + DX3

, 2 ( ' t )  
" . r . r . ( t )

LA -  L lv l  ser ies

( 1 )  0 " 0  -  0 " 3 5

( 2 )  0 . 3 5  -  0  
" 1  0 0

A A  -  H S  s e r i e s

( 3 )  0 r 0  -  0 " 2 9 . 8

( 4 )  0 " 3 9 , ?  -  o " 1 o o

z . s e e z 1 z l ( : )  0 , 2 2 6 3 ( B B )  0 . 0 8 ? s ( 2 3 2 )

2 . s e e ? ( 4 )  - 0 . 1 1 e 1 ( s e )  - o . 8 5 6 6 ( 2 2 7 )  - 0 . 0 ? B s ( 2 3 0 )

2 . 3 e 7 6 ( 4 )  D . 2 7 4 8 ( 2 4 )

2 . 6 0 2 4 ( s )  - o . i 2 o B ( 4 1 )  - 0 , 0 ? 6 9 (  6 5 )

n O "  0 . 9 9 9 0  0 . 0 0 ' 1 1

n A b  0 . 9 9 9 8  0 . 0 0 0 7

n 0 "  O . 9 9 9 6  0 . 0 0 0 6

n A u  0 , 9 9 9 5  0 . 0 0 0 9

( r )  
" 2  

=  c o B i f i c i e n t  o f
( 3 )  e r r o r s  a r e  g i v e n  i n

T o  c o n v e r t  m o l a r  v o . I u m e

d e t e r m i n a t i o n ,  ( Z )  s . e . e .
p a r e n t h e s e s  a n d  t e f e r  t o

V [  c a l , / o a r ]  t o  c e 1 . l  v o l u m e

=  s t a n d a r d  s r D o r  o f  e s t i m a t e ,
t h e  l a s t  d e c i m a . l  p f a c e s .

vJ  831 aru ia"  V  o  y  o .  oo :sses  .
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decreases, but the remaining diffirsive portion prevents a
and,y from reaching 90'. This is true for the two ternary
high series, in which a and 7 only approach 90", but do
not reach it, in contrast to the topochemically monoclinic
AA-HS series (Figs. 4 and 5).

The a and 7 angles deviate from 90o to a larger extent
in the An, high series than they do in the An,u, series: 7
reflects the greater unbalance of the Al-content on the
T,0 and T,m sites of Anrr, whereas a shows the influence
of the larger Ca-content, by which the displacive efect
becomes larger.

The displacive effect taken alone increases both a and
7 to values greater than 90', whereas Al,Si ordering in-
creases a, but decreases,y. Therefore, both angles become
smaller-regardless of structural state-when upon heat-
ing or substitution the displacive influences are reduced.
This is also seen in the low ternary series (Fig. 5), where
7 deviates more from 90'with increasing K-content. When
the displacive influence on ^y is finally removed at a suf-
ficiently large K-content, 7 will increase towards 90. with

770

710

860

8.20

r2.90
b tAl
12 80

770

940

930

cr , ,  r t ' l
920

gr0

900

89.0

880
r t "1

1r68
pt '1
1160
il56

Ab 20 10 60 80 0r
0r Imol%]

Fig. 4. Unit cell parameters of the analbite (AAFhlCh sanidine (I{S) and low albite (LApow microcline (LM) series.

a further increase in K-content. This point is not reached
in the ternary series but occurs in the LA-LM series at
-Oroo.

Dis pl aciv e tr ansfor matio n

The Or-content at which the displacive transformation
occurs in the AA-HS series can be found from a plot of
cos2a versus composition (see caption to Fig. l). Figure
6 indicates Orui"o, : 34.4 molo/o, which compares well with
the results of Hovis (1980), Kroll et al. (1980) and Harlow
(1982) on both natural and synthetic topochemically
monoclinic series.

E stimation of O r - c o nt e nt

The cell volume (Z) of alkali feldspars is a convenient
measure of their Or-content (no.). Orville's ( I 967) formula
is widely used, although it was derived from synthetic
K-sanidines only; however, for simplicity its use for all
alkali feldspars regardless of structural state was suggested
by Stewart and Wright (1974). The LA-LM and AA-HS
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Fig. 5. Variation with composition of the lattice angles a and
,y in the high and low ternary feldspar series.
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Fig. 6. Variation ofcos2a in the K-analbite part ofthe analbite
(AAFhigh sanidine (HS) series. The displacive transformation
occurs at 34.4 molo/o Or.
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Fre. 7. Line positions of 20(20D and 20(400), CuKa'-radia-
tion, versus composition in the analbite (AAlhigh sanidine (HS)
and low albite (LAFlow microcline (LM) series.

series of this paper provide an improved estimate of Or-
content. Volume curves for both series are drawn in Figure
4, and equations were calculated to derive no, from them.
The coefrcients are listed in Table 9, to which curves have
been added that are midway between the extremes and
are useful for intermediate or unknown structural states.

The polynomials in Table 9 are based on a larger body
of data than were those given by Kroll and Ribbe (1983,
p. 74), and thus the coefficients differ. The resulting values

of n-, however, are virtually the same.
We have calculated the polynomials with mol fraction

Or as the dependent variable. It is clearly more meaningful
physically to consider Z: (no.) rather than n* : (tri).
However, from a statistical point of view both variables
are subject to random error and thus neither ofthem is
preferred to the other. Because we want to find no, from
4 we have used the version with Vbeingthe independent
variable.

A much simpler though less accurate method to esti-
mate no, is to use the positions of the (201) or (400) peaks
in a powder pattern (Orville, 1967; also see Smith, 1974,
p. 280 ff). Figure 7 gives the variation of 20(201) and
20(400) within both series. The appropriate polynomials
are listed in Table 9. An error of 0.01'in20(201) or 0.025"
in 20(400) produces an elror of - I molo/o Or, provided

100

o l n_ L U

x

o
O

+ Error



Table 11. Margules volume parameters Z"[caVbar] of the
analbite (AAFhigh sanidine (HS) and low albite (LApow
microcline (LM) series calculated from the polynomials listed in

Table 10
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Wv.".u: A3 + B3 - A. : 0.070(2) caUbar. (8)

When fitting the LA-LM series it was found that a third-
order polynomial still resulted in a markedly systematic
distribution of residuals. Even a fourth-order polynomial
was inadequate because of lack of fit near the end mem-
bers. It is critical, however, in deriving the Margules pa-
rameters to model the slope of the volume curve near the
end members as faithfully as possible. We thus divided
the LA-LM series into two parts and fitted them sepa-
rately by second and third order polynomials (Table l0),
from which we find

Wuos: A2 + 82 - A, : 0.093(6) caVllra4 (9)
Wvowt: Ar + B, - Az: 0.015(9) cal/bar. (10)

The Margules parameters are compiled in Table I I and
the values given recently by Hovis (1977) and Hovis and
Peckins (1978) are added for comparison. It is seen that
Wur*, arrd lllr,o., definitely differ from each other in the
LA-LM series, and they also differ from those of Hovis
and Peckins (1978), which is a consequence of the sym-
metric fit chosen by them. In the AA-HS series the Wu
values are similar to each other and similar to Hovis
(1977) symmetric fit. It is thus apparent that the Al,Si
distribution does affect the Margules parameters. Increas-
ing order causes Zr,oo, to increase slightly, but Zr,-, is
decreased strongly. This finding is discussed in the next
section.

The errors in Wu given in Table I I appear to be larger
than would be expected from the smooth volume curves
in Figure 4. They have, to be attributed to the fact that we
have decided to represent the AA-HS and LA-LM series
by two polynomials each: the smaller the sample size, the
larger are the errors in the coefficients. In addition, the
errors in Wu are accumulated due to the error propagation
law, applied to equation (7H10).

The excess volume can be calculated from the poly-
nomials in Table 10. It is displayed in Figure 9, which
graphically shows the slightly asymmetric deviation in the
AA-HS series and the marked asymmetric behavior in
the LA-LM series. Figure 9 contrasts with simllar dia-
grams published previously, which had to be based on a
smaller number of data, but is in agreement with the
interpretation of Orville's (1967) data by Newton and
Wood (1980, Fig. 3).

0
6

Ab 20 10 60 80 0r
0r Imot%]

Fig. 9. Excess volume in the analbite (AAFhigh sanidine (HS)
and low albite (LApow microcline (LM) series. Curves are drawn
using polynomials given in Table 10. Error bars correspond to
one standard deviation.

Volume behavior

The relationship between volume and composition in
metal and oxide solid solution series is discussed by v.
Steinwehr (1967). He attributes the deviation from ideal
(linear) behavior to two factors: (l) geometrical dilatation
due to the difference in size of the substituting species,
and (2) chemical contraction due to their chemical inter-
actions.

The first factor is trivial and is illustrated by v. Stein-
wehr (1967) by randomly packing spheres of two different
sizes: On the whole the interstices around the spheres are
larger than in a packing of equally sized spheres. This
efect would also be present in more complicated struc-
tures and is therefore responsible for the frequently ob-
served positive excess volumes.

The dilatational effect is counteracted ifinteractions like
ordering or clustering occur within the sphere packing.
This second, contractive factor would decrease the posi-
tive excess volume, eventually leading to negative values.
Newton and Wood (1980) point out that this commonly
occurs with silicate solid solutions near their small-vol-
ume end member such that a sigmoidal volume-compo-
sition curve results. Their interpretation follows the sug-
gestion by Iiyama (1974) who "developed an 'excluded

volume' principle, in which an odd-sized trace-element
ion deforms the local structure around it . . . and makes
it less probable for another trace ion to enter the structure
in its immediate neighborhood" (Newton and Wood, 1980,
p.735).

onotbite - hroh sonidine

tow otbite - [ow microctine
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Fig. I 0. Variation of normali"ed excess molar volume {( Zoo +
V-): V*/na,noo in the analbite (AAFhAh sanidine (HS) and
low albite (LApow microcline (LM) series. Curves are drawn
using polynomials in Table 10.

Figure 4 shows that a sigmoidal volume curve does exist
in the LA-LM series, which relates to the small excess
volumes of Ab-rich compositions in Figure 9. In the AA-
HS series the volume curve does not show a sigmoidal
shape, whereas Newton and Wood (1980, Fig. 4) found
such a shape for On ille's ( 1 967) high albite-high sanidine
data. But there the sigmoidal appearance may be caused
by the change from monoclinic to triclinic topochemistry
near Or,o, which does not occur in the AA-HS series (see
Fig. 4 of Waldbaum and Thompson, 1968).

v. Steinwehr (1967) suggested the use of composition-
dependent normalization of the excess volume as a pa-
rameter which is more sensitive to deviations from ide-
ality than is volume and excess volume. Briefly, his rea-
soning is as follows: In a binary compound A"B" (x +
y : l), in which A and B are statistically distributed,
atomic pairs occur in the ratio

( l  l )

A volume element consisting of an average pair of atoms
can then be approximated by

vqar) : x2v^n * 2xyvo" * y'v"". (12)

If the A and B atoms are not statistically distributed due
to a tendency to ordering or clustering, equation (12) is
modified to become

vrerr : (x2 - 6)v* + 2(xy * 6)v", * (y2 - 6)v"". (13)

The deviation from ideality, i.e., vo, + (voo + V"")/2, is
accounted for by a factor r! such that

v.n": (l + pXv"o * v"")/2. ( l  4)

Inserting equation (14) into (l 3) and considering that x'z :

x - xy and yz: y - xy we have

vre' : xvtu{ + yvss * (xy + 6)9(vo" * v""). (15)

Since the value of D is unknown (xy + D)r/ is substituted
by xvd,

vrenr : xvA,{ + yvs" * xy@(vee * v""). (16)

In terms of cell volume, equation (16) becomes

Q: V.*./noono,(V * * Vo,), (17)

that is, d is an excess volume, which is normalized de-
pending on composition. This normalization makes { a
very sensitive measure of the variation of non-ideality
with composition, as is seen from a consideration of equa-
tion (6). We have

V.*./rtorft-: flatWvrot * no,Wur*, (18)

when Z"*" can be fitted by a third order polynomial, and

V.*"/noon*: W, ( te)
when a parabolic fit is appropriate (Wu<oo>: Zr,*,). Thus,
if I/"-" follows a third order curve, 4 follows a straight line;
if Z"-" follows a parabola, { is constant. Any deviation of
V or Vo. from a second or third order curve, which may
not be obvious from an inspection of a plot or even of
the least-squares run, will clearly show up in the variation
of d.

In Figure l0 d is plotted for the ordered and disordered
alkali feldspar series. Curves were drawn through the data
points using the polynomials of Table 10. Although d is
always positive, because Z"-" is positive, it changes strong-
ly with composition, that is, dilatation and contraction
change their relative contributiqr to the excess volume.

In the LA-LM series @ is largest for Or-rich composi-
tions, which is reasonable from a structural point of view.
When in low microcline Na-atoms replace potassium they
substitute on nine-coordinated sites such that the Na-O
distances will be larger than in low albite, resulting in a
positive excess volume and a large g value. On the Na-
rich side @ is close to zero, which may be attributed to a
tendency to Na,K ordering in the sense of Iiyama (1974).

In the AA-HS series the shape and size of the Na,K-
sites are influenced by the local Al,Si arrangement. Due
to the random Al,Si distribution, those sites which due to
their different sizes are favorable for occupation by either
Na or K would also occur at random, which makes Na,K
ordering in the high series less probable than in the low
series. Thus @ is larger in analbite than in low albite, but
still follows the same trend as in low albite. On the other
hand, on the K-rich side d is smaller in the high than in
the low series. This again may be due to the random Al,Si
distribution which in contrast to low microcline provides
sites with CN < 9 which Na would enter preferentially.
The question of Na,K ordering in AA-HS solutions was
discussed from a thermodynamic point of view by
Thompson and Hovis (1979) and Haselton et al. (1983).

tow olb i te  -  low microc l ine
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The maximum value of 0 is not found at the same
composition as is the maximum excess volume. In con-
trast to Yexc(mu\ O-* marks those compositions in which
contraction is absent or minimal. In the AA-HS series
this occurs at -Or* where the displacive monoclinic/
triclinic symmetry change is found. This coincidence is
probably not fortituous; it is most likely related to the
structural fluctuations that occur near the symmetry
change.

Conclusion

The feldspar solid solution series presented in this paper
were carefully prepared to ensure constant Al,Si distri-
bution and complete homogenization across each series.
In particular, the ordered and disordered alkali-feldspar
series may serve as a reference for lattice parameters. Their
volume behavior is interpreted in terms of two factors (v.
Steinwehr, 1967): geometrical dilatation and chemical
contraction. Their relative importance depends on the
degree of Al,Si order. Geometrical dilatation, resulting in
a positive excess volume, is thought to predominate in
the AA-HS series, whereas chemical contraction attrib-
uted to Na,K ordering is suggested to decrease the excess
volume near LA in the LA-LM series. Both series, es-
pecially LA-LM, show a definite deviation from sym-
metrical volume behavior resulting in Margules param-
eters tzv(Ab) ) Wuo, > 0. Their difference increases with
increasing Al,Si order.
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