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Abstract

The temperatures Zo* and Zarpr of the di.ffusive transformation high albit+monalbite and
the displacive transformation analbite-monalbite were investigated by X-ray powder meth-
ods. Alkali feldspars of composition Ors,5,1s,2s,36 were prepared by hydrothermal synthesis at
temperatures T"q"1 between 1060 and 700"C. Run durations were sufficiently long (3-:12
days) to allow the samples to reach Al,Si equilibrium distributions. Io,s.can be represented by
the equation 4-['C] :978 - 19.2.Ot, whereas 4i"pr also depends on Q"o, le. the degree of
Al ,Siorder ,accordingtoZu"o, [ 'C]  :715-18.9.Or-0.221 .Of+0.269-T"q, i tAsacon-
sequence Or*o,, the composition of the triclinic,/monoclinic inversion at room temperature,
also changes with ?io"o: Orui,pr[mol7o] : 27 .5 + 0.00842 . T.q",r.

Distinction between topochemically triclinic and monoclinic symmetry is possible on the
basis of the temperature variation of lattice angles c, y and simple line separations; e.g. cos2a
of high albite smoothly approaches but never reaches zero with increasing temperature,
whereas cos2a of analbite is consistent with a straight-line extrapolation to zero. At room
temperature an interval of uncertain distinction extends from 7 : 90.18 to 90.25o and from
Al3l : 1.95 to 2.00 I"201 n high albite and analbite.

Structural explanations are given (l) for the variations of c and y with Al,Si order in equi-
librated albites, (2) for the variations ofa and y due to short-term heatlng ofalbite and anal-
bite, (3) for the dependence of Tuoo, and Or*o, on Z.q,u, (4) for the result ft*o, > ['' in Na-
feldspar. Tooor b thought to react sensitively on structural disturbances which may be caused
by thermal and mechanical history, chemical impurities, and other factors. If ?di"er is found to
be lower than 7i-, this is ascribed to such defects.

Introduction
The symmetry of Na-rich feldspars in the ter-

nary system KAlSi3Os(Or)-NaAlSirOr(Ab)-
CaAlrSirO.(An) may be either monoclinic or tri-
clinic. This polymorphism is due to two different
processes: a diffusive and a displaclye transformation
(Laves, 1952a). The extensive literature on this topic
up to 1973 has been reviewed by Smith (1974). Since
then, emphasis was laid on thermodynamic treat-
ment of the transformations (Thompson et al., 1974;
Thompson and Hovis, 1979), on thermal expansion
with regard to changes in size and orientation of the
thermal expansion ellipsoid (Willaime et al., 1974\,
on low temperature and high pressure experiments
(Grove and Hazen, 1974; Hazen, 1976) and on
single-crystal diffractometry to prove or disprove the
existence of a monoclinic Na-feldspar a1 high tem-
peratures (Prewitt et al., 1976; Winter et al., 1978,
1979). In the following the basic features of tle poly-

morphism will be discussed briefly. We will essen-
tially follow the ideas of Laves (1952a,b; 1960), using
the concept of an average structure with an ideal C-
centered 7A unit cell (Megaw,1974, p. 108).

The highest symmetry that a feldspar crystal can
possibly attain, when only the three-dimensional
configuration of tetrahedral oxygen atoms is consid-
ered, is termed topological symnetry. It is mono-
clinic. When the distribution of Al and Si on the tet-
rahedral sites is accounted for, the symmetry of the
ideafized framework is called topochemical symme-
try. This distinction has been introduced by Smith
(1970). The following relations between topoche-
mical and actual symmetry are possible in alkali feld-
spars with the Al:Si ratio l:3: (a) Disordered alkali
feldspars: monoclinic topochemical symmetry (A/
m); eitber monoclinic (C2/m'l or triclinic (CT) actual
symmetry. (b) Ordered alkali feldspars: triclinic to-
pochemical and thus triclinic actual symmetry (CT).
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Alkaline-earth feldspars with the Al: Si ratio I : I are
topochemically monoclinic regardless of their Al,Si
order.

It is generally accepted that the psneslinis/1ri-
clinic symmetry change of Na-rich feldspars is the re-
sult of either (1) the dffisive transformation, which
involves Al,Si order/disorder or (2) ttLe displacive
transformation, which involves displacement of bond
angles.

(l) When a crystal with a disordered, topochemically
monoclinic Al,Si distribution is cooled below a
critical temperature ?i,o', the Al,Si distribution
will become ldslinig, provided the cooling is suf-
ficiently slow. The process is reversible and ap-
pears to be continuous. In thermodynamic equi-
librium the degree of order is a function of the
parameters of state, especially of the temper-
ature. Because of the slow transition kinetics,
non-equilibria are co-hon.

(2) Without changing the degree of order, triclinic
symmetry may be achieved when a topochemi-
cally monoclinic crystal is cooled sufficiently rap-
idly below a critical temperature Tooo,. The pro-
cess is reversible, appears to be continuous and
proceeds rapidly. Its mechanism is related to the
large (A) cations in the interstices of the frame-
work. The topochemical and actual symmetry
will both be monoclinic only when the size of the
A cation (e.S. K) is suffi,cient to allow contact to
all oxygen atoms coordinated in a monoclinic
66nfiguration. Otherwise the framework adopts
higlinis symmetry by tetrahedral tilting to ac-
commodate the A cation (e.g. Na, Ca).

The review articles by Bambauer et al. (1974),
Ribbe (1975), and Yund (1975) discuss the essential
features of the transformations from di-fferent points
of view, using a nomenclature with partial overlap.
To a large extent our study is concerned with the
polymorphism in the binary systems Or-Ab and Ab-
An :in the range Or*Ab6o-Abroo-Ab8oAn2o. The trans-
formation behavior of the mixed crystals is closely
related to the polymorphism of Na-feldspar. Based
on the pioneering experimental work of MacKenzie
(19!i2, 1957), heating experiments of Schneider
(19:t7),2 and the theoretical conclusions of Laves

t ?o- is equivalent to T1a1a: TMo@rbire/Albr* used by Laves
(1960) and Thompson et al. (1974'1.

2 From Schneider's data it can be safely assumed that his sam-
ples were not affected by K-contamination from the furnace atmo-
sphere (Brown, 1967).

(1960) it is generally accepted that there are two
stable and one metastable modifications of Na-feld-
spars:

(a) Stable modifications
monalbite (Schneider and Laves, 1957): dis-
ordered; topochemical and actual symmetry:
monoclinic (A/m), corresponding to high sani-
dine; stable above ?o* = 930-980" C (range of
literature data).
albite: topochemical and actual symmetry: tri-
clinic (Cl); ordered form: low albite, correspond-
ing to low microcline; disordered form: high al-
bite, corresponding to high microcline; stable
below 7i''.

(b) Metastable modification
If monalbite is rapidly quenched, it undergoes a
displacive transformation to triclinic analbite
(Cl) at Zooo, = 930-980" C (range of literature
data). Because analbite is topochemically mono-
clinic, but metrically ldslinis, it is unstable at
any temperature. The term "analbite" was cho-
sen by Laves (1952a) following a suggestion of
Winchell (1925) based on unequivocal optical
data.

Whereas these general relations are accepted, sev-
eral details are still debated:

(l) How does the Al,Si distribution vary with tem-
perature in stable Na-feldspars? The first dia-
grammatic representation was given by Hafner
and Laves (1957); it was modifed by Laves
(1960) ,  S tewar t  and R ibbe (1969) ,  Kro l l
(l97la,b) and Thompson et al. (1974). We do not
have sufficient experimental data to decide which
might be the correct diagram, especially at tem-
peratures below -700" C; however, we will see in
the last section that we can at least deduce re-
strictions for the shape of the diagram.

(2) What terminology should we use with disordered
Na-feldspars? Some suggestions made by differ-
ent authors are compiled in Table 1. We will fol-
low the scheme of Laves. It has also been
adopted by Raase (1971), Bruno and Pen-
tinghaus (1974), Thompson et al. (1974). Wald-
baum (1974), Okamura and Ghose (1975), Win-
ter et al. (1979), and others. The problem of
practical distinction is discussed later.

(3) What is the thermodynamic order of the dis-
placive and diffusive transformation? This ques-
tion is discussed by Thompson and Waldbaum
(1969), Smith (1972 1974, I, p. 304), Martin
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Table l. Different terminologies us€d with disordered Na-feldspars

T o  p o  c  h e m . , / a c  t u  a l

L a v e s  ( 1 9 6 0 )

S m i t h  ( 1 9 ? 4 , 1 , p . 4 4 6 )

R i b b e  ( 1 9 ? 5 ,  p . R - 1 2 )

t r i c l i n i c / t r i c l i n i c

h i q h  a l b i t e

h i  n h  a l  h i  t c

i n t e r m e d i a t e  a l b i t e

m o  n  o  c  1 i  n i  c /  t  r  i  c  I  i  n  i  c

a n  a f  b i  t e

m a x i m u m  h i g h  a l b i t e

( i n v e r t e d  m o n a l b i t e )

h i g h  a l b i t e

( a n a l b i t e )

mo n  o  c  I  i  n  i  c /mo n  o  c I  i  n  i  c

m o n a l b i t e

m a x i m u m  h i q h  a l b i t e

( m o n a l b i t e )

r r t 9 , r  a f u !  v E

( m o n a l b i t e )

K - f e l d s p a r  a n a l o g o n h i g h  m i c r o c l i n e

(1974), and Bambauer et al. (1978). These au-
thors use different types of information: variation
of the cell volume due to Na.K substitution
(Thompson and Waldbaum), endmember com-
positions obtained in exsolution experiments
(Martin), and variation of cell volume with tem-
perature (Bambauer et al.). The latter method
will be further pursued in part III of this paper.
Closely related is the question of the transition
between high albite and low albite (Debron et al.,
1968; Raase, l97l) which is even harder to an-
swer, because of the known experimental diffi-
culties in obtaining equilibrium Al,Si distribu-
tions. We have not investigated this point.

(a) What are the relations between the temperatures
of the diffusive and displacive transformation,
?i, and Tu*o,? Using MacKenzie's (1952) data
Laves (1960) estimated Tu* : 980'C. He con-
cluded that ?ioo, S To-. Thompson et al. (1974)
and Thompson and Hovis (1978) grve Ta* :
965'C and 983oC, respectively, from extrapola-
tions of Grundy and Brown's (1969) data. Kroll
and Bambauer (1971) found Ta,"or : Tu- :
980'C. Detailed discussion is given later.

In the following, the results of Kroll (l97la),
Schirmer (1976) and additional investigations on the
diffusive and displacive transformation in the feld-
spar system will be presented. The data are derived
from high-temperature X-ray powder photography
of equilibrats4 samples. In this paper we will be con-
cerned with synthetic alkali feldspars in the range
OrooAbuo-OroAb,oo.

Experimental

Sample preparation

The starting material in the hydrothermal syn-
theses (s.1.) were gels of stoichiometric composition.

h i g h  s a n i d i n e

They were prepared according to a modified version
of the method of Luth and Ingamells (1965) using
CaCOr, tr(rCOr, and C8H2oOoSi (Merck, p.a.), and Al
metal (99.999Vo\ which was kindly provided by the
Institut fiir Metallforschung, Miinster. The Ca, K,
Na content of the reagents has been determined by
titration, the SiO, content of the ester by hydrolysis.
The An content of the alkali feldspar gels was less
than 0.1 wt%a

Charges of =200 mg were sealed with small
amounts of water in gold capsules (=0.7 ccm). Bridg-
man-type autoclaves were used at all temperatures
between 700 and l000oc in run durations between
1700 and 120 h, respectively. According to the exper-
iments of MacKenzie (1952) and Eberhard (1967),
these conditions are sufficient to allow the samples to
reach steady states with respect to lattice-parameter
changes. The steady states probably represent equi-
librium Al,Si distributions. Thus we will equate our
synthesis temperatures with AtSi equilibrium tem-
peratures T.o"n. Above l000oc experiments could no
longer be performed in Bridgman-type autoclaves.
We decided to use the method of Greig and Barth
(1938). The sample is tightly folded in a platinum foil
and sealed in an evacuated tube of silica glass to-
gether with a certain amount of AI(OH)3 separated
from the sample. Dehydration of the hydroxide pro-
duces a certain water vapor pressure. We usually
chose P(H,O) : 5 bar. As reported by Schirmer
(1976), Or-containing sanples prepared in this way
have lattice constants which are not quite consistent
with those derived from samples crystallized in auto-
claves. This may be due to some reaction between
feldspar and silica glass vla the water vapor. These
samples are not listed in the tables. A corresponding
effect was not observed with the Ab,oo sample crystal-
llr;ed at 1060"C. However, the Al I I parameter does
not change quite as expected on heating. Samples



were usually checked with the polarizing microscope
for the presence of phases other than feldspars, with
negative results. In Table 2a sample compositions
and synthesis conditions are listed. The maximum er-
ror of Q",, is +l0oc.

X-ray investigation

Lattice parameters measured at room temperature.
X-ray powder photographs were taken of all samples
at room temperature with an AEG-Guinier-Jagod-
zinski camera (CuKc, radiation). Spec-pure silicon
and quartz-both checked against silicon (Parrish,
l960Fwere chosen as internal standards. The pow-
der lines were measured with a high-precision ruler
and a zoom-binocular (l: lG-l:40). The mean error
in reading is estimated to be +0.02 mm 3 0.01" 20.
Systematic errors were corrected by a least-squares
line or a sequence of straight lines through the stan-
dard data points (program JAcocoR). By com-
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parison with known powder films, 15 to 25 reflections
could then be indexed which were used to refine pre-
lininary lattice parameters (program LcLsQ, Bum-
ham, 1962). From these parameters the full powder
pattern was calculated (program PUDI, Biedl, 1967)
and the indexing was completed. The mean number
of reflections used in the final Lclse run of triclinic
samples was 39. The standard error is mostly
+0.001A and 0.01o, respectively. From experience
we can state that one should not trust in the accuracy
of feldspar lattice parameters with esls of more than
0.003A and 0.03o. In addition, the number of lines
used should not be below 20 in triclinic samples. The
room temperature lattice parameters are listed in
Table 2a.

Lattice parameters measured at elevated temper-
atures (25-/,050"C). At the beginning of this work no
high-temperature powder camera with a satisfactory
resolution was commercially available. Therefore,
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Table 2a. Composition, conditions of crystallization, and lattice parameters at room temperature of synthetic sodium-rich altali
feldspars

S a m p l e  A b  0 D

N o .  l m o r % l

|  . _  t  P  ^  t . .  a
e o u f f  H ^ u  ^ - r a v

[ o c ]  [  a a y s  ]  [ o i r ]  [ o c ]  t 8 l

o

t 8 l
c

t 8 l
d

L - t

p

L-.1
y  V  N o .

L  I  L A  I  f r n e s

1 3 7 5  o  1 0 0

1 1 5 3  ' 1 0 0

1 3 0 6  o  1 0 0

1 2 7 A  o  1 0 0

1 2 ? 1  o  1 0 0

1291 1  00

1 2 5 5  m  1 0 0
' 1 2 5 5  u  1 0 0

1 2 7 ?  1  0 0

2 5 5 5  m  9 5

2 5 5 5  o  9 5

2 4 9 9  6  9 5

2499 o  95

2461 95

2 4 9 3  9 5

1 3 ? 5  m  9 0

1 3 3 ?  o  9 0

1 3 0 6  m  9 0

127A n  90

1 2 ? 1  n  9 0

1 3 7 5  u  8 0

1 3 3 ?  n  8 0
' 1 3 0 6  u  8 0

1278 u  B0 20

1 2 7 1  u  8 0  2 0

1 3 7 6  7 0  3 0

133? u  70  30

1  3 0 9  ? O  3 0

1 2 A O  7 0  3 0

1 2 ? 3  ' t O  3 0

? 5 0  7 0  1 0 0 0

8 0 0  3  1  0 0 0

8 s 0  2 1  ? 0 0

9 0 0  1 1  4 0 0

9 5 0  5  2 0 0

1 0 0 0  4  5 0

1 0 6 0  B  5

1 0 6 0  2 1  5

1 0 6 0  4 5  5

7 0 0  4 a  1

? 5 0  2 4  t 0 0 0

8 0 0  1 2  1  0 0 0

8 5 0  6  ? 0 0

9 0 0  6  4 0 0

9 5 0  3  2 0 0

7 5 0  7 0  1  0 0 0

8 0 0  2 8  1  0 0 0

8 5 0  2 1  7 0 0

9 0 0  1 1  4 0 0

9 5 0  5  2 0 0

? 5 0  7 0  1 0 0 0

8 0 0  2 8  1  0 0 0

8 5 0  2 1  ? O O

9 0 0  1  1  4 0 0

9 5 0  5  2 0 0

? 5 0  ? o  1  0 0 0

8 L l 0  2 A  1 0 0 0

8 5 0  2 1  7 0 0

9 0 0  1  1  4 0 0

95,1  5  200

2 5  8 . 1 s 2 ( 1 )

2 5  8 , 1 s 1 ( 1 )

2 5  8 . 1 5 2 ( 1  )

2 5  8 , 1  s 2 (  1  )

2 5  8 . 1 s 2 ( 1 )

2 5  8 . 1  s 4 (  1  )

2 5  8 . 1 5 2 ( 1 )

z s  8 . 1  s 4 (  1  )

2 5  8 . 1  5 6 (  1  )

2 s  8 , 1 ? s ( 1 )

2 5  8 . 1  ? 3 (  1  )

2 5  8 . 1 ? 2 ( 1 )

2 5  8 . 1 ? 2 \ 1  )

2 s  8 . 1 ? 4 ( 1 )

2 5  8 . 1 7 3 ( 1  )

2 s  B . 1 e r ( 1 )

2 5  8 . 1 9 8 ( 1 )

2 5  8 . 1 9 6 ( 1 )

2 s  8 . 1 e 7 ( 1 )

2 5  8 . 1 e 4 ( 1 )

2 5  8 . 2 4 s ( 1 )

2 s  B  . 2 4 3 ( i  )

2 s  8 . 2 4 2 ( 1  )

2 5  e . 2 3 t , ( 1 )

2 5  e . 2 4 0 ( 1  )

2 s  8 . 2 8 6 ( 3 )

2 5  8 . 2 6  ( 2 )

2 5  8 . 2 8 6 ( 1  )

2 s  8 . 2 8 4 ( 1 )

, q  a  t a a l  t \

1 2 . 8 5 4 ( 1  )  ? . 1 1 5 ( 1  )

i z , s s s ( 1 )  7 . 1 1 4 ( 1 )

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

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

1 2 , 8 6 9 ( t )  ? . 1 1 1 ( 1 )

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

1 2 . 8 ? D ( 1  )  ? . 1 0 6 ( 1  )

1 2 , 8 ? 2 ( 1  )  ? . 1  o s (  1  )

1 2 , 8 7 2 ( 1 )  t . t t t ( t )

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

1 2 , 8 6 7 ( 2 )  ? . 1 i e ( 1 )

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

1 2 . s 7 s ( 2 )  ? . 1 1 8 ( r )

i z . B B 1 ( 1 )  ? . 1 i 8 ( r )

i 2 . 8 e 1 ( 2 )  ? . 1 1 9 ( 1 )

t 2 . B e 6 ( i )  ? . 1 3 0 ( i )

1 2 . B e e ( 1 )  7 . i 2 e ( 1 )

1 2 . 9 0 0 ( 1 )  7 . 1 2 8 ( 1 )
. t 2 . e a 2 ( 1 )  7 . 1 2 7 ( 1 )

1 2 , e o 1 ( 1 )  7 , 1 2 4 ( 1 )

1 2 . e 3 o ( 1 )  1 . 1 4 4 ( 1 )

1 2 . e 3 2 ( 1 )  ? . 1 4 s ( 1 )

1 2 . e 3 i ( 1 )  ? . r 3 s ( 1 )

1 2 . e z s ( 1 )  7 . 1 3 7 ( 1 )
' t z . s 7 t ( r  )  ? , 1 3 i , ( 1 )

. ,  o A n / a \  a  1 q a ( t \

1 2 , e f i ( 2 )  ? . 1 5 s ( i  )

1 2 . e 7 2 ( 2 )  7 . 1 5 3 ( . 1 )

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

1 2  . 9 6 5 ( 2 )  ?  . 1 5 2 ( 2 )

e 3 . 6 ? ( 1 )  1 1 6 . 4 7 ( 1 )

e 3 . 6 4 ( 1 )  1 1 6 . 4 7 ( 1 )

e 3 . 6 0 ( 1  )  t t t . q t ( t )

s 3 . s 5 ( i  )  i i 6 . 4 s ( 1 )

e 3 . s i ( 1  )  1 1 6 . 4 3 ( 1 )

e 3 . s 4 ( 1 )  1 1 6 . 4 4 ( 1 )

s s . s r ( r )  1 1 6 . 4 3 ( 1 )

e s . 5 3 ( 1  )  1 1 6 . 4 2 ( 1 )

e 3 . 4 7 ( 1 )  1 1 6 . 4 3 ( 1 )

e 3 . $ ( 2 )  1 1 6 . 4 s ( 1 )

e 3 . 3 3 ( 1  )  1 1 6 . 4 4 ( 1 )

e r .  s s ( r  )  ' t 1 6 . 4 6 ( 1 )

e 3 . 2 e ( 1 )  1 1 6 . 4 3 ( 1 )

e s . 2 9 ( 1 )  1 1 6 . 4 4 ( ' 1 )

e 3 . 3 2 ( 1  )  ' 1 1 6 . 4 2 ( 1 )

9 2 . e e ( 1 )  t  t e . a t ( t  )

s 2 . s B ( 1 )  1  1 6 . 4 2 ( 1 )

e 2 , e 9 ( 1 )  1 1 6 . 4 0 ( 1  )

e 3 . 0 2 ( 1 )  1 1 6 . 4 0 ( 1 )

e 3 . o s ( 1 )  t t a . q t ( t )

e 2 . 2 s ( 1 )  1 1 6 . 3 s ( 1  )

e 2 . 2 6 ( 1 )  1 1 6 . 3 5 ( 1  )

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

9 2 , 3 4 ( 1 )  1 1 6 . 3 5 ( 1  )
g z . q t ( t )  i 1 6 . 7 ' 5 ( 1 )

e 1 . z o ( 2 )  1 1 6 . 3 1 ( 2 )

e 1 . 2 6 ( 2 )  1 1 6 . 2 8 ( 1 )

9 1 . 2 ' 7 ( ' t )  1 1 6 . 2 7 ( 1 )

e 1 . 3 0 ( 1  )  1 1 6 . 2 7 ( i )

e 1 . 4 4 ( 2 )  1 1 6 . 2 8 ( 1 )

8 9 . 8 7 ( 1 )  6 6 5 . 7 ( 2 )  3 3

8 e . e z ( 1 )  6 6 5 . 8 ( 1 )  s e

e o . o s ( 1  )  6 6 6 . 2 ( 1 )  4 s
g o .  t q ( t )  6 6 6 . 2 ( 2 )  5 o

e o . 2 1 ( 1 )  6 6 6 , 4 ( 1 )  s 3

e o . 2 s ( 1 )  6 6 6 . 2 ( 1 )  7 2

9 0 . 2 6 ( 1 )  6 6 s . e ( 1  )  5 3

e o . 2 6 ( i  )  6 6 6 . 1  ( 2 )  L 7

e o . 2 4 ( i )  6 6 6 . s ( 1  )  5 6

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

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

e 0 . 0 8 ( 1 )  6 6 e . 1 ( 2 )  3 7

9 0 , 1 e ( 1 )  6 6 e . 1 ( 2 )  5 0

e o , x ( 1 )  6 6 e . 5 ( 1 )  3 6

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

e o . l s ( 1 )  6 7 3 . e ( 2 )  3 1

e o . 2 1 ( 1 )  6 2 3 . 9 ( 1 )  4 3

e o . 2 - ( 1 )  6 7 3 . 8 ( 1  )  4 1

e o . 2 2 ( 1 )  6 ? 3 . 8 ( 1  )  4 1

o n  r l l 1 \  a a a  t ( t \

e o . 1 7 ( ' t )  6 8 1 . 8 ( 2 )  2 e

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

e o . 1 ? ( r )  6 8 1 . 3 ( 2 )  4 1

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

e o . i B ( 1 )  6 8 0 , 6 ( 1 )  4 1

e o . 1 3 ( 2 )  6 8 8 . 8 ( s )  2 2

e o . 1 o ( 1 )  6 8 8 . s ( 3 )  2 0

e 0 . 1 0 ( 1 )  6 8 e , 3 ( 2 )  2 s

e 0 . 1 1 ( 1 )  6 8 8 . 8 ( 2 )  2 4

e o - . ? . ( t \  6 8 e . 4 ( 4 )  1 6

0

0

0

0

0

0

0

0

0

5

5

5

5

5

5

1 0

1 0

1 0

1 0

2 0

2 0

2 0



I 196 KROLL ET AL.: ALBITE-MONALBITE TRANSITIONS

Krolt (l97la) designed a high-fsmperature Guinier-
Jagodzinski-tJrpe camera, a modified version of
which was used by Schirmer (1976).Its maximum
temperature is ll00oC. The temperature measure-
ment is believed to be accurate within +5"C. The Ft-
PtRh (DIN) tlermocouple was calibrated with sub-
stances of known melting points used as 5amFles in
the camera. Temperature differences within the
sample holder are less than lOoC. Contamination of
the sample by furnace material can be excluded. De-
tails of construction and efficiency will be reported
elsewhere.

The X-ray procedure was as follows. From room
temperature the sample temperature was raised step
wise and a powder photograph was taken (-3h) at
each step at constant temperature. To detect effects
of hysteresis this procedure was also used oscillating,
with negative results. After the heating procedure, in
some cases a second photograph was taken at room
temperature. No changes with respect to the first
powder pattern could be detected, which confirms
the finding of other authors (e.9. Grundy and Brown,
1969) that short-term heating of feldspars does not
affect their structural state to any measurable extent.

Calibration 6f high-lsmFerature diffraction pat-
terns by an internal standard has two disadvantages:
(a) the standard may react with the sample, (b) un-
certainties in its thermal expansion may cause sys-
tematic errors. Following a suggestion by Dr. H. G.
Ohlschlegel, Bochum, we used the known room-tem-
perature pattern of the sample itself to correct the
high-lsmpelature pattern, both being located on the

same film side by side and read off sinultaneously.
This procedure is time-consuming and its precision
may suffer from slight movements of the sample
holder during heating. However, the results were su-
perior in precision and consistency to the internal
standard method. The quality of a room-temperature
pattern taken with the high-temperature camera is
not quite as good as that taken with the standard
AEG camera, thereby about doubling the error in
measurement. The lattice parameters so derived are
listed in Table 2b and c.

A different procedure to correct for systematic er-
rors was used with the Ab,- samples with numbers
Hl22-H136, where a constant empirical correction
factor was assumed. We consider the absolute value
ofthe lattice constants, especially ofthe cell edges of
these samples, to be less trustworthy than those of all
the other samples.

Procedures to determine T*oand T^o,

To determine the tenperature of the diffuse and
displacive transformation, fdin and fdi"er, we have fol-
lowed the suggestion of Thompson et aI. (1974) to
linearize c (7) by using cos2c (7). Extrapolation of
cos2c to zero indicates the temperature at which high
albite and analbite change to monalbite, assuning
that c and y reach 90" at the same temperature, and
indicate not only the metrical but also the symnetri-
cal change. Note that expressing cos'c as a function
of T implies that the corresponding curve d vs. Z in-
creases 1e infinity as a reaches 90o. This is not true
when a itself rather than cos2a is given as a function

Table 2b. Composition, conditions of crystallization, and lattice param€ters at equitbrium tempcratur€ T.q,1 - Ty-n" of
sodium-rich alkali feldspars

S a m P l e  A b  o r  T e o u i r  '  o H ^ o  T x - " " u  a
N o .  f m o r f ; l  l o c ]  [  d a y s . ]  J r 5 r 1  [ o c ] '  t 8 l

b c d F

t f l l  t 8 l  [ o ]  t o l
7  V  N o .

t o l  t 8 3 l  L i n e s

H S  l l  1 0 0  0

H 5  1 2  1 0 0  0

H S  1 3  ' 1 0 0  0

HS 14 ' ,100 0

H S  1 5  1 0 0  0

H S  1 6  1 0 0  0

H S 1 7  9 5  5

H S  1 8  9 5  5

H S 2 0  9 5  5

H S 2 1  9 5  5

H S 2 2  9 5  5

H S 2 3  9 5  5

H S  2 7  9 0  1 0

H S  2 8  9 0  1 0

H S  2 9  9 0  1 0

H S  3 0  9 0  1 0

'70  1000 ?50

2 1  7 0 0  8 s 0
'11  400 900

5  2 0 0  9 5 0

4  5 0  1 0 0 0

I  5  1 0 6 0

4 A  1  0 0 0  ? 0 0

2 4  1  0 0 0  7 5 0

1 2  1  0 0 0  8 0 0

6  ? 0 0  8 5 0

6  4 0 0  9 0 0

3 200 9s0

88 I  000 800

2 1  7 0 0  8 s 0
' t1  400 900

1 1 6 . 1 0 ( 1 )  e o

1 1 6 . 0 ? ( 1  )  9 0

< o n  o I " \  c E

6 e 2 , e ( 2 )  2 ' l

? 5 0

9 0 0

9 5 0
' t000

1 0 6  0

7 0 0

7 s 0

8 0 0

8 5 0

9 0 0

9 5 0

8 0 0

8 5 0

9 0 0

9 5 0

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

8 . 2 6 2 ( 1 ) ' t 2 . s s s ( 1 )  i . i s 1 ( 1 )

8 . 2 7 3 ( 1 )  i 2 . e 6 B ( 1 )  ? . t s 3 ( 1 )

8 . 2 8 1 ( 2 )  1 2 . 9 s 2 ( 2 )  ? . 1 5 9 ( i )

B  . 2 8 7  ( z )  1 2 . e 1 e  ( 2 )  ?  , 1 * ( 2 )

B . 3 o i ( 2 ) ' t 2 , e B B ( 2 )  ? . 1 s s ( 1 )

8 . 2 5 i ( 3 )  1 2 . 9 2 3 ( z )  ? . 1 4 e ( 1 )

s . 2 s s ( 3 ) ' 1 2 . e 3 1 ( 2 )  ? . 1 3 ? ( 2 )

a . 2 6 7 ( 1 )  1 2 . e 3 5 ( i  )  7 . 1 3 e ( ' t )

8 . 2 7 3 ( 2 )  1 2 . e s ? ( 2 )  ? . i 4 e ( 1 )

8 . 2 s s ( 1 ) ' t 2 . 9 6 7 ( 2 )  7 , 1 5 2 ( 1 t

8 . 3 0 3 ( 1 )  1 2 . s 7 8 ( 2 )  ? . 1 s 5 ( 1 )

8 . 2 e 0 ( 1 )  1 2 . e 6 1 ( 2 )  ? . ' t 1 z ( ' t )

8 . 3 1 1 ( 3 )  ' 1 2 . 9 ? 1 ( 4 )  7 . 1 4 8 ( 3 )  e 0

B . s i z ( 1 )  ' t 2 . e 6 e ( 2 )  ? . 1 s i ( 1 )  e o

e 2 . 4 e ( 1 )  ' t 1 6 . 2 o ( 1 )  8 e . 4 0 ( 1 )  6 8 3 . 8 ( 2 )  s ' 7

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

e 1 . 4 1 ( 1 )  1 1 6 . 1 4 ( ' t )  8 e . e 0 ( i )  6 8 8 . ? ( 1 )  3 4

e 0 . e 8 ( 2 )  1 ' 1 6 . ' 1 2 ( 1 )  8 e . e s ( 2 )  6 e 0 . e ( 3 )  2 e

9 0

9 0

9 0

9 0

e 2 . 8 7 ( 1 )  1 1 6 . 2 7 ( 1 )  6 e . 6 1 ( i )  6 8 4 . 4 ( 4 )  2 s

e ' t . 7 e ( 2 )  ' t 1 6 . 2 8 ( 2 )  8 e . 7 2 ( 2 )  6 8 3 . 1 ( 5 )  2 4

e i . 3 6 ( 1 )  1 1 6 . i 8 ( i )  B e . B s ( 1 t  6 8 4 . e ( z )  2 s

e 0 . e e ( 2 )  1 ' t 6 . 1 2 ( 1 )  B e . e 6 ( 2 )  6 8 8 . 0 ( J )  z a

9 0  1 1 8 . 1 1 ( 1 )  9 0  6 a 9 . 9 ( 2 )  2 4

o v z t o \ J ,  z J

6 9 D . O ( 2 )  2 1

6 0 r  a / c \  c )

A o ,  a (  ) \  a a

1 1 6 . 0 6 ( 1 )  9 0

1 1 6 . 1 3 ( i )  e o
' t ' 1 6 . o 9  ( 2 )  9 0

1 1 6 . 0 4 ( 1  )  9 0

8 . s 1 6 ( 1 )  i 2 . s 6 ? ( 2 )  ? . 1 4 8 ( 1 )  e 0  1 1 6 . o 2 ( 1 )  e o  6 e 2 . 6 ( 2 )  s 1
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Table 2c. Composition, conditions of crystallization, and lattic€ parameters at temperature Q-."" of synthetic sodi.m-rich alkali
feldspars

S a m e l e  A b  0 !  T  .  -
C q u l r

No.  I oo1$ ]  t " c l

'  o *oo  t x - . u ,

I  days  ]  l o i r l  [ " c ]
Y

t o l

a b c d

t 8 l  t n l  t 8 t  [ o t

H  1 2 9  ' r 0 0  0

H  1 3 0

H  1 3 3

H  1 3 4

H  ' 1 3 5

H  1 3 6

H  1 2 2  ' 1 0 0  0

H  1 2 3

H  1 2 4

H  1 2 7

H  1 2 6

1 2 7 1  u  8 0  2 0

H S  1

H S 2

H S 3

H S 5

H S ?

H S 8

H S 9

H 5  1 0

q n o  a  1 t n ( z \

7 6 1  B  , 2 4 7  ( 4 )

o a q  a  a n .  f r )

l n n a  a  , o o a r \

o  r d r l . \

a n q a  a  
" n t r l " \

4 9 6  B , 2 1 8 ( 2 )

o . z 3 J \ J /

9 0 o  8 . 2 ' 7 3 ( 1 )

e B 1  8 . 2 e 9 ( 1 )

a n n n  a  a n 1 l r \

2 0  8 . 2 4 0 (  1  )

1 0 0  e . 2 4 7 ( 1 )

2 O O  B . 2 s B ( 1  )

3 0 0  8 , 2 6 9 \ 2 )

o .  z o J \  z  )

q n n  q  ? n o r < )

6 n n  a  
" r " / 1 \

7 0 0  8 . 3 3 6 ( 2 )

8 0 0  8 . 3 6 4 ( 2 )

o n n  a  
" a ? r / r \

a n n n  a  r n o f r l

1 2 . 9 3 8 ( 3 )  ? . 1 3 4 ( 4 )

1 2 . s s ' ? ( 3 )  7 , 1 4 1 ( 3 )
r r  o a " / " \  1  4 a a l r \

. r  o c " 1 " \  1 . c q l ) \

. r  o o . / " \  I  i a a l r \

a a  o q a ( J \  a  i q r l a \

. t  o a t l t \  a  a t a ( r \

. t  o q l l t \  a  . ^ ) l ) \

a t  o a o ( t \  ?  a ? R / 1 \

1 2 . 9 e 7 ( 1 )  ? . 1 5 6 ( 1 )

1 3 . 0 0 4 ( 2 )  7 . 1 6 0 ( 1 )

1 2 . e 3 1 ( 1  )  7 . 1 3 6 ( 1  )

1 2 . e 4 0 ( 1 )  7 . 1 4 2 ( 1 )

1 2 . e 4 7 ( 1 )  7 . 1 4 3 ( ' t )

1 2 . e s 2 ( 1 )  1 . 1 q ( 2 )

1 z . e ' 7 3 ( 2 )  7 . 1 s 3 ( 1  )
i ,  o o r f c \  a  1 q t ( q \

1 2 . e 9 7 ( 1 )  ? . 1 s 3 ( 1 )

1 3 . 0 0 3 ( 1 )  ? . 1 6 6 ( 1 )

1 3 . 0 0 e ( 2 )  ? . 1 6 4 ( 1 )

1 3 . c 3 4 ( 2 )  7 . 1 ? 1 ( ' 1 )

1 3 . 0 s 1 ( 2 )  ? . i B B ( i )

o r  q A / r \  1 . a  a n l  ^ \

o a  a A l ? \  1 1 a  a l l a \

o n  A ? / r \  t a a  1 a ( r \

y u t J o \ J /  r r o . u 4 ( z /

o n  r o r l r \  i i a  i 1 ( a \

A o  o o l r \  i 1 a  i a l l \

o c  A q l r \  1 a a  a ^ l a \

9 i . ? 7  ( i )  i 1 6 . 2 e ( 2 )

o n  o n / r \  . a a  a a l l \

9 0  1 1 6 . 0 s ( 1 )

s o  1 1 6 . 0 9 ( 1 )

e 2 . 4 1 ( 1 )  1 1 6 . 3 s ( 1 )

e 2 . 2 4 ( 1 )  1 1 6 . 2 e ( 1 )

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

9 1 . 5 1 ( 2 )  1 1 6 . 2 s ( 1 )

e l . 0 5 ( 1  )  1 1 6 . 2 0 ( 1 )

9 0  1 1 6 . 1 0 ( 4 )

e o  1 1 6 . 0 3 ( 1 )

9 0  1 1 6 . 0 1 ( 1 )

9 0  1 1 s . 9 6 ( 1 )

e o  1 1 5 . 8 9 ( 2 )

9 0  1 1 5 . 8 3 ( 1 )

a n  1 r 1 r \  6 " 0  
" / a  

I  a a

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

v u . u r t z /  o e z . z \ 4 1  z 4

o n  n A l 1 \  a o a  a l ^ \

o n  n " / r \  a o ^ . l E \

e o . 0 1 ( 1 )  6 9 2 . 2 ( s )  1 7

9 0 . 1 s ( 1  )  6 ' t 7 . 9 ( 4 )  2 s
o n  n ? r / a  \  < a /  

" / q \  
c a

9 0 . 0 4 ( 1  )  6 8 7 . s ( 3 )  1 B

e o  6 9 3 . s ( 2 )  2 3

9 0  6 9 4 . 6 \ 3 )  1 8

e o . i B ( 1 )  6 8 0 . 6 ( 1 )  4 i

o n  a A l a \  a a t  a ( t \  a j

s o . 1 ? ( 1 )  6 8 4 . 2 G )  3 s

e 0 . 1 2 ( 2 )  6 8 5 . 8 ( 4 )  2 e

o n  a r l a  \  6 a o  q / ? \  t E

9 0  6 9 3 . 5 ( 9 )  2 0

9 0  6 9 s . 3 ( 2 )  1 s

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

e o  ? o o . e ( 3 )  1 5

9 0  ? 0 s , 2 ( 3 )  2 2

e 0  ? 1 0 . 0 ( 3 )  2 2

of Z. The consequences of this point regarding the
volume expansion behavior will be discussed in part
III ofthis paper.

A different method to determine Tu* and 4i.pr w&s
discussed by MacKenzie (1952) and used by Hender-
son and E[is (1976). They follow the temperature
variation of the shapes of the merging lines in a pow-
der di-ffractometer trace and determine that point as
transition temperature above which no further
change in line shape does occur. This method yields
transition temperatures which are higher by up to
100'C than those obtained by methods using line
separations. We prefer the cos2a method, because it is
susceptible to least-squares procedures and its results
are dependent only on metrical gfianges. Recently,
Thompson and Hovis (1978) and Hovis (1980) have
suggested another parameter showing a linear depen-
dence on temperature: cos (6Ab*). The results are
practically the same as those obtained with the cos2a
method.

Results

Temperature T o* of the difusiv e transfo rmation

The temperature at which the reversible change
from monoclinic to triclinic topochemistry and sym-

metry occurs can be found from the variation of lat-
tice angles d and y. They are plotted for Ab,* and
OrrAbn, in Figure I as a function of equilibration
temperature ?iq,. : T*-..". The point at which they
reach 90o indicates the temperature of the difusive
transformation 7o-. As the curves are drawn by eye,
the estimation of Zu'6 is subjective. It is possible,
however, to obtain x higher precision from two other
diagrams.

In the first one the lattice angle I measured at
room temperature vs. the equilibration temperature is
plotted (Fig. 2). 7 is a measure of the difference
trO-trm in the Al content of the T,0 and T,m tetrahe-
dral sites (Stewart and Ribbe, 1969; Kroll, 1973).
One would expect a non-zero change of y with equil-
ibration temperature for topochemically triclinic
feldspars and a zero change in case of monoclinic to-
pochemistry. We therefore interpret the steep slopes
as representing (K-) high albites and the gentle slopes
representing (K-) anatbites. Their points of inter-
section would then correspond to 7o-.

This interpretation, however, is not unequivocal.
The di-fferent slopes could as well represent difierent
dependences of y Q.e. t,0-t,m) on equilibration tem-
perature in topochemically triclinic samples. We
have strong indications for this possibility in Na-rich
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700 800 900 1000
Tequ i l  =  Tx - roy  [ 'C ]

Fig. l. The variation with equilibrium temperature ?equ' :
Tx-m, of the lattice angles c and 7 of synthetic alkali feldspars
Ab16e and Or5Abe5 (data in Table 2b).

plagioclases (Kroll, to be published), but no in-
dications for alkali feldspars including Na-feldspars.

A second possibility to determine To* was sug-
gested by Thompson et al. (1974). Figure I shows
that a approaches 90o with increasing slope, whereas
7 is levelling off. Roughly sp€aking, d measures the
"displacive deviation" of an aftali feldspar from
monoclinic symmetry, whereas y measures the "dif-
fusive deviation." Thus above 700oC the displacive
changes in equilibrated albites doninate the diffu-
sive changes, as pointed out by Thompson et al. We
have used their procedure of plotting cos2a : f(T.n"")
to find 7o- for the Ab,oo and OrrAbn, samples (Fig.
3). For Or,oAb-, Tiu'cannot be found in this way be-
cause the samples have to be equilibrated at temper-
atures below 700oC, which can hardly be achieved in
laboratory times under the chosen experimental con-
ditions. In addition, unmixing at lower temperatures
imposes restrictions.

In Table 3 data for [- given by different authors
are listed. The values of Thompson et al. (1974) and
Thompson and Hovis (1978) were extrapolated from
data of Grundy and Brown (1969). We believe that
their values and those taken from Figure 3 are the
most accurate ones. They agree within the limits of
error. From linear extrapolation of To- (Ab,-) :
978'C and 7o- (Or') : 882"C we find 7o,6 (Or,o) :
786"C, in close agreement with the value indicated in

92

90

Figure 2. Further linear extrapolation to Or-ro, where
[.' would approach the solvus temperature, is justi-
fied.

Temperature T^o, of the displacive transformation

In principle, monoclinic cell dinensions and sym-
metry can be achieved only by feldspars which are
topochemically monoclinic, as is true for all alkali
feldspars equilibrated at Z*,' ) 7u-. It has been
shown that samples which on rapid heating reach
and stay at a point where d: y :90o are also sym-
metrically monoclinic (Grundy et al. 1967; Winter el
al., 1979'1. We will therefore assume that monoclinic
cell dimensions imply monoclinic symmetry. Accord-
ingly, Na-feldspars (analbites) which reach c : y :
90o at elevated temperatures (Figs. 4 and 11) are
topochemically monoclinic. Samples for which y >
90" at room temperature, but 7 < 90" at elevated
temperatures, cannot be topochenically monoclinic,
but are topochemically triclinic high albites.

The distinction between analbite and high albite
may be difficult or even impossible u5ing room-tem-
perature lattice parameters (see Prewitt et al., 1976,
Table 6); they can be distinguished, however, fron
their different thermal expansion behavior. It is

T6 ,11=780 'C  875"C  965 'C

Y

'7-
0r Z0 ;-'-v

tTr0r -t

Ab 100 r
0 r  ! o
0 r  1 0 r
0 r  2 0 v
0 r  3 0 e

700 800 900 1000
I  eoui r  [ 'C]

Fig. 2. The lattice angle y ofsynthetic alkali feldspars measured
at room temperature and plotted as a function ofcomposition and
equilibration temperature T*"1 (data in Table 2a). Arrows point
to the intersection of the straight lines which represent (K-) high
albites and (K-) analbites. The corresponding temperatures fcquir
are the temperatures of the diffusive transformation Zo-.
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bite. Grundy and Brown (1969) studied in detail the
lattice parameter variation of MacKenzie's (1957)
equilibrated albites. They used the reciprocal lattice
angles a* and y* of a Na-feldspar synthesized and
eqnilihals6 at 1000"C to extrapolate a temperature
Txu"r: T*or F 950oC, where d* : y* : 90o. We do

800 900 1000
I equ i l  =  T r - , ov  [ "C ]

The different response of c and y to rapid heating
of an albite sample is pu"zling at first sight. Whereas
a approaches 90" because the "displacive changes"
are removed, the deviation of 7 from 90" even in-
creases. Nevertheless, the 7 variation, too, is a reflec-
tion of the diminishing ..displacive changes.,'

Stewart and von Linbach (1967) were the first to
oompare the thermal expansion sf high and low al-

Table 3. Temperatures of the di-ffusive transformation T6;6 ['C] of
Na-rich alkali feldspars

0 " z o A b a o  0 " 1 0 A b g o  0 " 0 5 A b g s  0 " 0 0 A b t o o

700

94,0

q ? q

t " l
93.0

q n 5

900

88,0

87,5

Fig. 3. The variation with equilibrium temperature T.qu' :
T;,., of the lattice angle c-plotted as cos2c----of synthetic alkali
feldspars. The regression equations ofthe straight lines are: Ab16: O? q
cos2a' lOa : 78.83 - 0.08057. T.qoui P = 0.991; Or5Abe5: 

JL'r

cos2a' lff = 63.54 - 0.07200. T.a,li f : 0.998. Toin. corresponds
to ?*,1 for cos2c : 0. esd's given with Ta11 were derived from a
regtession of T.qur : f(cos2c). f : coefrcient ofdetermination. g2.0

shown schematically in Figures 4 and I I and has ac-
tually been measured by Winter et al. (1979) that qtq
above about 1000'C the a and 7 angles of high al-
bites will follow the temperature axis at a certain dis-
tance above (a) and below it (y), but-in contrast to
analbite-will never reach it without further diffu- 91,0
sion of Al,Si. The more the samples are ordered, the
larger the distance.

6

tm0400200
7 6 0

7 8 0

7 4 6

8 7 5

882!4

882!4

9 8 0  L a v e s  ( 1 9 6 0 )

9 8 0  K r o . I l  &  B a m b a r e r  ( ' g Z  t  )

9 6 5 1 5  T h o m p s o n  e L  a I .  ( 1 9 ' 7 4 )

9 8 3  T h o n p s o n  &  H o v i s  (  1 9 ? 8 )

9 6 5  F i g .  2  o f  t h i s  u o r k

9 7 8 t 1 0  F / i q .  3  o f  t h i s  u o r k

e l a l r o  e q .  s

?a\

o - o _  l o w  o l b i t e_ _ =  

o H : _

*d-n

(O

600 800
Tr  - , .ov  [ 'C  ]

Fig. 4. The variation with temperature Iy-."" of the lattice
angles o and 7 of low albite and equilibrated synthetic Na-
feldspars. The data are taken from Grundy and Brown (1969) and
Winter et al. (1977). Equitihslisr temp€ratur€s are indicated.
Dashed lines show the trend expected for high albites.
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not recommend, however, the use of the reciprocal
angles. In analbites x1d high albites both a* and y*
are smaller than 90o and increase on heating, such
that a formal extrapolation to 90" is possible though
psaningless for high albites. c* and y* do not allow,
therefore, a clear distinction between high albite and
analbite from their temperature variation. By con-
trast, the 7 angls of high albite decreases below 90o
on heating, which in itself is an indication of triclinic
topochemistry.

A similar warning applies if powder-line separa-
tions are to be extrapolated, as can be seen from Fig-
ure 5. The line separation Alll:40(lll) - 4A(lll)
(CuKa,) has been plotted us. temperature Z*-.," for
Oro,,o,ro,ro which were equilibrated at various temper-
atures. To efectively lineaizc the Al I I variation we
used l-cos'(Alll) in analogy to cos2a. When the
straight lines are extrapolated to zero two situations
have to be distinguished:
(a) If alkali feldspars are equilibrated above T*o, i.e.
if their topochemistry is monoclinic, the extrapola-
tion necessarily yields the temperature of the dis-
placive transformation Z*o,. Table 5 shows that ?i*o,
decreases by about 25oC per 100'C decrease of the
equilibration temperature within the monoclinic
range. This behavior can be understpod from the

600 800
T  f " a ' lr x - r o y  I  L l

Fig. 5. Temperature variation of the linc separation Alll : 40
(l I l) - 4 d (lTl) (CuKdr radiationfplotted as I - cos2 1Al I l;-
for synthetic alkali feldspars, which have been equilibrated at
different temperatures T*.1 between 750 and l060oC. For the
sake of simplicity some straight lines and all data points are
omitted. However, all regression equations are given in Table 4.
The data are listed by Kroll (l97la).

Table 4. Regression equations I - cos2(Alll) : a * b' Tx-"" *
c. Tequl representing the data of Fig. 5 (Kroll, 1971a)

c o m p o s i t i o n  T e q u i l  a . 1 0 4  b ' 1 0 b  c ' 1 8 2

A b , n n  1 0 0 0 . -  ' 1 5 . 1 1 6  - 1 . 0 1 0 3
1 0 6 0 - c

0 r r n A b o n  8 0 0 ^ -  4 . 3 ? 3  - 0 . 9 0 1 8
9 5 0 - C

0 r ^ ^ A b ^ -  7 5 0  -  2 . 1 9 2  - O ' 8 2 2 9
z u  d u  g s o o c

0 r - ^ A b ^ ^  7 5 0  -  - 0 . 4 8 3  - O , a 2 1 ?
J U  6 u  9 5 o o c

r '  :  c o e f f i c i e n t  o f  d e t e r n i n a t i o n ,  n  :  s a m p l e  s i z e

changes in the oxygen environment of the Na atom
which occur on lowering the equilibration temper-
ature. Laves (1960) predicted an opposite depen-
dence of 4i.pr otr 7i* whereas Kroll and Bambauer
(1971) assumed Tu*o, to be constant.
(b) If alkali feldspars are equilibrated below T*o, i.e.
if their topochemistry is triclinic, they c,annot un-
dergo a displacive transformation. Hence the extrap-
olation of l-cos'?(Al I l) or cos'a to zero is meaning-
less in such cases. A discussion of the lattice
parameters of Figure 4 shows that, depending on the
relative deviations ofa and 7 from 90o, the value of
Alll may even become smaller than zero. Apart
from a few known cases (see curves 6,7,8 in Fig. 6),
we do not know the temperatures at which c and y
approach a horizontal trend in Figures 4 and ll,
which indicates that the displacive part of the "tri-
clinity" is removed and the diffusive part remains.
The result of a formal extrapolation to zero has been
termed "5imulated transformation" by Kroll and
Bambauer (1971). The temperatures of these 'trans-

formations,'increase with decreasing 7!"' in contrast
to the temperatures of the true displacive transforma-
tion.3 It is safe to assume that Na-feldspars for which
'transition temperatures" have been extrapolated
which are higher than l000oC or even higher than
the melting temperature (lll8"C) (e.g. Dietz et al.,
1970) are topochemically triclinic high albites.

The straight lines in Frgure 5 that correspond to
case (a) and (b) alkali feldspars, respectively, have
di-fferent slopes. (K-) analbites are represented by a
family of subparallel lines, whereas the (K-) high al-
bite lines have slopes that decrease with decreasing
?iq"ir &trd intersect the parallel lines (e.g. Orro,
750'C). Whereas at room temperature Al I I has sim-

3 This is what Winter et al. (1979, p. 422) neat tn quoting Mac-
Kenzie (1952) and Kroll (1971). Thcir usage ofthe term "albite"
synonymous with Na-feldspar might also raise confusion.
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A b t o o o " o  T d i " p r  9 4 4

A b g o o " t  o
A b g o o " 2 o

A b i o o " 3 o

T . .  u a s  c a l c u l a t e d  F r o t r l
o r  s p f

9',7 5

7 6 6  ' 7 5 1  7 3 6  7 2 2

soz 490 4',77 465 453

1 9 8  ' , t 8 5  1 ? 1  1 5 8  1 4 4

t h e  e q u a t i o n s  o f  T a b l e  4

Table 5. Temperatures of the displacive transforrnation ?ai"or [oC]
of the (K) analbites of Fig. 5

C o m o o s i t i o n  T  . .  1 0 6 0  1 0 0 0  9 5 0  9 0 0  8 5 0  8 0 0  ? 5 0'  e q u a a

bites which transform to monalbites at fdi"er, whereas
the type (b) curves represent high albites which can-
not undergo a displacive transformation at any tem-
perature. The samples represented by curves (6) and
(7) have been dry heat-treated at temperatures well
above 4-. However, the annealing was apparently
not sufficient to produce equilibrium, i.e. a topo-
chemically monoclinic Al,Si distribution. This inter-
pretation is also given by Winter et al. (1979) for
their heat-treated Tiburon sample (curve 7).

The linear extrapolation of the type (a) curves is
justffied from curve (5): two powder diagrams taken
just above (981'C) and below (960'C) the transfor-
mation temperature (968'C), which was extrapoliated
from the data points at 496,766 and 900oC, indicate
monoclinic and triclinic symmetry, respectively. The
photograph taken at 960'C shows broadened lines
whose separations, however, could not be measured.
This data point is therefore not plotted in Figure 6.
Although we do not expect it, we cannot completely
exclude the possibility that the (a) curves slightly

0- 200 4m 6m 8m 0m
T * , o y  l " C l

Fig. 6. Temperature variation of the lattice angle a-plotted as
cos2d-for Na-feldspars, which have been either directly
synthesized or dry heat-treated at temperatures >T66. Two
Ab66Or2s samples are plotted for comparison. Note that for all
data points of curves (6) to (8) it is cos2a > 0, whereas for curves
(l) to (5) cos2a : 0 at the highest temperature. Sources ofdata: (l)
Henderson and Ellis (1976): synthetic K-analbite Or26Abse
(700'C, G10 d, I kbar). (2) This work synthetic K-analbite
Or20,Ab8o (950"C, 5 d, 0.2 kbar). (3) Grundy and Brown (1969):
synthetic analbite Abroo (100O"C, 6 d, 2000 psD. (4) Okanura and
Ghose (1975): low albite (Amelia) (annealed at l080oC, 133 d). (5)
This work: synthetic analbite Abrm (1fi)0'C, 4 4 0.05 kbar). (6)
Prewitt e, al. (1976): synthetic intermediate albite (annealed at
1060'c, ,10 d). (7) winter e, al. (1979): low albite (Tiburon)
(annealed at 1080'C, 60 d). (8) This work: synthctic high albite
(950'C, 5 d,0.2 kbar).

ilar values in (K, high albites and (K-) analbites, the
variation with temperature is signifisnally different.
An analogous result is obtained when MacKenzie's
(1952) data are plotted in the same way.

The variation of l-cos'(Alll) in (K, analbites
can be described by equations of the type l-cos'?
(Al l l )  :  a+b.T*-,^tc.?"o"u (Table 4).  In case of
Ab,oo the straight-line relation is not quite fulfilled in
the whole temperature range. We therefore used only
data measured at Z*-.." > 500oC. It is additionally
noticed for Ab,oo that the straight line for T*,u :
1060"C is displaced to lower values of &-", relative
to the 1000"C line, which is in contrast to the uni-
form trend seen with the Or-containing samples. We
already mentioned in "Experimental" that samples
prepared by the Greig and Barth method tend to
have lattice parameters which are not quite consis-
tent with those derived from samples prepared in
autoclaves, the reasons for which are not known to
us. The effect is only barely visible in Abrm crystal-
lned at 1060"C: a (93.47") and Al3l (1.965") appear
to be slightly low, and correspondingly lo*n, is low.
Whatsoever, it appears that small changes in lattice
parameters of topochemically monoclinic crystals
have a pronounced effect on ?ioo,.

For a further comparison of high albites and anal-
bites we will discuss the temperature variation of the
lattice angle c-plotted as cos2a----of Na-feldspars
prepared at temperatures >7i*, either by direct syn-
thesis or by dry heat-treatment of low and inter-
mediate albites (Fig. 6). Two types of curves can be
distinguished: (a) those which can be linearly extrap-
olated to a well-defined transition temperatur€ Zai"pr
at cos2c : 0: curves (3), (4), (5); (b) those which do
not intersect, but approach the abscissa at high tem-
peratures: curves (6), (7), (8). Their slopes are not as
steep as those of the type (a) curves, although all
cos'a values are similar at room temperature, a situa-
tion analogous to Figure 5.

We interpret the type (a) curves to represent anal-

: 1 n
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bend over near ?Lpr, similar to the (b) curves. This
effect, however, would be comparatively small and
could not be resolved by standard methods.

Prewitt et al. (1976) point out that even very pre-
cise film methods are inferior to a single-crystal dif-
fractometer if small line separations are to be mea-
sured. This is certainly true. Nevertheless, the
precision of the Guinier-Jagodzinski method used by
us is sufficient to detect the different thermal varia-
tions of the c angles in Na-feldspars crystallized at
1000"C and 950oC, i.e. only 25oC above and below
7i* respectively (cuwes 5 and 8).

The change in slope ofthe (b) curves near cos2d :
0 can be interpreted like the trend of c and y given
schematically in Figures 4 and I I at high temper-
atures: it corresponds to the thermal expansion of
high microcline, because at temperatures above
-1000"C the displacive changes in the high albite
structure are more or less absent.

The type (a) curves are not linear over the whole
temperature range. It appears justifed, however, to
assume a linear variation within a limited 1ange. We
have used the last three data points for a regression
line. [oo, obtained in this way is listed in Table 6.
Note that the value of To*o, : 968oC calculated from
cos2d agrees within limils sf srr6r with ?uoo, :975"C
calculated from cos'(A I I l). Comments on the large
temperature range displayed in Table 6 are given
later (Tables 4 and 5).

Curve (l) and (2) are similar in appearance to type
(b) and (a) curves, respectively, although both ofthe
Orro samples are K-analbites, because they have been
prepared at temperatur€s )Tain However, when the
solvus is approached, chemical fluctuations are to be
expected. These would cause the slope of the cos'q
curve to decrease at high temperatures, because Na-
rich regions would dominate in a sample with a Na-
rich bulk composition. The curve (l) sample has
been prepared at 700oC (Henderson and Ellis, 1976),
the curve (2) sample at 950oC (Kroll, l97la). Hen-
derson and Ellis grve Tai"n, : 560"C for their sample,
and suspect that 500oC given by Kroll (l97la) for his
sample may be low, because line separations like

Table 6. Temperatures of the displacive transformation ?6;"o1 [oC]
of the analbites of Fig. 6

C u r v e

Al I I used by Kroll will be underestimated when the
lines are less than -0.15"20 apart. This argument, re-
peated in Henderson (1979), simply does not apply,
as Kroll only used Alll when the separation was
larger than -0.15"20. Rather, it appears that Hen-
derson and Ellis' estimate of Zo*o, is high, because
their synthesis tcmperature was low.

To further rationalize the difference in 7*' Hen-
derson incorrectly quotes Bambauer et al. (1978),
saying that "the temperatures of the monoclinic/tri-
clinic inversion decreases with increasing temper-
ature." However, Figure 5 shows that 2]*o, decreases
with decreasing T*.^ (Z*"u >Zu''), which is in accord-
ance with Bambauer et al.

As a consequence, the composition at which the
monoclinic/triclinic symmetry change occurs at
room temperature (abbreviated as Ordber) will de-
crease in Or content when Z*"' is decreased (Fig. 7).
The straight lines purposely cover only that composi-
tional range in which the Al,Si distribution is topo-
chemically monoclinic, as judged from the known
ft-. From a comparison of Figures 6 and 7, it ap-
pears that the variations of cos'a with chemical com-
position follow a linear relation more closely than
does the temperature variation.

?0 30
0r Imot %l

Fig. 7. Relation between the lattice angle c-measured at room
temperature and plotted as cos2o----and Or contetrt of K-analbites,
which have been equil ibrated at fcqu' :  750-950"C.
Extrapolation to cos2c : 0 yields the composition at which the
monoclinic/triclinic change occurs at room temperature (Ora;*o).
Values of Or4i"o1 rIS indicated in the figure were calculated from
thc individual straight-line regression equations. The total of the
cos2a data can be represented by the equation cos2c ' ld : 30.4 -

l.lM.Or + 0.0093'?*,u, where Or is molTo K-feldspar. The
coefficient of determination is f : 0.9994. From this equation the
variation of Ora;"o1 with ?.qu1 is found to be Or6i"o1 : 27.5 +
0.0084. ?:q"il.
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In a thorough study of all published data, Hovis
(1980) independently reached the same conclusion as
Bambauer et al. (1978) with regard to the depen-
dence of Oro*o, on 4-. Since Hovis discusses the lit-
erature on this controversial subject, we will not pur-
sue this point further. It suffices to say that the
dependence, which Hovis and we find, means that
Oru*o, is slightly dependent on the Al,Si order in a
topochemically monoclinic sample. This was first
pointed out in an abstract by Waldbaum (1974). The
structural explanation will be given later in the dis-
cussion.

Our results on Taur and [*o, of Na-rich alkali feld-
spars are summarized in Figure 8, which shows the
relation between the stable phase boundary of the
dffisive transformation high albite-monalbite and
the metastable phase boundaries of the displacive
transformation analbite-monalbite. For the sake of
simplicity only three curves of the displacive trans-
formation are given: for samples equilibrated at 800,
1000, and ll00'C.

The transition temperatures given in Table 5 can
be reproduced by an equation of the form [i"pr : & *

Ab 10 20 30 40
0r Imot%]

Fig. 8. Stable phase boundary of the diffusive transformation
high albitc C monalbite (...'..) and metastable phase boundaries
of the displacive transformation analbite e monalbite (--) of
Na-rich alkali feldspars for T.o"1 : 800o, 1000", ll00'C.
Temperatures ?6;6.as given in text, data for Tooo, as listed in Table
5. The variation of ?a;"o1 is given by the regression equation
?atpr :  715 - 18.9' Or - 0.221'Of + 0.269' T"qu, where Or is
mol% K-feldspar. The coefficient of determination is P : 0.9995.
The temp€rature of the diffusive transformation follows a straight
line: 766 : 978 - 19.2 Or, which meets thc l-atm solvus of
Thompson and Waldbaum (1969) at -600'C and Or-2o.

b'no, * c'ne. + '4q,ir, from which the curves repre-
senting ?iq,u: 1000 and ll00'C were calculated in
Figure 8. As in Figure 7, only those data points must
be used to draw the curve for [o"o : 800'C which
correspond to topochemically monoclinic samples.

For a comparison, transformation temperatures for
MacKenzie's (1952) samples equilibrated at 800oC
have been extrapolated in exactly the same way as
the data in Figure 5, omitting topochemically tri-
clinic samples. The results agree excellently with our
800oC curve. In addition, data points of some natural
alkali feldspars with a small An content have been
plotted. They were obtained by Laves (1952b) by
measuring extinction angles on a microscope heating
stage, and by MacKenzie (1952) who used a powder
diffractometer. Because of lack of data. the transfor-
mation temperatures could not be extrapolated after
linearizing the curves as in Figure 5, and they are
therefore not quite comparable to the points in Fig-
ure 8. Nevertheless, the position of MacKenzie's
samples, which is close to the 800oC curve, appea$
to be reasonable. It might thus be promising to inves-
tigate the cooling history of analbite phases in
anorthoclases by a comparison with the curves of
Figure 8. Other transformation temperatures given in
the literature, which most probably correspond to
"simulated transformations," are not plotted. See
Smith (1974, I, p. 301-305) for a full summary.

Neglecting literature data, we now have three dif-
ferent temperatures Tooo' for Ab'* equilibrated at
l000oC: 984"C from the equation of Figure 8, 975"C
derived from I - cos'z(Alll), and 968'C from cos'a.
We would get still another Tai,pr usinB Thompson and
Hovis' (1978) parameter I - cos(bAD*). Although we
consider all of them identical within the limits of er-
ror, we favor the value of 984"C, as it is based on the
largest number of data points.

Two more temperatures lai"or are plotted in Figure
8 for Na-feldspars equilibrated at 1060 and 1025"C,
which against our expectation fall below the data
point for T*". : 1000"C. However, as already dis-
cussed in connection with the 1060"C sample, fu*o, is
very sensitive to any changes in the experimental
conditions. Therefore, both the 1060" and 1025"C
sample cannot be strictly compared to all the other
samples. This is also true for the analbites of Grundy
and Brown (1969) and Okamura and Ghose (1975);
see Figure 6, curves (3) and (4), and Table 6. ?ii,or of
the sample of Grundy and Brown is 928+25"C.
Thompson et al. (1974) and Thompson and Hovis
(19'79) determined fdinto be 965o and 983"C, respec-
tively. Thus the analbite of Grundy and Brown be-
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haves analogously to our 1060"C sample. The sensi-
tivity of Zuoo, is not unexpected, if we assume that the
displacive transformation is not a first-order transi-
tion (see part III ofthis paper). An analogous argu-
ment applies to fdin

Summgly of the results on Tdr"d, Orar"pu and Zu-

The data on Tai"pr were derived from the variation
of Alll with temperature (Fig. 5, Table 5) and the
variation of a with Or content (Fig. 7: T*p,: 25"C at
Orooo,). They can be summarized by the equation:

Zuoo'[ 'C] :715 - 18.9'Or

_ 0.221. of + 0.269 . T,a.,r (l)

From the room-temperature variation of cos2c with
Or content (caption to Fig. 7) the dependence of
Or*o, on I*"u is found to be:

Oro*o,[mol7o] : 27.5 + 0.00842 . f.q"l Q)

The dependence of Zair on Or content can be derived
from the variation of cos'c with T*"o in high albites
ef semposition Ab,. and Or, (Fig. 3):

?:,n{'Cl : 978 - 19.2'Or (3)

The dependence of [i,pr and Oroo' on Z*"o implies
a dependence on the Al,Si distribution. When the
variation of Al site occupancies of the topochemi-
cally monoclinic samples in Table 2a is investigated
by the D,c method of Stewart and Ribbe (1969) or the
ll0 method of Kroll (1980), it is found that the Al
content of the T, tetrahedral sites trO * t,m increases
by only 0.025-0.055, when Z*.u is lowered from 950
to 750"C. The corresponding decrease of [*o, and
Oru,"nr by -55oC and -2 mol%o, respectively, reflects
these site-occupancy changes.

It follows from equation I that for pure Na-feld-
spar fdi,pr decreases from 1016o to 978oC when T*,u
is lowered from lll8" (melting temperature) to
978"C. For all temperatures below 978"C ?:q"ir
would be lower than [*ou li.e. samples equilibrated at
such temperatures would be metrically triclinic and
consequently they would develop a topochemically
triclinic Al,Si distribution. Therefore, 7"n.1 : Tarpr :
978"C is the temperature of the diffusive transforma-
tion of Na-feldspar. This result agrees with Tu' :
978"C found from equation 3, which was derived
from a completely di-fferent set of information.

The temperatures Z*"o : Za*or for Or, are found to
be 841" and 689oC, respectively. However, their re-
spective temperatures fdilr are higher by AZ : 4lo
and 97"C. When these AZvalues, including A(Na-

feldspar) : OoC, are extrapolated by a second-
order polynomial to Orro (which admittedly is dar-
ing), AT is found to be 254"C. As r.o.o : Tai"pr
is 340"C for Orro, its 7:* would be 594oC, in
agreement with ?:.,r : 594"C resulting from equation
3. The numerical identity happens by chance, of
course. Anyway, we think that we can draw with
some con-fidence the phase boundary for the diffusive
transformation as a straight line between 978" at
Ab,- to 549"C at Orro, where it dips below the l-atm
solvus of Thompson and Waldbaum (1969); see Fig-
ure 8.

Discussion

We will now be concerned with the structural rea-
sons for the variation of the lattice angles c and y
with Al,Si distribution, temperature, and chemical
composition, with the relation of T*' and Orooo, to
T.q,' olrd 7i * and with the practical distinction be-
tween analbite and high albite. However, before go-
ing into the structural details we will reevaluate our
point of view regarding the one- and two-step order-
ing behavior of the alkali feldspars as mentioned in
the introduction.

One - step - two - step ordering

The relative variation with temperature of the Al
content in the non-equivalent tetrahedral sites of Na-
feldspar can usefully be discussed with reference to a
plot of the lattice parameters b vs. y, first introduced
by Mtiller (1970) as b* ys. 7*. Their variation is given
in Figure 9 for Na-feldspars of various structural
states. Natural and synthetic samples follow a
straight line directly connecting analbite to low albite
("Direktweg" of Kroll, l97la,1973; corresp6lding to
"one-step trend" of Smith, 1970;1974,I, p. 60). Na-
feldspars prepared from K-feldspars by Na-exchange
follow a detour (o'umwsg"-"two-step trend"), the
upper part of which corresponds to topochemically
monoclinic Al,Si distributions, inherited from the
parent K-feldspars; the lower part represents triclinic
distributions. We will now discuss the meaning of
"one-" and "two-step trend" in terms of tetrahedral
site occupancies.

The b parameter is a measure of the sum t,O+trm
of the Al content in the T,0 and T,m tetrahedra,
whereas T measures the difference tr0-trm (Stewart
and Ribbe, 1969; Kroll and Ribbe, 1980). In Na-feld-
spars the variation of 6 with tr0+trm and of y with
tr0-trm is linear. As a consequence, the one-step line
in Figure 9 represents a linear relation between
trO+trm and t,0-t,m, which implies that trO and t,m
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tributions such that I > t,0 z trrD : t 0 : tm z 0,
with the psaning of the sign of equality as men-
tioned above. However, as there is a temperature
range of about 140"C where monoclinic monalbite
exists and where t, and t" diverge with decreasing
temperature, Na-feldspars only approxi-mately follow
the ideal one-step trend.

The ideal two-step trend is defined by Al,Si distri-
butions such that 0.5 > t, >' tz > 0 and I z t,0 )
t,m > trO : tzrn 2 0 in the monoclinic and triclinic
r&ng€, respectively, subject to the constraints tr+t2 :
0.5 and tr0+trm+t20*t2m : l. As K-feldspars prob-
ably do not reach a state where tr : 0.5 and t, : I
(for a confli6ling view see Prince et al., 1973), they
only approximate the ideal two-step trend.

We purposely do not speculate on any effects aris-
ing from fine-scale domain textures, but refer to the
overall pattern as reflected by light optical and stan-
dard powder and single-crystal methods. Electron
microscopy may bring some contrast into the gray
overall pattern, so that we can better understand the
small-scale processes of ordering.

"Diffusive changes" of the s. and y angles due to order-
ing at constant temperature

We follow Thompson et al. (1974) and subdivide
the deviation of a and 7 from 90o into two portions
related to the "displacive" and "diffusive" departure
of the structure from -eneslinic symmetry. If a feld-
spar is annealed at a constant temperature below
?iu' its lattice angle change at this temperature rep-
resents the diffusive portion.

As shown by Kroll (1971a,1973) the diffusive vari-
ation of y is best explained in terms of changes in
length of the [10] and [10] diagonals in the (001)
plane. The sequence of tetrahedra in [10] is T'0,
Tr0, Trm, in [10] it is T,m, T"0, T'm, l.e. T,0 tetra-
hedra into which the larger Al atoms concentrate
during ordering only occur along [ 10]. As a con-
sequence, the [ll0] repeat increases and the [ll0] re-
peat decreases during ordering, which means that 7
becomes smaller. The absolute change is about the
same in Na- and K-feldspar and amounts to -2.5".

The reason for the diffusive variation of a can be
found from a discussion of the changes in the envi-
ronment of the A cation. We will consider the sani-
dine + microcline transition, because it is free from
displacive changes (Fig. l0). In the (100) plane the K
cation is surrounded by 4 tetrahedra: two T,0 and
two T,m tetrahedra. During ordering Al migrates
from T,m into T,0. As a consequenoe, the oxygen
atoms coordinated to Al become underbonded in
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Fig. 9. Room temperature variation of D with y in Na-feldspars.
(l) One-step trend followed by Na-feldspars which werc originally
grown as Na-feldspars. (2) Two-step trend followed by Na-
feldspars which were prepared from K-feldspars by K-cxchange
lsshniques. (3) Hypothetical ordering path. Data for curves (l)
and (2) are given by Kroll (1971a, 1973).

themselves vary linearly according to t,0 : l-3 't,m.

From t,O+trm + t20+t2m : l, it follows that 3 .t,m :
trm+120+t2m and t,m : tz0 : trm, with the under-
standing that the sign of equality does not hold
strictly, because the tetrahedra are crystallographi-
cally and thus energetically different. The result
trO > trm : trO : trm has been con-firrred by a struc-
ture analysis of a natural intermediate albite
Ab*rOrrrAn. with mean tetrahedral distances (T,0-
o) :  1.6?0A, (T,m-o) :  1.6374, (Tro-o) :
1.6384, (T,m-O) : 1.6374 (Kroll, 1978).

In their analysis of the temperature variation of
the tetrahedral Al content, Laves (1960, Fig. 7) and
Thompson et al. (1974, Fig. 13) deduced that within
a large temperature range t,0 ) t,m ) trO : trm. The
discussion given above does not support this type of
variation, but reaffirms the result of Stewart and
Ribbe (1969, Fig. 6) and Kroll (l97lb, Fig. l) that
t,m : trO : tzflI. In the D, y plot the lattice parameter
variation corresponding to the trends given by Laves
and Thompson et a/. would principally follow a
curve intermediate between the one- and two-step
trend (dotted curve), thereby resembling a two-step
behavior in the triclinic region. For a final decision,
however, a high-temperature structure refinement of
a high albite performed atZ*"' would be necessary.

In accordance with Smith (1974,I, p. 60) we define
the ideal one-step trend as characterized by Al,Si dis-

t2 B0 12.85
b  tA l
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Fig. 10. Projection onto the (100) plane of the oxygen
environ.ment of K in low sanidinc (LS) and low microcline (LM).
For clarity, the atomic and angular shifts from LS to LM have
been exaggerated by a factor of 3. OC and OA2 oxygen atoms are
not shown. Light circles: LS, heavy circles: LM.

electrostatic terms, and those coordinated to Si be-
come overbonded. For compensation the OB0 and
ODO atoms move towards the K atom, whereas the
OBm and ODm atoms enlarge their distance to K
(Table 7). As the OB0 . . . ODO vector is roughly par-
allel to [0] l] and the OBm . . . ODm vector parallel
to [0ll], the [0ll] repeat decreases and simultane-
ously the [0Tl] repeat increases. Consequently the
angle d widens during ordering. The absolute
changes are 0.65" and 0.74" for the sanidine + mi-
crocline and analbite --+ low albite transitions, re-
spectively, when measured at room temperature.
They are much smaller than the changes in y. This is
to be expected because the necessary K-O readjust-
ments are small compared to the combined effect of
the changes of the T-O distances in the [ll0] and
[10] diagonals.

Table 7. Distances [A] between potassium and its oxygen
neighbors in a plane about parallcl (100) in low sanidine (LS) and

low microcline (LM) (Fig. l0)

R e f e r e n c e s

As a consequenoe of the A-O distance variation,
the OB0. . . OBm and ODO.. . ODm vectors rotate
clockwise. An even larger rotation is found with the
OAI . . . OAI vector, which is caused by the increas-
ing T,G-OAI and decreasing T,m-OAl distances.
This is not true for all feldspars: for example, when
boron is substituted for aluminum as in reedmergne-
rite, the T-OAI changes are reversed and the
OAI . .. OAI vector rotates counterclockwise and
compensates the clockwise rotation of the OB . . . OB
and OD. . . OD vectors. We would therefore expect
that the a angle is about the same in the ordered and
disordered forms of reedmergnerite, and indeed we
find the diference to be only 0.lo (Bruno and Pen-
tinghaus, 1974, Table 7).

A discussion ofthe a angle variation is also given
by Blasi (1978). However, we reject his explanation
for reasons which will be given by Kroll in Tscher-
maks Mineralo gisch- Petro graphische Mitteilungen.

"Displacive changes" of the a and y angles due to
short-term heating at constant Al,Si order

If a topochemically and metrically monoclinic Na-
feldspar is rapidly cooled below Tuoou its c and 7 an-
gles increase from 90" to 93.5 and 90.3o respectively
at room temperatures (Fig. 4). These changes are
purely displacive in nature, as the Al,Si order is unaf-
fected. The structural reason for this a variation is
again found in the oxygen environment of the Na
atom in the (100) plane (compare Fig. l0). When the
thermal vibration of the Na atom becomes too small
with decreasing temperature to hold open the rec-
tangular oxygen anay,it collapses to an approximate
parallelogram, which causes c to deviate from 90o.o
This explanation was given independently by Megaw
(1974), Bruno and Facchinelli (1974), and is nicely il-
lustrated by Ribbe (1975, Fig. R-9).

The concomitant change in y is small (-0.25"), be-
cause no plane of Na-coordinaling oxygen atoms,
whose con-figuration might change, occurs in the
(001) plane. It is always found in topochemically
monoclinic but metrically triclinic feldspars (e.9.
analbite, anorthite) that c and y are both > 90o.
Kroll and Miiller (1980) give an explanation in terms
of volume changes: when a becomes > 90o the cell
volume decreases, other things being equal. A simul-
taneous decrease in 7 would counteract the decrease
in volume. An increase in 7, however, would support

a This idea was first drawn to the attention of one of us (H.U.B.)
by F. Laves in his lecture on feldspars held at Ztrich in the winter
rcrm of 1963/4.
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Fig. I l. Variation of a and 7 with temperature (a) when analbite
and high albite are rapidly heated, (b) when Na-feldspars are
heated through Al,Si equilibrium states. For further explanations
see text.
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it. Obviously this is the choice the crystal makes in
deciding in what direction y should change. We thus
consider its variation as a side effect of the primary
necessity of Na to adjust in its oxygen environment
on cooling.

In an albite crystal, the total deviation of a and y
from 90o is due to difusive and displacive changes.
The displacive changes are removed on short-term
heating. Hence we expect a to decrease with tempef-
ature, and from the interpretation ofthe change of y
as a side efect of the change of a we also expect y to
decrease (Fig. a). A closer look into the structure re-
veals that the temperature variation of 7 can be
related to the T-O-T angle variation within the
tetrahedral chains along [10] and [110]. Angles at
0-oxygen atoms occur only in [l 10], anglss at m-oxy-
gen atoms only in I l0]. Table 8 shows that in low al-
bite and analbite as judged from high albite' the an-
gles at OBm, OCm are both larger than those at OB0,
OC0. On heating, the "O-angles" increase, the "m-an-
gles" decrease. Thus the [ 10] repeat will increase,
the [10] repeat will decrease, and consequently 7
will become smaller. The increasing similarity be-
tween T-O-T angles at 0- and m-oxygen atoms is the
result of the overall tendency of the crystal to ap-
proach monoclinic symmetry on heating. The varia-
tion of 7 from 90o in albites is an apparently con-
tradictory consequence of this tendency. Besides
T-O-T angles, other factors such as tetrahedral tilting
and Na-O interactions will play a rdle in the varia-
tion of y. We have depicted the T-O-T angles, be-
cause their relation to y is easily visualized.

In Figure I I we summ anze the three possible and
principally diferent changes of c and 7 with temper-
ature in Na-feldspars:

(a) a,y variation in analbite due to rapid heating.
The size of a and y is solely determined by the dis-
placive changes, which decrease with increasing tem-
perature to become zero, when analbite inverts to
monalbite at Tooor, where c : y: 90o.

(b) o,y variation with equilibrium temperature T.o"u
: T*.,o, in equilibrated albites. The size of c and y in
albites depends on displacive as well as diffusive
changes. In Figure I I the diffusive hfluence Lt at ab
bitrary temperature is marked by heavy arrows.
Light arrows show the influence of the displacive
changes. 7 is almost completely dependent on difu-
sive changes, whereas a is dominated by displacive
changes. Both are acting in the same direction in the

s A room-temperatur€ structure refinement of a Na-feldspar
known to be analbite is not available in the literature.

Table 8. Temperature variation of T-G-T angles centered at the
pseudomirror-related oxygen atoms in the [ll0] and [ll0] chains

o fTandOatoms

R e f e r e n c e s 3

H A :  U i n t e r  e t  a l .  ( 1 9 ? 9 )

l Y l A !  l / i n t e r  e t  a 1 .  ( ' 1 9 ? 9 )

l n  ( z s o c ) :  l J a i n u r i g h t  ( i n  s m i t h ,  1 9 ? 4 )

L n  ( g r o o c ) i  L J i n t e !  e t  a r .  ( 1 9 7 ' 7 )

H A  =  h i g h  a l b i t e ,  l v l A  =  m o n . l b i t e '  L A  =  l o u  a l b i t e

case of d, tending to increase it, but work in opposite
directions in the case of y. At T.q"o : Tdtn the a and y
angles reach 90o and high.albite inverts to monalbite.

(c) o,y vaiation in albite due to rapid heating. OnIy
the displacive part of the "triclinicity" decreases on
rapid heating. The lepnining difusive portion pre-
vents d and y reaching 90o. This becomes immedi-
ately evident from a comparison of high albite at
high temperatures with high microcline at room tem-
perature. The a and 7 angles of both feldspars
slightly deviate from 90o, a being larger, 7 smaller
than 90", because the diffusive changes tend to in-

93

92

90
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9 0

8 9

r100700
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crease d and decrease y by mechanisms which were
explained above.

Influence of K-substitution on a and y

Entrance of K into the Na-feldspar structure re-
duces the displacive part of the 'triclinicity," leaving
the di-ffusive portion constant, a behavior which is
similar (though not identical) to an increase in tem-
perature. As a consequenoe, d and y both become
smaller in the analbite-high sanidine series with pro-
gressive K-substitution (Donnay and Donnay, 1952;
Laves, 1952b) to reach a: y:90" at Or-ru.

In the metastable low alkali feldspar series (Or-
ville, 1967) 7 also becomes smaller between Oro
(87.7") and Or-oo (87.6'), because the displacive
changes are successively removed, and then starts to
increase and reaches 87.7" ra microcline and 88.05"
in Rb-microcline (Bruno and psilinghaus, 1974).
From this behavior we would expect 7 to increase
slightly when microcline is heated, in accordance
with the results of Henderson (1979).

The a angle decreases rapidly in the low series be-
tween Oro (94.1') and Or-* (91.8'), which is also due
to the decreasing displacive changes, and then levels
off towards Or,oo (90.65"). It reaches 90.51" in Rb-
microcline (Bruno and Pentinghaus, 1974). The mea-
surements of Henderson (1979) confrm the ex-
pectation that the change of c is very small when mi-
crocline is heated.

The change in 7 due to substitution of the alkali
cation is considerably smaller than the change in c,
in analogy to a variation in temperature. This is
merely another consequence of the fact that changes
of y are maidy diffusive, those of a mainly displacive
in nature.

To^o; ils relation to T.o,u and To,

From a comparison of the variation of Al site oc-
cupancies with temperature in K- and Na-feldspar
(Fig. 5 of Laves, 1960, in Smith, 1974,I,p.423, and
Fig. 2 of Kroll, l97lb), it can be seen that the topo-
logy of both "ordering diagrams" is similar below the
microcline/sanidine and low albite/high albite tran-
sitions. The main difference is the occurrence of the
high albite region between low albite and monalbite
at about the same temperatures where sanidine is
found in the K-feldspar diagran. The reason is obvi-
ously found in the "effective size" of the Na atom,
which is too small at the low to high albite transition
to expand a (potentially) topochemically monoclinic.
framework to monoclinic geometry. Hence a triclinic
Al,Si distribution is retained, because in a triclinic

cell the four symmetrically non-equivalent tetrahe-
dral sites are encrgetically different and are thus oc-
cupied by Al in different amounts. Controlled by the
size of the Na atom, which is effectively growing with
increasing equilibrium temperature, the Al,Si distri-
bution becomes ioslsa5ingl] disordered, until at [-
: 978"C the Na atom is large enough to expand a
framework to monoclinic geometry, which at the
same point is allowed by the same reason to become
topochemically monoclinic. We exclude the possi-
bility that a stable analbite might exist at temper-
atures T ) To*, i.e. we assume that in equilibrium
with temperature triclinic geometry and monoclinic
topochemistry are mutually exclusive in alkali feld-
spars. This does not affect the possibility that anal-
bite may be found metastable at T > Tu*.

Figure 8 shows that Z*' varies directly with [o",,:
the lower T"o"n, the lower [*o,. The reason is found
from a discussion of structural variations: in a topo-
chemically monoclinic feldspar Al migrates at equal
rates from T, into T, tetrahedra as the equilibration
temperature is decreased. The OAI oxygen atoms
bridging two T, tetrahedra become successively un-
derbonded, while the OA2 atoms located between
two T, tetrahedra become overbonded. For com-
pensation the A-OAI distances decrease, whereas
the A-OA2 distances increase. as seen with the un-
heated and heated sanidine crystals of Weitz (1972).
The A atoms, which are situated slightly above the
plane of OB,OD atoms (Fig. l0), move closer to the
plane. Consequently, in case of (K) monalbite a
quench to (K-) analbite will result 1o 

"o 
o angle

which becomes smaller the closer the Na atom ap-
proaches the OB,OD plane, i.e. the more ordered the
(K) monalbite is. As a side effect y will also de-
crease, but to a lesser extent. This behavior is nicely
seen with the Orro and Orro samples (Table 2a),
which were equilibrated between 950o and 750oC as
topochemically monoclinic feldspars.

The smaller the room-temperature deviation of a
and 7 from 90o in such a sample, the lower will be
the temperature Zu*o, and the lesser the Or content of
Oru,"o, necessary to reach monoclinic symmetry. The
observed decrease of To*o, and Oro,"o, with Z*- is
thus a consequenoe of the movement of the Na,K
atom towards the center of the plane of OB,OD oxy-
gen atoms, with increasing Al occupancy of the T,
tetrahedra.

Based on this reasoning, we will discuss the rela-
tion between [- and Zoon,. Figure 8 shows that mon-
albite equilibrated at I l00oC would invert to anal-
bite at T) To,r, whereas K-monalbite with Or > 12
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molTo would invert to K-analbite at T < fdff. It fol-
lows from the mere existence of the displacive trans-
formation that the ability of Na to expand a topo-
chemically monoclinic framework to monoclinic
geometry (its "effective size") is greater than neces-
sary at Z ) Io*o, and smaller at T < Tai"pr, as sche-
matically shown in Figure 12. As explained above,
the distance of Na to the OB,OD plane is expected to
become larger on disordering of monalbite. On
quenching through the monoclinic region, at each
temperature this distance would be greater than on
ssoling through equilibrium stages. Hence the "size"
of Na necessary for expansion has to be greater in
non-equilibrated than in equilibrated Al,Si distribu-
tions. It will follow a curve (2) not as steep as the
equilibrium curve (l) and will therefore meet the
"potential size" curve (3) at ["o' > Zo-. Figure 12
also shows that [*o' decreases with [o"* until at the
intersection point of the two curves T*"u : faoo, :

?i,* From this consideration we would expect that in
pure Na-feldspar the monalbite -+ analbite inversion
would occur always at To*0, ) To* in agreement with
the results derived from the equation given in Figure
8. This might clarify the statements given by Smith
(1974, I ,  p.301).

When analbite is held at temperatures T < Zu* it
changes to albitq when it is held at T > ?i* it will

Ioirt Toispt T e q u i t , T d i s p t  +

Fig. 12. Hypothetical temp€rature variation of the "effective
size" of the Na atom. Curves (l) and (2): Na "size" trecessary to
cxpand a topochemically monoclinic framework to monoclinic
geomgtry, if the Al,Si distribution is in equilibrium (curve l) or
non-equilibrium (curves 2) with temperature. Curve (3):
"potential Na size", comparable to the "no-rattle" limit (Bloss,
1971, p.234).

change to monalbite by rearrangement of its topo-
chemically monoclinic Al,Si distribution and by
movement of Na towards the OB,OD plane, so that
Na regains its ability to expand the framework.

The reasoning from which we expect that in Na-
feldspars fu*or 2 ?o* should also apply to Or-con-
lxining alkali feldspars. However, we observe that
with increasing Or content, Zooor becomes increas-
ingly lower than ?i- Gig. 8); for example, a sample
of Or,o prepared just above Tair: 786"C would dis-
placively become monoclinic at -725"C- The same
sarnple quenched to, say, 750'C would still be mono-
clinic: however, on further annealing, it would dif-
fusively become triclinic, even though the average ef-
fective size of the Na,K atom should be sufficient to
ensure monoclinic cell dimensions. The explanation
may be that within the Na,K fluctuations in the
mixed crystal, Na-rich regions dominate and might
initiate the development of triclinic topochemistry at
temperature To. ) Io^o,.

Practical distinction between high albite and analbite

Inspection of Figure 2 would suggest that at least
the 7 angle is suitable for a distinction between high

albite and analbite. \try's think that this is true only if
a series of Na-feldspars is prepared from the saFe
starting material s5ing the same experinental proce-

dure, and if the lattice constants are determ.ined us-
ing the same X-ray and data processing techniques.
Any deviation from these conditions may lead to an
overlap of analbite and high albite room-temperature
lattice parameters, as was demonstrated by Prewitt et
al. (1976). However, if for a given Na-feldspar crystal
y is found to be >90.25" or Al3l :20(l3l)-2d(l3l)

(CuKa,) to be >2.00o, we expect this crystal to be
analbite. Similarly, if y < 90.18o or Al3l < 1.95 one
probably deals with high albite. Data that fall in be-
tween these values do not allow a distinction. We
therefore suggest that any previously proposed values
of y and A I 3 I assumed to uniquely separate high al-
bite from analbite be abandoned. The possibilities
and fallacies in distinguishing from high-ts6psm1u1s
data are discussed previously. Optical data such as
the optic axial angle 2V, provide another means of
distinction. 2V, :48" is the approximate upper
value for analbite, whereas high albite may also have
smaller values of 2Y,, due to fine-scale twinning
(Kroll, l97la; Stewart, 1974; Tr<iger,1979, p.126).

In cases where high albite and analbite cannot be
distinguished, we suggest the term *highly disordered
Na-feldspar" to express the ambiguity. Such pure

Na-feldspars are usually prepared artificially; be-
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cause of their K content, the natural feldspars are
usually rricro- to crypto-antiperthitic, and in addi-
tion micro- to cryptotwinned. If it is not clear
whether K-analbite, K-high albite, Na-sanidine, etc.,
are present within the morphological unit, we suggest
the term "anorthoclase" (Bambauer, 1963) be used.
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