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A further study of analcime solid solutions in the 
system NaA1Si308-NaA1SiO4-H20, with 

particular note of an analcime phase transformation 

KI-TAE KIM* AND B. J. BURLEY 

Department of Geology, McMaster University, Hamilton, Ontario, Canada 

SUMMARY. The stability field of analcime solid solutions 
in the system NaA1Si3Os-NaA1SiO4-HzO has been 
previously determined by Kim and Burley (i 97 Ia). These 
experiments are re-examined with a view to determining 
the variations of the room-temperature cell parameters 
of analcime as a function of temperature of synthesis and 
composition. It is shown from this evidence that most of 
the analcime solid solutions in these experiments are 
equilibrium compositions. The increase in the cell dimen- 
sion of quenched analcime solid solution is found to be 
5 •  -5  A/~ It is suggested that birefringence in 
analcime is induced by low water-pressure relative to 
total pressure. A phase transition appears to be observed 
in quenched analcimes of this study and is thought to be 
the same as that in the Golden analcime reported by 
Yoder and Weir (I96o). 

THE mineral analcime is classified chemically and 
structurally as a zeolite. In common with these 
minerals it has a very open structure. The structure 
of analcime (Taylor, i93o ) is one of the most 
unusual known, with sixteen sodium atoms distri- 
buted over twenty-four sites. Chemically it has a 
wide range of composition. Petrologically it has 
an unusually wide range of occurrence, crystallizing 
authigenically, being found in the zone of dia- 
genesis, occurring in the zeolite facies of meta- 
morphism, being found commonly in alkaline 
igneous rocks, and is also reported to crystallize 
directly from igneous melts at high pressures asso- 
ciated with mantle conditions (Pearce, t97o; 
Ferguson and Edgar, I978; Woolley and Symes, 
I976 ). In this respect it is quite different both from 
other zeolites and also its potassium analogue 
leucite, as their formation is strongly inhibited by 
pressure, and their fields of stability disappear at 
moderate to low pressures. Thus an understanding 
of analcime mineralogy and chemistry is an invalu- 
able background to understanding its petrological 
occurrence. 

* Present address 34o5 Keystone Ave., no. 2, Los 
Angeles, CA 90o34, USA. 

~) Copyright the Mineralogical Society 

A further intention of the present study is to 
examine the equilibrium relationships of analcime 
solid-solutions which are well known to have an 
extensive range of composition both in synthetic 
and natural occurrences. The data of Kim and 
Burley (I97ia) is re-examined and new data 
recently obtained is discussed, shedding light on 
the manner in which analcime cell parameters vary 
with composition. An increase in the cell dimension 
of quenched analcime, which is possibly due to 
disorder phenomena, is noted, as well as a possible 
quenched high-pressure polymorph. This phase 
transition is perhaps related to that reported by 
Yoder and Weir (I96o) occurring in analcime from 
Golden, Colorado. 

All of the synthetic analcimes studied in this 
work have been taken from the run products of 
our previous work (Kim and Burley, 1971 a). Lattice 
parameters of these analcime solid solutions have 
been determined using the method of Saha (t959), 
i.e. measuring A20 (An1639-Si331) using Cu-K~ 
radiation. Each of the A20 values presented in the 
tables is an average of from I5 to 3o measured 
values. It is believed that the errors of the A20 
measurement are all within _ 0.02 ~ however, most 
of them are within +o.oI ~ Accordingly, the unit 
cell edges given in the table are believed correct to 
+ o.oo3 A. Most are correct to within o.oo2 A. The 
experimental data are sorted and classified on the 
basis of two factors, run-pressure and phase asso- 
ciation, and are presented in four tables (Tables 
I-IV). For information on the physical conditions 
of the runs see Kim and Burley, r97ra. Negligible 
to trace amounts of birefringent cryptocrystalline 
material were sometimes observed in the run 
products; this is considered to be a quench product 
from the vapour phase and is neglected. The 
analcime crystals synthesized in the runs are mostly 
trapezohedral, a few are cubic and somewhat 
rounded. Grain sizes are mostly within the range 
o.o5-o.7 mm, the most frequent being about 
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0.3 mm. All the analcimes synthesized in the 
presence of excess water vapour are optically 
isotropic without exception. 

Burley and Freeman (I959) investigated the 
temperature dependence of quenched analcime's 
cell dimension. They found no significant change 
in the quenched analcime cell size as a function of 
synthesis temperature. During the period of pre- 
vious work carried out by the authors (Kim and 
Burley, i97ia  ) it was noticed, however, that a 
portion of the thermal expansion of analcime did 
appear to be retained through quenching experi- 
ments. It is possible that this frozen-in expansion 
may be related to disorder in the crystal structure. 
Mazzi and Galli (I978) have shown recently that 
every analcime is slightly different from every other 
analcime. They report a cubic, an orthorhombic, 
and two tetragonal structures existing. They relate 
these structures to the A1-Si ordering caused by 
differing occupancies of the Na site. Burley and 
Freeman (I959) in their study of temperature- 
induced variation in analcime used the parameter 
AZ04o0-211 of analcime but it appears that the 
parameter used in this study A20 (An1639-5i331) 
Cu-Kc4 first used by Saha (I959) is more sensitive 
to small changes in lattice parameters. 

A contoured diagram of analcime cell para- 
meters has been constructed on the isobaric T - X  
phase diagram at z kb (fig. 1) using data from Table 
I. Volume increments of quenched analcime para- 
meters may be observed with increasing run- 
temperatures. A zone of discontinuity joins the two 
points (34o ~ Ab74Nez6) and (4o7 ~ Ab42Ne58). 
This discontinuity in the analcime cell parameter 
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FIG. I. Contours of constant cell dimension of analcimes 
coexisting with water vapour at 2 kb as a function of 
temperature and composition. See Table I for details of 

the run numbers. 

is tentatively attributed to a polymorphic phase 
transition. 

In order to better illustrate the temperature- 
related cell parameters of analcime and its possible 
phase transition, fig. z has been prepared. The data 
available in Table I are plotted on a plane diagram 
with two coordinate axes, one the lattice para- 
meters of analcime and the other run-temperature. 
The anhydrous composition of each analcime and 
its corresponding approximate chemical formula 
derived by Kim and Burley (I97xc) are given on 
the diagram. To a first approximation, the relation- 
ship of quenched analcime lattice parameter versus 
run-temperature may be considered a straight line 
for a given composition. The increase in the cell 
dimension of quenched low-temperature analcime 
is about 5 x Io -5 A/~ depending slightly on its 
specific composition. A similar linear change in cell 
parameter of quenched analcime with temperature 
of formation was noted by Liou (I 971) for analcime 
of idealized composition (NaA1Si206-H20) and 
synthesized at 2 kb H20  pressure, and varying 
temperatures from 350 to 60o ~ Liou obtained 
a change in the analcime cell dimension from 13.713 
to I3.736. However, it is not possible to synthesize 
analcime of composition NaA1Si206" H20 in this 
temperature range and pressure (see fig. 7), since 
under these conditions the composition is in the 
phase field analcime + albite + vapour. Hence Liou 
must have also been synthesizing a small amount 
of albite, and the change in the cell dimension he 
observed was due to the change in the analcime 
composition along the phase boundary. It is 
interesting to note that the change in cell dimen- 
sions to be expected under these conditions is 1.7 I4 
to 1.732 (see fig. 2), very close to what in fact Liou 
observed. Pertsowsky (I973) also reported a varia- 
tion in cell dimension with temperature for anal- 
cimes of widely varying compositions, synthesized 
at a pressure estimated to be between 800 and I ooo 
bar water pressure. However, a similar criticism of 
Pertsowsky's work can be made, as was made of 
Liou's, since some of Pertsowsky's syntheses were 
made in the field of analcime + nepheline hydrate + 
vapour, some in the field of analc ime+albi te+ 
vapour, and some in the field of analcime + vapour. 
The composition of his analcimes were therefore 
definitely not what he assumed them to be. 

The increase in the quenched-cell dimension of 
the high-temperature form of analcime shows 
greater variability depending on its composition, 
see fig. 2. At approximately 376~ at 2 kb there is 
an apparent negative difference in the unit cell 
volume between the low- and high-temperature 
forms of analcime of composition NaA1Si206- 
H20  of 3.5 h3, which is about 27 ~ of the negative 
volume change reported by Yoder and Weir (I96O) 
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for analcime from Golden undergoing a transition 
at 84o0 atm and 25 ~ Of course, it is to be 
emphasized that the volume change reported by 
Yoder and Weir was measured at the conditions 
of the transition. 

It is to be noted that Yoder and Weir felt that 
the volume discontinuity reported by them could 
not be evaluated with great precision because it 
occurred over a finite pressure range. This would 
be impossible, of course, for a first-order transit ion,  
unless there was a two-phase region due to solid- 
solution effects. Yoder and Weir also felt that the 
transition noted by them was nonquenchable, but 
later reported that certain of their analcimes 
showed birefringence which they thought may be 
due to lower symmetry induced by the transition. 
In other words, the transition may have been 
quenchable. It is difficult to evaluate Yoder and 
Weir's results, but it is, of course, probable that 
the nature of the transition varies with the composi- 
tion of the analcime. Another interesting factor is 
that Yoder and Weir noted abnormal compressi- 
bility (fl) in natural analcimes, i.e. ~)T > O, a 
property found in only very few substances. 

Because of the similarity of Yoder and Weir's 
results with those of the authors the data of Yoder 
and Weir have been collated tentatively with the 
authors' data to produce fig. 3- The negative slope 
of the P - T  curve of the transition, combined with 
the negative volume change of the transition, 
requires that the high-pressure analcime have a 
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higher entropy than the low-pressure phase. This 
somewhat anomalous entropy effect may be corre- 
latable with the anomalous compressibility noted 
by Yoder and Weir. The transition may also, of 
course, be complicated by the effect of varying other 
components, e.g. K20,  CaO, etc. that occur in 
natural analcimes, which Yoder and Weir were 
studying. 

It is possible that the volume discontinuity in 
analcime reported in this study may not be due to 
polymorphism. The two most likely other causes 
are: (i) a dehydration reaction; (2) compositional 
deviation of the analcime from the starting com- 
position due to incongruent solubility of the solid 
in the water vapour. 

The first possibility was tested by measuring the 
H20 content of three analcimes synthesized at 
PH2o = 2 kb by using a technique modified from 
Kennedy et al. 0962), see Kim and Burley 097zc) 
for details. The results were as follows: 

(a) The H20 content of analcime Ab64.sNe35.2 
(NaA1Si206-H20) was the following: 8. 7 wt ~ at 
I69 ~ 8.2 w t ~  at 233 ~ 7-5 Wt~o at 358 ~ 
8.3 Wt~o at 39 ~ ~ and 8.o Wt~o at 413 ~ 

(b) The H20  content of analcime (Ab49.2N%o.8) 
was the following: 7-4 w t ~  at 25o ~ 7.6 wt% at 
347 ~ 8.2 wt % at 444 ~ and 8.3 wt % at 472 ~ 

(c) The water content of analcime (Ab43.sNes 6.5) 
was the following: 7.5 wt% at 3oo ~ 7.1 Wt~o at 
347 ~ 7.3 wt % at 379 ~ and 7.8 wt % at 42o ~ 
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The results show that the water content of 
analcimes decrease up to the transition tempera- 
ture. Above the transition temperature the anal- 
cimes have an increased water content. It is thus 
unlikely that the negative volume change ex- 
perienced at the transition can be explained by this 
change in water content. On the contrary, it seems 
necessary to invoke a structural change. 

The second possibility that there is incongruent 
solubility of the solid in the vapour phase, thus 
changing the composition of the analcime, requires 
close examination, since no attempt was made 
during the experiments to determine the quantity 
of the dissolved solid in the vapour. Table V reports 
some data taken from the literature pertinent to 
this problem. It is seen from these data that at 
pressures between 1 and 7 kb the system 
NaA1Si3Os-NaAISiO4-H20 is essentially ternary. 
The data indicates that the dissolved solid in the 
vapour is only slightly increased in quantity 
towards NaA1SiO4 relative to the bulk composi- 
tion. It is believed that the composition of the solid 
dissolved in the vapour in these experiments is 
negligibly different from the starting compositions, 
and cannot therefore be a cause of the discontinuity 
noticed in the cell dimensions. 

Birefringency of synthetic analcimes. Yoder and 
Weir (ibid.) observed that analcime became bire- 
fringent after it had been transformed to a denser 
form, whereas the quenched denser form observed 
in this study is completely isotropic, and in fact all 
of the analcimes synthesized in the presence of 
excess water appear optically isotropic. 

To test the effect of a drier environment, four 
runs were made without excess water. Two of these 
runs using analcime (NaA1Si20 6 �9 H20) as a start- 
ing composition were run at 2.o3 kb and 3oo ~ 
for 27 days, and two runs using analcime 
(NaA1Si308' 1.5H2 O) were run at 2.03 kb 249 ~ 
for 27 days. All these runs were without water 
added. The results are that in the first two runs 
one-third of the analcime grains show a weak 
uniform birefringence, whereas in the latter runs 
all of the analcime grains show weak birefringenee. 
The X-ray powder patterns of all these analcimes 
show no discernible difference from those made 
before the experiments. 

Klein (x 897) and N~ray-Szab6 (1938) both attri- 
buted birefringence in analcime to the loss of water. 
Klein reported that analcime became birefringent 
and the degree of its birefringence was increased 
by the loss of water caused by heat treatment either 
in a dry atmosphere or in the presence of water 
vapour. Br6gger (I89O) pointed out, however, that 
analyses of L~ven eudnophite showed no deficiency 
in water content, Eudnophite is a birefringent 
twinned analcime, first described and named by 

Weibye (I85O), Stewart (i94I) studied analcime 
collected from a quarry at Allt a'Mhuillin, Loch 
Borralan, Assynt, Scotland, and noted the simi- 
larity of the optical anomalies of the Allt a'Mhuillin 
analcime to the L~ven eudnophite, and suggested 
as a conclusion that the optical anomalies of 
analcime may be due to strain during crystalliza- 
tion. Yoder and Weir (I96O) concluded, 'The anal- 
cime (Golden, Colorado, USNM84842 ) exhibiting 
the transition showed an increase in birefringence 
after compression, which is attributed either to 
strain induced by the volume discontinuity or to 
a possible lower symmetry of the high-pressure 
form.' Yoder and Weir thought that the transition 
was not quenchable and did not explain their 
conclusion that the birefringence could be due to 
a lower symmetry exhibited by the high-pressure 
form. It is possible that in fact the transition they 
noted was partially quenchable. The present 
authors, of course, are reporting a quenchable 
transition. The actual nature of the transition may 
vary somewhat depending on the composition of 
the analcime being studied. What is certain though 
is that many analcimes showing birefringence, 
including those reported in this paper, have not 
been subjected to conditions appropriate to the 
transition, although they have undergone some 
structural modifications. The authors conclude 
that birefringence in synthetic analcime is attribut- 
able to dry compression, possibly resulting in 
lattice strain. Such analcimes may have the struc- 
tures reported by Mazzi and Galli 0978). 

Equilibrium composition of analcime solid solu- 
tion. The two isobaric (2 kb and 5.I5 kb) sections 
in the system NaA1Si3Os-NaA1SiO4-H20 which. 
had been determined in our previous work (Kim 
and Burley, I971a ) using a bulk-composition 
method, have been re-examined, using the X-ray 
composition method of the present study, with 
especial emphasis on the analcime stability fields. 

Coombs and Whetten (1967) have shown that 
the relationship between the lattice parameter of 
analcime and its composition in the range of 
composition from NaA1Sil.sO5 to NaA1Si30 s is 
not strictly linear. Saha (1959) reported that the 
water content of analcime is linearly proportional 
to its SiO2 mole ratio, whereas Kim and Burley 
(I97Ic) demonstrated, using the techniques of 
Kennedy et al. (I962) with some modification, that 
the H20-content of analcime is generally propor- 
tional to its SiOz/A1203 mole ratio, but it is not 
linearly related to either SiO2 or A120 3. 

To incorporate new data reported in this paper 
and because the relationship between A20 (An1639- 
Si331) and the composition of analcime solid solu- 
tions is not strictly linear, the X-ray parameter 
versus composition curves are reconstructed in figs. 
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4 and 5. The determinative curves have been further 
classified on the basis of the phases associated with 
analcime. Each of the five curves is characterized 
by a unique three-phase assemblage and represents 
a relationship of the lattice parameter and the 
composition of analcime solid solution co-existing 
with one of the other crystalline phases, albite, 
nepheline, nepheline-hydrate I, and zeolite species 
P in the presence of excess water vapour. Thus the 
X-ray composition-determinative curve is no 
longer a single line, because of the effect of tempera- 
ture etc., but a zone bounded by several characteri- 
stic curves of these differing phase associations. 
The area enclosed by these five curves represents 
the lattice parameter-composition relationships of 
analcime solid solution co-existing solely with 
water vapour. The present data are in reasonable 
agreement with a number of previously reported 
results, particularly with those of Coombs and 
Whetten (i967), see fig. 6. 

Using the X-ray composition-determinative 
curves shown (figs. 4 and 5), the compositions of 
the analcime solid solution associated with three 
of the other phases have been determined from the 
A20 values given in Tables III  and IV and shown 
in figs. 7 and 8 respectively. The stability fields of 
analcime solid solution determined firstly by the 
method of bulk composition and secondly by X-ray 
parameter determination agree reasonably well 
with minor exceptions. The minor exception occurs 
at the phase boundary at 2 kb between albite + 
analcime + vapour and analcime + vapour (see 
fig. 7). It appears that reactions in these regions 
are sluggish, and the structures do not reach 
equilibrium readily. It is known that natural anal- 

cimes of composition NaA1Si206.H20 exsolve 
albite when heated much above 400 ~ For  this 
reason the authors favour the boundary deter- 
mined by the bulk-composition method. It may be 
assumed therefore that generally the analcime solid 
solutions have assumed their equilibrium composi- 
tions, and this confirms the T - X  sections deter- 
mined by Kim and Burley ([97Ia). 

Conclusion. It is reported that analcime exhibits 
unusual, anomalous compressive and thermal 
changes at elevated pressures and temperature. 
These changes culminate in a phase transformation. 
It is probable that this behaviour, which will result 
in unusual thermodynamic characteristics, explains 
analcime's unusually widespread occurrence in a 
variety of geological environments. The phase 
transformation has been characterized for a variety 
of compositions at a constant pressure and it is 
believed correlatable with a transformation 
reported by Yoder and Weir. The correlation 
between unit cell parameters and composition for 
a wide range of analcime solid solutions has been 
made and used to demonstrate that previous work 
by Kim and Burley is correct within reasonable 
error. Birefringence in analcime is believed to be 
a result of lattice strain caused by relatively dry 
compressions. 

It is probable that natural analcimes are unlikely 
to show evidence of this phase transition, because 
there is evidence that analcime appears to re- 
equilibrate at lower temperatures and pressures 
somewhat easily (Woolley and Symes, I976). 
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FIGS. 7 and 8. FIG. 7 (top). T - X  diagram of the system NaA1Si3Os-NaA1SiO4-H20 at 2 kb fluid pressure, with 
phase boundaries determined by bulk composition method (Kim and Burley, 197 Ia) solid line, and by X-ray parameter 
method (this work) dotted line. FIG. 8 (bottom). T - X  diagram of the system NaAISi3Os-NaAISiO~-HzO at 5-15 kb 
fluid pressure, with phase boundaries determined by the bulk composition method (Kim and Burley, i971a ) solid 

line, and by X-ray parameter method (this work) dotted. 


