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ABsrRAcr
Analcite melts incongruently to albite, nepheline and liquid above an invariant point at

4.75+.25 Kb and 665+5" C. in the system NaAlSirOrNaAlSiO+-H:O. At the invariant
point analcite has an anhydrous composition Ab5sNe56 and the liquid has ananhydrouscom-
position AbssNeu, containing 15.5+0.5o/a H:O. The position of the five univariant reaction
curves, meeting at the invariant point were determined between 1 and 10 Kb. The composi-
tion of the low melting liquid is enriched in nepheline and water with increasing pressure.
At 6 Kb and 6750 c. 5-107a solid phases are dissolved in tbe vapor phase. All five phases lie
on the join NaAlsiorNaAISLo8-H2o. rnfrared absorption proved to be a less sensitive
method for evaluating the analcite composition than a-ray difiraction. preliminary in-
vestigation of the efiect of adding potassium to the system showed that analcite and liquid
can coexist at 2.3 Kb and 650o C. Small amounts of potassium (abont2/6 KzO) can be taken
up by the analcite solid solutions.

rt is suggested that analcite phenocrysts in some extrusive and hypabyssal rocks can
form in the small temperature region where analcite coexists with liquid and that ground-
mass analcite could crystailize from differentiates of alkali-rich maamas within the experi-
mentally determined stability field of analcite.

INrnonucrroN
Analcite was long thought to be only a secondary mineral alter

sodalite or nepheline (Rosenbusch, 1908). Later the textural relations
convinced most petrographers (Osann, 1923; Washington, 1914; Larsen
and Buie, 1938; Lyons,1944; Scott, 1916) that it could be a primary
igneous mineral. The principal purpose of this study was to determine
experimentally whether or not analcite is stable to high enough tempera-
tures and pressures to coexist with magmatic liquids.

The PT curve for the decomposition of analcite according to the reac-
tion analcite:nepheline+albite*V extends to higher temperature as
the pressure is increased and the Pt curve for the beginning of melting in
the system nepheline-albite-water, according to the reaction nephelinef
albitef vapor:liquid, extends to lower temperatures as the pressure is
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MELTING OF ANALCITE SOLID SOLUTIONS 737

increased. The intersection of these two curves wil l generate an invariant
point as described by Morey (1957). Furthermore, he demonstrated that
the nature and position of the univariant curves extending to higher
pressures is determined by the composition of analcite, l iquid and vapor
at the invariant point.

AcrNowr,nnGEMENTS

We would like to acknowledge financial support provided by the
National Science Foundation. One of us (Tj. P.) expresses thanks to the
Swiss National Science Foundation for a post-doctoral fellowship. Dr.
R. F. Fudali provided starting materials for studies in the presence of
KzO. Professor J. B. Thompson, Jr., Harvard University, very kindly
supplied specimens of analcite-bearing rocks. Prof. D. S. Coombs re-
viewed the manuscript and made many suggestions for improvement.
F. M. Gross and R. Z. Small provided very capable assistance in the
maintainence of the high-pressure facilities.

ExpBnruBNrAL METHOD

For the present study two sets of starting materials were used. One set
consisted of most of the glasses used by Saha (1959). These glasses had
been made partly by fusing gels, prepared by the method of Roy (1956)
and partly by iusing different mixtures of NaAlSiOa and NaAlSieOa
glasses. The second set consists of gels prepared by the method described
by Luth and Ingamells (1965). These gels were made into glasses by re-
peated fir ing and grinding. The results obtained from both sets of glasses
were in good agreement.

Weighed amounts of glass or crystall ine material were sealed in gold
capsules and run in cold-seal pressure vessels, described by Tuttle (1949)
and Luth and Tuttle (1963). Pressures above 2 Kb were measured by a
Harwood manganin cell, giving pressures reproducible to *0.2 Kb. A
Honeywell-Brown circular scale indicating temperature controller was
used to control the temperature which was measured by a Honeywell-
Brown circular scale indicating potentiometer. The temperature is be-
lieved to be reproducible to within +50 C.

The run products were examined with a petrographic microscope,
r-ray diffraction and in some cases by infrared spectroscopy. For the
latter a Perkin Elmer Model 21, using NaCl and KBr prisms and a Beck-
man DK2A spectrograph was used.

RBsur,rs

Cryslall ine Phoses

a. Analcite solid. solutions crystallize over a wide range of composition
and temperature as has been shown by Barrer and White (1952) and
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Saha (1961). The analcite crystals obtained in the runs were isotropic
and had, under the microscope, almost circular outlines with a diameter
of about 40p. In one run clear icositetrahedra crystall ized with a diameter
of 1-2 mm. Saha (1959, 1961) showed that the index of refraction and the

T,q.sr,n 1. Vrturs lon 2georrorgl-29st<rrt>(A) lon Cu Kar
lon Drllrnrxt ANnrcnr Couposrrtoxs

a) Values determined in the present study b) Values determined by Saha (1961)

a) Anhydrous Composition

Mol. Ratio Si Ab Ne Lino20 Mol. Ratio Si Ab A, in o20Ne

6.00+
J 4 I

5 0 1
5 .00*
4 3 2
4 .02
4.00*
3 75*

Abroo Neo
Abg r Nes o
Ab& s Ners r
Absn z Ner: s
Abrr t Nezr z
Abou: Neu z
Abca r Neil s
Abrs e Nelr r

A b r r r  N e r t ,  1 7 2
Ab . ru  Nenz r  1 .645
Abun Nent e 1.64
Abnsz  Ne . r r  1 . 585
Abn ru  Ne r+n  1 .57
Ab :s :  Neooe  1 .545
Ab :s r  Neu , r  1 .55

2 . r 8
2 0 8
1 .995
1 . 9 9
1 .83
l .  / . )

1 . 8 0
L I L

5 .  l +

3 50*
3 . 4 9
3 . 2 5
3.25*
3 0 2
3.00x

* Glasses used also by Saha (1961).

Standard deviation +0.03o.
Equation of the line 0.875+0.222X.
Variance of slope 1.1'10-5.
Variance of intercept 1 9.10-4.

b) Anhydrous Composition

Mol. Ratio Si Ab Ne A,in"20 Mol .  Rat io Si Ab Ne L in "20

6 0 0
5 .00
4 0 0
3 . 7 5

Abtoo Neo 2 123
Aba rz  Ne , r r  1 . 940
Abuu r  Ne&s  1 .763
A b a s s  N e m r  1 . 7 7 0

Nerz. .  1 .680

Nesn r  1 .610
Neor.n 1.540

3 . 5 0
3 . 2 5
3 .00

Abs: e
Ab* o
Ab:e r

Standard deviation +0.03o.
Equation of the line 1.020+0.185X.
Variance of slope 1.1.10-4.
Variance of intercept 2.10-3.

cell edge of analcite solid solutions changes with the chemical composi-
tion. The variation in the cell edge can be used as a sensitive method to
evaluate the chemical composition of the analcite. For this, the displace-
ment of the Cu Ka1 peak of the (639) reflection is measured against the
Cu Kar peak of the (331) reflection of a sil icon standard. In Table 1,
these values are given for analcites crystallized from the two different
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sets of glasses, together with those obtained by Saha (1961). The equa-
tions for the best fitting lines for Saha's data and those of the present
study were calculated for the analcite solid solutions between NazAlzSio
Ore .nHzO and NasAIzSiaOro.nHzO (Fig.  t ) .

Analcite crystallized from compositions with less silica than NazAlz
SiaOro showed no further displacement of the (639) reflection, although
no phases in addition to analcite were found. The analcite lattice does
not seem to be able to expand beyond this point. It is hardly a coinci-

2.30

5 22o-
I

4
MOL RATIO SiO,

Frc. 1. Analcite determinative curve (after Saha, 1961) used in this study (Table 1).
Mol ratio SiO2:po1".rr1ur ratio SiOz:NazO.

dence that, in nature, at this composition, natrolite occurs. ft has not yet
been possible to synthesize natrolite.

Infrared spectra of analcite solid solutions were made to see how the
spectra are affected by the NaAl:Si substitution and to see if this
method could eventually be used for the determination of the analcite
composition. The absorption bands obtained from different analcite
soiid solutions are l isted in Table 2. Most bands do not seem to be greatly
affected by the changing analcite composition, but a few are: The band
in the 9-10p region shifts toward longer wave lengths with decreasing Si
content due to the substitution of AI for Si. In the 14pr region the Si-rich
and Si-poor analcites have somewhat dif ierent bands. The band at l6p.
also shifts toward longer wave lengths with decreasing Si content. These

o
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results show that infrared spectroscopy is not as well suited for the de-

termination of the analcite composition as tr-ray diffraction.
b. Nepheline solid solutions commonly crystallize in short hexagonal

prisms, but more commonly in fine grained aggregates and then could

only be distinguished from albite by r-ray diffraction. The extent of

nepheline solid solution in this system was determined just below and
just above the invariant point at 5 Kb 645o C. and 6 Kb 670o C. respec-

tively. Different H2O contents were used to minimize the influence of loss

to the vapor phase on the initial composition. The amount of solid solu-

tion of albite in nepheline at these pressures and temperatures Iies be-

tween t0/6 and l5/o.r This value is much lower than that obtained at

'Iltlr;E 
2.INrnenr:o Ansonprrow BaNos lon AN,qr-crrns or DrrlrnnNr Couposrrroxs

vs:very strong s:strong ms:medium strong w:weak br :broad

Anhydrous
Composition

Absorption-bands in P

Abroo Neo
Ab& s Nerr r
Abrr a Ner r
Abor a Neu g

Abra g Near r
Abrz o Nelz l
Abo o Nera e
Abre r Neor.e
Abzo r Nezr e

Assignment of
band

12 82s 13 6ms
13.05ms 13.  7ms
13.2ms 13 7ns
1 3 . 2 m s  1 3 . 7 m s
1 3 . 2 w  1 3 . 7 m s

13 7s
13 .6s
1 3 . 6 s
13 6s

15 9m br22vs
16.1m br22vs
16.1m br22vs
16.2n br22vs

14.6w 16.2m br22vs
14 7w 16.3m br22vs
14 7m 16.35m br22vs
14.7m 16.4m br22vs
14.9m 16 5m br22vs

2 75s
2 . 7 6 s
2 . 7 6 s
2  7 7 s
z . l J s

2 78s
2 76s
2 . 7 7 s
2 .76s

2.81m 6 .15m 6  9w br9  6vs
2 81m 6 .15m 6  9w br9 .6vs
2 9lm 6 15m 6 9w br9.7vs
2.81m 6  15m 6 .9w br9 .8vs
2  8 1 m  6 . 1 5 m  6 . 9 w  b r 9 . 8 v s
2.81m 6 .15m 6  9w br9  8vs
2 8 lm 6 .15m 6  9w br9  8vs
2 81m 6  15m 6 .9w br9 .8vs
2 . 8 1 m  6 . 1 2 m  6 . 9 w  b r 9  8 v s

o-H o-H HzO Si-O si-o

1 Kb and the same temperature by Edgar (1964) where the amount of

albite in nepheline solid solution is20-25/6. This suggests a considerable

decrease of solid solution of albite in nepheline with increasing pressure.

To investigate the possibil i ty of OH substituting for O in nepheline,

as suggested by Smith and Tuttle (1957), glasses with different amounts

of H2O were crystall ized into nepheline. Even with l7o IJ1O the presence

of a vapor phase could be detected. Infrared spectra of nepheline cr)'stal-

lized with and without HzO at different pressures showed no OH-vibra-

tion bands besides the OH band for absorbed HzO. This suggests that the

OH substitution for O does not take place on a large scale in nepheline.

c. Atbite crystall ized always as high to intermediate albite (Mac-

Kenzie, 1957) and when not formed from the vapor, as fine needles. The

amount of nepheline in solid solution is less than 5/6; otu composition

closest to albite on the join.

1 Al1 percentages in this paper are in terms of weight per cent.



MELTING OF ANALCITE SOLID SOLUTIONS 741

d. Paragonite rarely crystallized in the nepheline-rich part of the sys-
tem at very high H2O contents. Optically paragonite was diff icult to dis-
tinguish from NaHCO3, which often accompanies it in the products of
our runs. Under the conditions used in the present study, paragonite
formed in very small amounts and in only one run could be detected by
a-ray diffraction.

e. Nephei'ine hydrale 1 was only encountered in the low pressure and
Iow temperature crystallization runs, using compositions between Neroo
Abo and Neso.gAbrr.r.

f. Phases crystallized from the aapor. Considerable amounts of solid
material are dissolved in the vapor phase, especially at higher pressures
(Fig. a). On quenching the dissolved material precipitates from the fluid
in one of the following ways:

a) small spheres 10-50p are formed, that are isotropic and seem to consist of a glass or
gel; b) crystals grow on the quench and are seen to be swimming in the juice on opening the
capsules. These crystals can easily be distinguished from those that do not grow lrom the
vapor, because they are bigger, idiomorphic and not associated with other crystals or glass;
c) the third type gro\rys after the capsules are opened and the aqueous fluid comes in contact
with the atmosphere. In this case the carbonates appear.

The following crystalline phases originating from the vapor phase could
be detected optically and by r-ray diffraction: Albite in big idiomorphic
single twinned crystals, a-AlzOa (corundum) in 40-100p hexagonal
plates, paragonite, NaHCOa in highly birefringent needles, often twinned,
and NazCOa-HzO in birefringent radial aggregates.

INvanTaNT AND UNIVARIANT EQUILIBRIA

The pressure-temperature projection given in Fig. 2 is based princi-
pally on the experimental data given in Table 3. The invariant point
where the five phases, analcite solid solution, nepheline solid solution,
albite, l iquid, and vapor, coexist is located at 665t5o C. and 4.75+0.25
Kb. The compositions of the invariant analcite solid solution, nepheline
solid solution, l iquid, and vapor were estimated from experiments in the
immediate vicinity of the invariant point. The invariant analcite has an
anhydrous composition of Ab6sNe56, with between 8 and 9 weight per
cent water. The invariant nepheline contains 13 * 2 weight per cent albite.
The invariant liquid has an anhydrous composition of AbrsNe+2, with
15.5+0.5 weight per cent water dissolved in the l iquid. The invariant
vapor phase contains 5 * 2 weight per cent dissolved solids with a some-
what higher ratio of nepheline to albite than the invariant l iquid. The
fact that the invariant l iquid contains both more water and albite than
the coexisting analcite is of particular importance.

On the basis of the above data the seouence and nature of the 6.ve
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univariant curves emanating from the invariant point can be given. The
reactions along the five univariant curves are: (L)1 Anl:Ab*Ne*V;
(An l )  Ab*Ne fV :L ;  (V )  An l :Ab*Ne*L ;  (Ab )  An l *V :Ne*L ;
and (Ne) Anl*Ab*V:L, given in counterclockwise order starting

TEMPERATURE .C

Frc. 2. The invariant point in the system NaAISiOcNaAISLOTHTO where analcite

solid solution (Anl), nepheline solid solution (Ne), albite (Ab), Iiquid (L), and a vapor

phase (V) coexist, and the related curves of univariant equilibria. The symbols (L), (Anl),

(V), (Ab) and (Ne) refer to the reactions along the five univariant curves as discussed in

the text. The isobaric-isothermal triangles Ab-Ne-H:O illustrate the stable phase assem-

blages in the immediate vicinity of the invariant point and between the curves of uni-

variant equilibria. The solid circles are data points given in Table 3.

from the low pressure decomposition curve for analcite. Thus, threecurves
extend to higher pressure than the invariant point; (V), (Ab), and (Ne),

and two curves extend to lower pressures than the invariant point;
(Anl) and (L). Experimentally the curves (L), (Anl), (V), and (Ne) could

r Parentheses indicate ohase that is absent from the reaction.

co
Y
l-rJ
E.
l
a
a
UJ
E
o-



MELTING OF ANALCITE SOLID SOLATIONS

Terrn 3, DprenurNnrroNs oF THE Illuvenrellr Cunves rN tun
Svsrru NaAlSiOrNaAlSisOs-HrO

743

Gl: glass Ne: Nepheline
tr:trace amounts

Compositions are in weight $.

Qz:quartz V: vapor Anl: analcite

Composition
Run
No.

Kb
Press Temp. P.""t Results

t l m e
Anhydrous HrO Condition

38
5 4

55
7 5
76
9 1
94

114
1 1 5
1 2 2
154
162
168
188
2r7
222
223
225
227
239
241
245
255
266
281
284
297
299
3 1 1
312
J I J

314
320a
325
328
330
3 3 1
332
334
3 3 7
338

3 7 3
374
s 7 7
378
397
398
419
445

Abrr Neor
Aboo Nero
Abor Neau
Ablr Nesr
Absa Neor
Abg Nqz
Abse Neoz
Aboo Nesr
Abra Nerz
Abm Nerr
Ab* Nea
Abrg Neu
Abm Nerz
Ab$ Neor
Abre Neo
Abro Neu
Abrr Nerz
Abos Neo
Abro Neg
Aho Neu
Abss Neo
Abs Nes
Abm Nqz
Abrs Neq
Abro Nea
Abrs Nerz
Abc Neu
Abn Nerz
Abro Nes
Abeo Nerr
Abor Nesr
Abor Near
Abz Nere
Abrs Neor
Abos Nec
Abm Nerz
Abra Neez
Abro Nea
Abr Neur
Abre Nea
Abrg Nerr
Abro Neq
Abra Neru
Abro Nea
Ab* Nerz
Abro Nerr
Absz Ners
Abe Neso
Abor Nerz
Abos Near

10 Ab*Ne
40 Ab*Ne
1 1 9  G l
1 4 3  G l
8-9 Anl

10.2 Gl
11 7 AblNe
23 Ab*Ne

6 1  G l
1 0 .  5  G l
8-9 Anl
6 . 3  A b + N e

1 7 8  G l
18 Gl
19 .2  Ab*Ne
2 0 t  G l
1 3 . 4  G l
1 3 . 1  G l
1 8 . 3  G l
14 Ab*Ne
14.6  Ab*Ne
19.  5  Ab*Ne
J J .  J  U I

1 6 . 5  G l
1 1 6  G l
1 s 9  G l
1 4 6  G l
12.8 _Gl
14.7 Ab*Ne
14.9 Gl
10  Gl
20 Gl
l J  U t

r4 . t  Ab*Ne
20 Gl
20.2 Gl
1 1 . 5  G l
20.4 Gl
14  2  Ab*Ne
1 0 . 3  G l
14 .5  Ab*Ne
12 2  Ab*Ne
16.4 Gl
1 4 . 0  G l
1 4 . 0  G l
14 4 AblNe
16.  3  G l
1 8 . 8  G l
1 0 .  6  G l
1 7 . 6  G l

Anl*Ne*V?
Anl*V*Ab
Anl*V
Anl*V
Gl*Ne*Ab
Gl*Ne*V
Anl*Ne*Ab
Gl+Ab+v
Anl*Ab*Ne
Gl*Ne*Ab
Ab*Ne*V
Ab*Ne*V
Anl*V
Ne*Ab*V
Ab*Ne*V
Anl*Ne*V
AnlfV
Anl*Ab*V
Ne*Ab*V
Gl*Ne*V
Gl*Ab*Ne*V
Ab*Ne*V
Ab*Ne*Anl*V
Anl*V
Ab*Ne*V
Anl*Ab*Ne*V
Anl*Ne*V
Anl*V
Ab*Ne*V
Gl+Ab+v
Anl*Ab
cl+Ab+v
Ab*Ne*V
Gl*Anl*Ne
GI+V
Anl*Nef V
Ab*Ne*Anl
Gl*Ne*V
Gl*Ne*V
Anl*Ab
Gl+Ab+v
GlfNe*Abf v
Anl*Gl
AnlfNefV
Gl*Ne*Ab
Gl*NefV
Ne*trAnl*V
Ne*V
Gl*Ab*Ne
GI+Ab+V

8
8
8 . 8
4
4
5
3 . 3

4
4

2
3

J . l

4 S
4 5
2
2
5
5
1
9 . 4
5
5
5

10
10
10
5
6

5 . 5
5
5
9 . 5
9 . 7

635
650
650
642
665
o45

645
ooJ

655
660
6s5
680
650
645
673
650
650
650
605
l to
710
720
600
620
635
635
6s5
0 5 J

7 3 5
/ J J

663
66s
830
645
662
662
662
662
650
650
650
670
655
655
665
665
640
640
660
635

(Continueil on fol,lowing page)
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Trs-n 3-(Continued)

.c.
Temp.

Composition
?1"t Results
l l m e

Kb
Press

Run
No.

Anhydrous Condition

447 Abrs Nerr
448 Abro Nerr
457 Abro Nerr
459 Abn Nerz
463 Abzo Neao
464 Abrr Neez
485 Abro Nerr
486 Abor Nerr
487 Abro Neao
489 Abrr Nesr
490 Abor Nerz
500 Abor Nerr
611 Absr  Nee
612 Abso Nera
615 Abro Nezr
693-4 AbLoo
112 Abroo
7 l3  Abroo

Gl*Anl*V
Anl*Ne*V
Anl*Ne*V
Anl*V*trAb
NefAnl*V
NefV
Anl *V
Anl*VftrAb
An l *Ne*V
Antf Gl
An l *Gl *V
Gl+Ab+v
Anl-|V
Anl*V
An l lV
Anl*Ab*Qzf V
Ab*An l *V
An l *V

GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
G I
GI
GI
GI
GI
Ab
GI

30
30
30
6

1 2
t 2

be located quite precisely. ' Ihe curve (Ab) l ies relatively close to the (Ne)

curve and could not be located precisely. It is possible, though not ex-

perimentally determinable, that a singular point exists on the (Ab) curve

where the univariant reaction changes from the Anl*V:Ne*L to

Anl*Ne*V:L. This feature wil l be discussed in more detail in the

following section.

TnB CorrlposrrroN o!' THE UNrv.q.nr.q,xr LrQuros

The composition of the first l iquid that appeared with increasing tem-

perature in the system was located at a series of pressuresl the data are

given in Fig. 3a and Table 4. Figure 3a also shows the composition of the

eutectic l iquid at atmospheric pressure (Greig and Barth, 1938). Edgar

(1964) determined the anhydrous composition of the liquid at 1 Kb in

the presence of a vapor phase, but did not determine the water content of

the l iquid. His point is located along the Iine marked E-E' in Fig. 3a,

which does not f it the experimental data of this study (Edgar's tempera-

ture is  however in  good agreement) .
A polythermal-polybaric diagram illustrating the changing composi-

tion of the univariant t iquids along the pertinent P-T curves can be con-

structed on the basis of the data given in Fig' 3a. This diagram is pre-

sented as Fig. 3b where the curves (Anl) and (Ne) represent the changing

composition of the univariant l iquids as a function of P and T along the

P-T univariant curves (Anl) and (Ne), and are taken from Fig' 3a. The

(Anl) liquids (Fig. 3b) occur at temperatures above and pressures below

1 5  1
1 2 . 5
1 4 6
1 6 9
5 8
4 4

t 7
1.7
20
1 1  4
1 9
1 2 6
1 4 6
1 3  6
1 6 8
l 1  , t

2 8 4
3 2 5

9 i  6 3 5
9 . 7  6 3 5
9 635
I 635
5 640
5 640

10 5 625
10 5  625
8 612
8 642
I 642
4 690
5 340
5 340
5 340
5 300
s  250
5 250
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:  I O K B
rfiv Rr^l r .,"9!.;_:l B_ 

"
1 '  

ozxa

,  _ I K B
!t

NEPHEL INE

ALBI TE NEPHEL INE

Frc. 3. (a) The composition of the univariant liquid at the beginning of melting. Ex-
perimental data are given by rectangles, showing the uncertainty. Edgar,s (1964) value
at 1 Kb is on the line E-E'.

(b) Polythermal-polybaric composition diagram for the univariant and invariant
liquids. The (Ab) and (V) curves are schematic.

(c) Isobaric-polythermal diagram for the probable phase relations at 10 Kb. Decreas-
ing temperature along the boundary curves indicated by arrows. Schematic only.

the invariant point along the univariant P-T curve (Anl). The (Ne)
liquids occur at temperatures below and pressures above the invariant
point along the univariant P-T curve (Ne). The data given in Fig. 3a
and the curve (Ne) in Fig. 3b indicate that the univariant l iquid coexist-
ing with Ab-Anl-V along the (Ne) P-T curve becomes increasingly rich
in both water and nepheline with increasing pressure. At 10 Kb this
liquid l ies only slightly towards Ab from the Anl-V join, but does noi
cross it. The univariant l iquid along the (Ab) P-T curve, coexisting with
Ne-Anl-V, will contain more nepheline than the (Ne) liquid at a given

ALB ITE
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Tlnm 4. DrtrnurN.tlroN or rHE Colposrrror ol rnn Frnsr LrQuro lr

Pnnssrrnns nnou 0.5-10 Kb

Run
No.

Composition

Anhydrous HzO Condition

Kb
Press Time

Results
Days
Time

663
662
640
40+
405
406
549
550
5 5 1

553
409
414
433
654
655
0 5 /

6s8
193
4r6
417
4 1 8
450
451
429
431
500
501
502
504
380
382
383
384
385
386
616
617
6 t E
620
539
5 4 t
5 9 1
593

5 . 8
2 6
4 . 2
6
7
6
7
4

7
8
9 5
9 . 8
9 8

11.7
9 . 5

10 1
8-9
8 1

1 0 . 6
1 1  5
9 . 1

l 2
1 0 . 3
1 2 . 7
1 2 6
9 . 4

T 4
1 1
13.2
r 5 2
1 4 . 5
t 7  . 7
12.7
1 5 .  I
14 .9
1 5  . 9
14.3
1 ,6 .9
t 9 9
t9 .4
1 8 3
1 7 6

GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI

Anl
GI
GI
GI
GI
GI
GI
GI
GI
GI

GI

GI
GI
GI
GI
GI

GI
GI
GI
GI
GI
GI
GI

0 . 5
0 . 5
0 . 4
1
1
1
1
1
I
1
1
2

925
925
950
845
845
845
850
850
850
850
850
/ o.)
745
760
750
750
750
750
720
710
710
710
720
720
690
690
690
690
690
690
670
670
670
670
670
670
680
680
680
680
640
640
655
655

1 . 5

1 . 5

1
5
5
5
9
9
I
9
I
2
4
6
3
3
3
3
2
3
3
3
3
3
2
2

4 5

4 . 5
2
2
2
2
2
2
3
3
3
3
2
2
5
5

Abzz Nera
Abot Neao
Abzr Nee
Abzz Nere
Abur Nerr
Abzz Neoa
Abor Near
Aber Nesr
Abu Neao
Abre Nea
Aboe Neo
Abzz Nezs
Abor Nero
Abzr Net
Abrp Neo
Aboe Near
Aboz Nere
Aboo Nero
Aboa Nerr
Aboo Near
Aber Neao
Abor Near
Abrc Nel
Abos Nel
Abes Ne*
Abos Nea
Aboo Near
Abre Nqr
Abos Nea
Abr: Nera
Abos Nea
Abor Nero
Abas Nerr
Aboe Nelr
Abra Nerz
Abrs Neq
Abrs Neo
Abrs Nsr
Aber Neo
Abrz Neq
Abre Neq
Abrz Nere
Abrz Nec
Abne Neu

GI+Ab+V
GlfNe*V
Gl+v
Gl*Ab*Ne
Gl*Ab*trNe
cl+Ab+v
GI
Gl*trV
Gl*Ab*Ne
Gl*Ab*Ne
Gl*Ne
cl+Ab
Gl*Ab*Ne
Gl+Ab+v
GI
Gl+v
Gl*Ne*trV
Gl*trV*trAB
Gl*Ne*Ab
Gl*Ab*Ne
Gl+Ab
Gl+Ab+v
Gl*Ab*Ne
GI+V
Gl*Ab*Ne
Gl*trAb*V?
Gl+Ab+v
Gl*Ab*Ne
Gl+v+trAb
Gl*Ne*V
Gl*Ne*Ab
Gl+Ab+v
Gl+trAb
Gl*trV
Gl*Ne*Ab
Gl*Ne*V
Gl+Ab
GI+V
Gl+Ab
Gl*Ne*V
Gl+Ab+v
Gl*trV
GI
GlfNe{V

6
6
6

1 0
10
10
1 0

pressure. Thus, it seems quite possible that the (Ab) univariant liquid

will cross the Anl-V join at a unique pressure and temperature along the

(Ab) univariant P-T curve. If this occurs, then the singular point men-

tioned in the previous section is developed. At this pressure and tempera-

ture the four-phase univariant reaction changes from Anl*V:Ne*L
(lower pressure) to Anl*Ne*V:L (higher pressure). Thus, the uni-

variant liquid coexisting with Anl-Ne-V along the (Ab) P-T curve lies
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on the Anl-V join at the pressure and temperature of the singular point
(Fig.3b). At pressures below the singular point on the (Ab) P-T curve
the univariant liquid lies outside the triangle formed by AnI-Ne-V to-
ward Ab. At pressures above the singular point the univariant liquid on
the (Ab) P-T curve lies within the triangle Anl-Ne-V. At this unique
pressure and temperature another P-T curve is generated, extending to
higher pressures. This curve is governed by the degenerate (in a ternary
system) reaction Anl*V:1. The univariant l iquid coexisting with Ne-
Ab-Anl also changes composition with increasing pressure along the (V)
univariant P-T curve. This change is indicated in Fig. 3b by the line
labeled (V). As in the case of the (Ab) liquid, this curve (V) is located only
approximately.

In the previous section we have discussed the change in composition of
the various univariant liquids along particular P-T curves of univariant
equilibria. It should be noted that analcite, nepheline, albite, and vapor
are expected to change composition in an analogous manner along the
P-T curves of univariant equilibria. Thus four curves radiate from each
of the four compositions representing the invariant Anl, Ne, Ab and V.
Each of these sixteen curves then represents, polythermally and poly-
barically, the changing composition of a univariant phase along a particu-
lar P-T curve of univariant equilibria. These curves are not presented in
this paper because of the lack of information on their compositions.

An isobar at a pressure greater than the invariant point would inter-
sect the (Ne), (V) and (Ab) curves mapping out a triangular area. The
three curves bounding this triangular region represent the composition
of the bivariant l iquids which coexist with (1) Anl{V, (2) Anlf Ab and
(3) Anl*Ne. Thus these three curves bound the primary field of Anl
which is the triangular region. The three curves then are isobaric bound-
ary curves. In order to present a more complete isobaric diagram we
also need the boundary curves where l iquids coexist with (1) Ab+V,
(2) NetV, and (3) Ab*Ne. Figure 3c i l lustrates the most probable con-
figuration of the isobaric diagram at 10 Kb, based on the previous dis-
cussion. We see that the join Anl-V represents a temperature maximum
for water saturated liquids. Again this is assuming the existence of the
singular point at some pressure between 7 and 10 Kb. It is apparent that
the (Ab) P-T curve can cross the (Ne) P-T curve if the singular point
exists. If this intersection of the two curves does take place, it should be
noted that the curves will intersect in projection only since the two
Iiquids along the curves are not of the same composition, nor do they co-
exist. If the singular point does not exist and the two curves meet, an
invariant point of essentially the same type as found at 665+50 C. and
4.7 Kb wil l occur which seems somewhat unlikely.

V apor phase. The vapor phase was studied to see if its composition re-
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mains in the three component system NaAISLO-NaAlSiOr-HzO. The
vapor phase at 6 Kb and 675o C.-680o C., a temperature and pressure
just above the invariant point, was studied in detail. The principal re-
sults are tabulated in Table 5 and shown in Fig. 4.

The SiOz-rich portion of the vapor phase crystallizes on the quench
partly into big idiomorphic albite crystals that can be distinguished from

T.rsrn 5. DnrrnurNeuoN ol rHE Vapon CouposrrroN AT 6 Kb exo 675-680" C.

Composition
Kb Days

Press Temp. Time 
ResultsRun

No.
Anhydrous

Absr Neg

Aboo Neao

Aboz Nec

Abo Neoo

Abo Neor

Abrs Nesz

Abrs Ne+r

Abro Nezr

Abao Nero

Abre Nerr

Abeo Nero

Abrs Near

Abar Nerr

Abor Nqr

Abrs Neo

Abr Nea

Abrr Neez

Abu Neez

Abrs Neez

Abrr Nera

Abz Nere

Able Near

Abro Nerr

Abroo

Neroo

Neroo

Abn Neez

Abro Neor

Absa Neoz

Abzs Nezr

Abzr Nee

Abrz Nere

529
530
531

533
5 J J

556
558
559
560b
570
579
580
5 8 1
582
584
587
600
601
604
605
606
607
622
625
626
6 2 7
666
667
668
705
707

7 I
66
7 l
69
7 0 . 3
6 8 . 3
8 8 s
90
9 6 5
s5
48.7
48.4
80
7 9 . 5
7 9 2
8 0 5
8 0 3
9 5  . 6
9 0 4
9 0 8
92.8
92.3
93 1
96
9 2 . 6

9 3 . 3
9 3 2
9 1
9 3 . 7
8 6 5
92

GI
GI

GI

GI
GI
GI
GI

GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI

GI
GI
GI
GI

680
680
680
680
6E0
680
675
675

675
o / 5
675
675
675
675
o / 5
o / 5
680
680
680
680
680
680
680
680
680
680
680
680
680
675
675

7
7
7
7
7
6
6
6
6
4
4
4
4
4
4
4
8
8

10
1 0
1 0
10
1 l
l 1
l l
1 1
9
9
9
4

Ab+v
Gl+Ab+v
Gl+v
Gl*Ne*V
Gt+v
Ne*V*trGl
Ab+Gr+v
Gl+v

Ab+Gl+v
Ne*V
Ab+v
Gl+Ab+v
Gt*VttrAb
GI
Ne*VfGl
v
Gl*VfNe?
Ab+V
V*trAb

Ab+V
v
Ne*V
V
Gl+v

GI+V
V+GI
Ab+Gl+v
V+GI

the fine grained aggregates of the equil ibrium albite phase. Nepheline
does not form on the quench, but large nepheline crystals are encountered
just outside the vapor field boundarv, above 9070 I{rO. The relative
amounts of the phases forming from the quenched vapor, glass, aibite,
corundum and sodium carbonates, varies with the anhydrous starting
compositions. The small amounts of paragonite that were now and then
detected with the glass and nepheline in Si-poor and H:O-rich part of the

system may be an indication that the system is not strictly ternary over
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the studied temperature and pressure range, although it may also repre-
sent metastable crystall ization. It is, however, over only a very l imited
part of the system, so that it can be ignored for the purpose at hand.

The two-phase regions albite-vapor, liquid vapor and nepheline-
vapor are moved at high HzO contents toward the sideline NaAISiOa-
HzO. Generally, therefore, the composition of the vapor is somewhat
poorer in SiOz than the coexisting phases. The vapor-phase at the nephe-

Frc. 4. The composition of the vapor phase at 6750 C., 6 Kb. Assemblages encountered
are: Vapor, nepheline solid solutionfvapor, nepheline solid solutionfliquidfvapor,
liquidlvapor, albitef liquidf vapor, and albitef vapor.

l ine side of the system may be enriched in sodium as well, as indicated by
the appearance of paragonite.

Stability oJ analcite solid. solutions. Saha (1961) indicated that analcite
with the composition NazAlzSis ,sOro r.nHzO is the most stablel composi-
tion and not analcite with the ideal composition NazAlzSiaOrz.2H2O.
Greenwood (1961) found a value of 3.5 for the molecular ratio of SiOz to
NazO in the analcite he synthesized. fn the course of this study it was
found that the most stable analcite has a composition between NazAIz
Si3.25Ors.6'nHrO and NazAlzSia.sOll .nH2O, somewhat nearer to the latter

I We refer to the composition of the analcite solid solution which is stable at the hiehest
temperature for a given pressure as the .,most stable,' composition.

749
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composition. Expressed in weight per cent albite and nepheline the anhy-
drous composition is about AbroNero. The value A(20r"\tzu-20 Silaary for
Cu Ka1) for the most stable analcite varies between 1.59 and 1.62 de-
grees 20.

Analcite with the stoichiometric composition NazAlzSiaOrz.2HzO is
stable at 1 Kb up to about 530o C. and at 5 and 10 Kb up to about 550o C.
Above these temperatures analcite reacts to form an analcite richer in
nepheline, and albite. The change from an unstable analcite solid solution

TesLt 6. De're oN tae Svsteu NaAlSiOrNaAlSbOrKAlSLOrHrO

Or:KAlSisOs F:feldspar
V: vapor Tr: trace

Ne: nepheline Anl: analcite Gl: glass

Composition

?1"t Results
r t m e

Kb
Press

Anhydrous Condition
Temp.

Run
No.

722
740

746
744
7 5 4
159
761
762
/ 6 5

786
792
798
799
800
801
814
8 1 5

20
29.5
2 3 r
36.7
2 5  1
3 5 . 8
3 6 8
40
3 5 8
14.7
19
2 6 2
2 3 . 8
2 1  7
3 0 6
2 6  1
2 9 . 1
29.7

GI
GI
GI

Ne iF
GI
GI

Ne*F
NetF
NetF

GI

GI
GI
GI
GI
GI
GI
GI

AbzgOroNerr
AbrsOroNel
AtzsOrroNear
AbrsOrroN ear
AbreOrloNear
AbzsOrroNesr
AbrsOloNesr
AbzOrroNen
AbzsOrroNen
AbrOruNeq
AbzsOr$Neu
AbraOrnNeq
AbsOrraNes
AbraOrnNerr
AbcOrnNqr
A barOrrrNeal
AbnOrrNqr
AboOruNeq

2 610
| 720
2 8  6 2 5
2 660
2 650
6 612
6 612
3 . 2  6 4 5
3.25  640
6 4  6 3 0
6.4  630
l .  I  o 5 5

3.25  640
/  . 5  0 5 U

2 . 2  6 3 5
1 610
| 620
1 . 5  6 3 0

Ne-|F*Gl*v
Ne*F*Gl*V
Ne*2F*V
Ne*F*Gl*v
Ne*F*V
Anl*Ne*F*V
Ne*An l *F*V
Ne*F*V*trGl
Ne*F*V
Anl*V
Gl*Anl*Ne*V
Ne*F*V
Anl*V
GI+V
Anl*V
Anl*V*Ne*trF
Ne*F*V
Ne*F*V

to a stable analcite solid solution takes place very slowly and in most
cases glasses were used to determine the stability of the analcite solid
solutions. The reaction products were generally the same whether the
starting material was a glass, analcite or a mixture of albite and nepheline.
Equilibrium, however, was attained much faster with glass as the starting
material.

Add.ition of potass,ium. to the system albite-nepheline-HzO. A preliminary
investigation of the system NaAISisOs-NaAlSiO4-KAISieOe-HzO was
undertaken to see how the addition of potassium to the system albite-
nepheline-water affects the stability of analcite and the minimum melting
temperature. Some of the results are tabulated in Table 6. It was found
that analcite solid solutions are stable at 1 Kb up to 6100 C. and at2Kb
up to 6400 C. and that the minimum melting temperature was 7300 C. at
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1 Kb, 655o C. at 2 Kb, and 645" C. at 3 Kb. Thus, the melting curve is
Iowered considerably and the stability of analcite increased compared to

the system albite-nepheline-water. The melting curve and the stability
field of analcite meet at about 2.3 Kb and 650o C. Thus by adding potas-

sium to the system, analcite and liquid can coexist at much lower pressures

and temperatures, than in the system albite-nepheline-water.
Analcite crystallized from the starting material AbasOrraNea in the

vapor present region did not have detectable amounts of other crystal-
line phases. Those that crystallized from somewhat potassium-richer

starting materials were accompanied by considerable amounts of nephe-
line and feldspar. This indicates that small amounts of potassium (about

2 weight per cent KzO) can be taken up in the analcite solid solutions. It
was also found that these small amounts of potassium decrease the cell

edge which suggests that the analcite-determination curve should be used
with caution for natural analcites. Analcites occurring in igneous rocks

contain potassium in amounts from 0.50 to 4.48 weight per cent K2O.

DrscussroN AND PETRocENETTc ApprrcerroNs

In igneous rocks analcite can occur in several different ways: Analcites

from amygdules in basalts crystallized in a late hydrothermal stage and

are of secondary origin. Analcite replacing other minerals like leucite
(Burgess, 1941), alkali feldspars and plagioclase feldspar (Jahns, 1938;

Lonsdale, 1940; Wilkinson, 1962) and nepheline (Tyrrell, 1917) is also of

secondary origin. In the cases where analcite is interstitial in teschenites
(Tyrrell, 1912), lugarites (Tyrrell, l9l7), syenites and syenogabbros
(Lonsdale, 1940), t inguaites (Wilkinson, 1963) and basalts (Tomita,

1933;Wilkinson, 1962) it is generally accepted, that the analcite formed

in the later stages of crystallization from alkali-rich differentiates.
Analcite phenocrysts described from mafic phonolites (Pirsson, 1905;

Larsen, 1941), blairmorites (MacKenzie, l9l4) and trachybasalts (Lyons,

1944) show no evidence of being pseudomorphs after leucite and are

probably crystallized at liquidus temperatures.
The experiments show that analcite can crystallize directly from a melt

in the system albite-nepheline-HzO at pressures above 4.5-5 Kb and can

coexist with the liquid over a small temperature range. The addition of

potassium lowers this pressure and temperature considerably. Analcite
phenocrysts may crystallize in the small temperature range, where anal-

cite coexists with alkali-rich melts. On the further cooling of these alkali-

and water-rich melts the groundmass analcite, which accompanies the

analcite phenocrysts, could crystallize well within its stability field.

Most analcite-bearing igneous rocks contain analcite only in the ground-

mass. Here the analcite seems to have been formed during the rapid cool-
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ing from the alkali-rich mesostasis of basic rocks. The experiments sug-
gest that it is not necessary that a PT-field has to be passed where anal-
cite is metastable, as has been proposed by Wilkinson (1962) for the
analcite basalts of Spring Mount in New South Wales. This assumption
was based on the preliminary studies of the system albite-nepheline-
HzO, where the invariant point l ies at a rather high pressure as demon-
strated in this study.

The extent of solid solution in the synthetic analcites decreases with
increasing temperature. One should expect, therefore, that the primary
analcites in igneous rocks have a very restricted range in composition, in
contrast to the analcites in sedimentary rocks. As a matter of fact, the
data compiled by Wilkinson and Whetton (196a) and Whetten and
Coombs (1965) for compositions of sedimentary analcites show a very
wide range in composition. For sedimentary analcites it seems as if the
effects of chemical environment are more pronounced than those of tem-
perature with respect to the composition of the analcites. There are not
many analyses of analcites occurring as primary constituents in igneous
rocks. The few existing analyses (MacKenzie,Igl4; Larsen and Buie,
1938; Wilkinson, 1963) give compositions ranging from Na2A12Si3O10.
nHzO to NazAIzSi+Orr .2HrO. This agrees fairly well with the experimen-
tal data showing that analcite with composition NazAlrSia.nOro s.nH2O is
most stable. However, there are still too few analyses of primary analcite
to draw definite conclusions. Also the role of other elements such as po-
tassium is not yet well known and must be investigated further.
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