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and the petrogenetic implication of analcite was discussed. The compo-
sitions of a number of univariant phases were determined in this P-T range.
A method has been developed for the determination of HZ 0- content in melts

and hydrous minerals.

Bjadding KA1Si0, component to this system, the sequence

4
of P-T curves around a quaternary invariant point was theoretically
deduced.

In the P-T region above 10Kb, phase equilibria in the
ternary system were theoretically reviewed in the light of compositional

data of invariant phases. The P-T stability fields of subsolidus analcite

and liquidus analcite were deduced.
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ABSTRACT

Phase equilibrium relations were determined in the system

NaAlSi308-NaAISiO4-HZO on a P-T projection in the P-T range 0.5-10Kb

and 1500-90000, and on three isobaric (2Kb, 5.15Kb and 7. 32Kb) T-X
projections. The T-X stability field of analcite determined in this study
has a relatively large distorted pentagonal shape. The petrogenetic
problem of analcite is fully discussed. On the composition join

NaAlSiO4-H20, the phase relation is not binary for the transition:

nepheline hydrate I = nepheline + H_ O0; there exists a narrow three-

2

phase zone for the transition. The true P-T curve was determined in
terms of a ternary univariant reaction: nepheline hydrate I + analcite

= nepheline + HZO' Another univariant reaction (zeolite species P. =

analcite + nepheline hydrate I + HZO) was found at 2Kb/215°C and
5. 15Kb/2350C and determined on a P-T projection. In the system
1S _Qi0 -
NaA 81308 S102 H2
silica in solid solution at 5. 15Kb/670°C.

0, albite contains a maximum of about 5 Wt. %

The equilibrium compositions of various univariant phases
were determined essentially by phase boundary-location on several iso-

baric T-X projections. Three singular points were determined: two of

iv



them are approximately located at 0. 8Kb/39 0°C and 9.4Kb/475°C on a
univariant curve (N-h I + Anl = Ne + HZO)' The other one is approximately
located at 6Kb/655°C on the (Ab) univariant curve.

A simple method for determining H_0-solubility in melts was

2

developed and applied to the study of the system NaAISi308 -NaAlSi04-H20.

Using this method, solubility data are simply obtained as by-products of
the experimental runs made for the investigation of the phase equilibria.

The amount of water required to make an H_O-saturated melt (from the

2

total amount of water in the original charge) is taken as the dissolved
water in the melt; the solubility value is corrected by determining the
amount of moisture originally absorbed in the starting powder. The

method is generally applicable to the determination of HZO-content in

any hydrous phase. The HZO-solubility in a melt is not too sensitive

to a variation in anhydrous composition of the melt (~ 6x1Wt. % HZO

at 2Kb and ~11x1 Wt.% H_O at ~5Kb in the range of compositions

2

AblOONeO-An40Ne6O).

melts was determined up to 10Kb (HZO contents: 4.7 Wt.%/1.1Kb and

852°C, 6.2 Wt.%/2Kb and 804°C, 10.8 Wt.%/5. 2Kb and 672°C,

HZO-solubility in the (Anl) and (Ne) univariant

12.2 Wt.%/6. 6Kb and 655°C, 13.2 Wt.%/7. 3Kb and 652°C and 14(?)
Wt.%/10Kb and 632°C). The origin of water bubbles in quenched

hydrous glasses is essentially attributed to the exsolution of the dis-



solved water in melts upon quenching.
The sequence of P-T curves around a quaternary invariant

_ point {~ 5Kb and ~635°C) in the system NaAlSi0, -KALSi0, -Si0,-H,0

was theoretically discussed. The most probable four P-T diagram
types are proposed, one of which is expected to be the real one.

Phase relations in the' system NaAlSi308-NaAISiO4-H20 are

theoretically discussed up to ~15Kb. The discussion is largely based
on the equilibrium compositions of invariant phases approximately

estimated frorn“ data presented in Parts 1 and 2. Six invariant points
are examined. Two of them, I5 and 16, have been predicted to occur;

15 is inferred to be located at ~13Kb/~500°C where five phases Jd, N-h 1,

Anl, Ne and V coexist, and I, to be located at ~ 0. 5Kb /~375°C where Ab,

6
Ne, Anl, N-h I and V coexist. The phase relations around the other four
are partly mc;dified. The maximum P-T stability field of analcite is
deduced. The stability field of solidus analcite is extremely large. |
whereas that of liquidus analcite is very much limited. The maximum
stability field of liquidus analcite is a small triangular area defined by
three invariant points L (5. 15Kb/657°C), I, (11Kb/650°C) and 1,
(12.5Kb/575°C).
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PART 1.

3 08 --NaAlSlO4 -HZO

‘UP TO 10Kb WITH SPECIAL EMPHASIS ON THE T-X STABILITY

PHASE EQUILIBRIA IN THE SYSTEM NaAlSi

OF ANAILCITE

EXPERIMENTAL INVESTIGATION



I. GENERAL STATEMENTS
The various phase relations in the system NaAlSiO4-

KAl SiO4 -SiO2 + HZO have been investigated experimentally with the
aid of synthetic mixtures. Through these studies, invaluable basic
knowledge has been established, on which modern petrology is
largely based.

The present study was restricted to one of its subsystems
Na.AlSi?,O8 -NaAlSi04-H20 as a step towards the study of the total |
system. The phase relations in this ternary system were studied on a
P-T projection up to 10Kb and 900°C and also on isobaric T-X projec-
tions,

MacKenzie (1957) synthésized analcite of albitic composition
in his study of albite modifications. Burley & Freeman (1959) synthe-
sized silica-rich analcite in their study of the temperature effect on
analcite lattice parameters. Saha (1959, 1961) pointed out the extensive
solid solutions of synthetic analcites from albitic to natrolitic compositions.
Thus it has been demonstrated that analcite forms a wide range of solid
solutions. Subsequently, Wilkinson (1963), Wilkinson & Whetten (1964),
and Coombs & Whetten (1967), etc. confirmed that natural analcites,

especially sedimentary ones, also have a similar range of solid solu-

tions to the synthetic ones.



In order to find out the temperature and pressure
dependences of the stability field of analcites of various compositions
and also for other purposes, the phase relations on several isobaric
T-X diagrams were determined. The theoretical basis for this
work was provided by an earlier construction of a hypothetical T-X
phase diagram based on data reported by various authors and also

data obtained by preliminary experiments in' the system Si0 -NaAlSi04-

2
HZO. Actually, this experimental study was a phase-equilibria study
of the system SiOZ-NaA102-H20, but the present report is restricted

8 -NaAlS104-H20.
Yoder (1954), Greenwood (1961) and Peters, Luth & Tuttle

to the system Né.AlSi30

(1966) have investigated the P-T stability field of phase-equilibria in
the system NaAlSi308 -NaAlSi04-H20. The former two authors determined J

a univariant curve (L): analcite & albite + nepheline + vapor up to

PH 0° 40, 000 psi and 30, 000 psi respectively. The last authors,
2

Peters et al. have established the P-T stability field up to 10Kb around
an invariant point, where five phases albite, nepheline, analcite, liquid
and vapor occur.

The uni\(ariant curves (L) of reaction Anl & Ab+Ne+V
determined independently by the above authors deviate from one another
as much as 80°C which seems to be beyond the range of experimental

error.




Sand, R03‘r and Osborn (1957, p'. 176) found the transition
temperature from nepheline to nepheline hydrate I in thé presence of
excess water to be 4_60°C at 1IKb. Saha (1961, p. 867)>determined the
transition curve for nepheline + water = nepheline hydrate I + water
up to 3.45Kb, and found the transition tempelrature to be 445°+10°C
at IKb. He concluded that it was impossible to establish the stability
field of nepheline hydrate I.

In order to find and precisely determine the P-T stability
fields in this ternary system, the present study was based on 900 data;
points, including reversible runs, within the P-T range 0.5-10Kb and
150-900°C.

The crystal phases encountered in this study are:

Albite solid solution (intermediate form only, with respect to the

value of 20 - 26

131 131”

Nepheline solid solution (low nepheline only, hexagonal symmetry)
Nepheline hydrate I solid solution (orthorhombic ?)
Analcite solid solution (cubic, corresponding to Saha's study (1959,
1961) with respect to compositional range and displacement
of (639) peak of analcite of different compositions
Zeolite species P solid solution (cubic ?).
In addition to .the crystal phases, there are liquid and water vapor phases.

HZO-contents in hydrous phases were based on the data determined in




this study ﬁsing a method which will be described in Part 2.

The composition of the vapor phase was not deterrﬁiﬁed in this study.
Nepheline hydrate I was interpreted as orthorhombic

by Barrer and White (1952, p.1565) and indexed assigning an ortho-

rhombic unit cell by Edgar (1964, p.1140-41). But it was interpreted

to be hexagonal and indexed on the basis of the hexagonal unit cell by

Kubo, Yamaguchi and Kasahara (1967, p.185). In tlﬁs study, the cry-

stallography was not studied further.




II. EXPERIMENTAL METHODS

For the present study, starting materials mostly consisted
of oxide gels which were prepared using the method described by
Hamilton and MacKenzie (1960). The composition of the gels was
determined by an atomic absorption spectrophotometric method and
found to be correct within the limits of analytical acc‘urac‘:y. For the
determination of the reversibility of phase-equilibria, synthetic
minerals were used as starting materials.

All experiments of phase equilibria were carried out in cold-
seal pressure vessels described by Tuttle (1949) and Luth & Tuttle
(1963), and using the sealed-tube technique (Goranson, 1931). The size
of all the capsules (mostly gold, to a lesser extent platinum) used herein
is 2.5mm internal diameter, 3mm external diameter andl 18-20mm in
length. In order to get simultaneously the data of HZO-contents in hydrous
phases from the study of phase-equilibria, the experimental details to be des-
cribed in Part 2 {Chapter ) were used. Pressures were measured by a
Harwood manganin cell and a Bourdon-tube-type gauge and are believed
to be within £4 percent of the stated values. Temperature measurements
were recorded continuously on a Speedomax W recorder and checked by a

potentiometer. The temperatures are believed to be correct within +5°C.



The run products were examined with a petrographic micro-
scope and by filtered CuKa X -ray diffraction.

The determination of the anh&drous composition of a phase
was essentially based on the conventional bmethod of phase boundary-

location.



III. T-X STABILITY FIELDS OF CRYSTAL PHASES
Two T-X phase diagrams (Figs. 1 and 2) were determined

nearly completely at P = 2Kb and 5.15Kb respectively (see Tables

HZO

I and II). The phase relations in the liquidus region at 7. 32Kb were
determined (Figs. 6a & b, etc. and Table IVa). The isobaric T-Xphase
diagrams were constructed projecting all the phase relations determined
in the presence of excess water to the plane consisting of the temperature-
axis and the composition-axis of NaAlSi308-Na.Alsi04 (dry base).

It was found that the stability field of analcite has a dis-
torted pentagonal shape which is essentially temperature-dependent
but insignificahtly pressure-dependent (see Fig. 4). The equilibrium
compositions of the univariant phases were determined essentially on
the basis of the ‘T-X phase diagrams. The three singular points were
also obtained in this way, and two univariant reactions were newly
found and their P-T curves were determined on P-T projection.

It is to be noted that below about 500°C (see Figs. 1, 2 and
3c-e and g-j) the phase-equilibrium relations are not restricted to the
system NaAlSi308-Na.AISi04-HZO but extend towards SiOZ- and NaAlOZ-

components. Strictly speaking, therefore, the phase relations

belong to the system 5i0,-NaAl0,-H,0, below that temperature.
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288 8§97 10e3 37e1 el 148 l6ey AL+ eeNt+o oL +V

207 8Ye 1Ce 3461 levy 737 1361 AL+ e o NEL+V

2827 BYe / lUed 2765 el 690 16.‘/ AL+teink+V

21lu 8Yel ive3 35ev Le9y 612 2863 AB+eNL+V

188 BY el lued 2947 Zeuld 497 236y AUL+ANL+V

247 BYe Lluesd 48ev 2elUl 311 1347 ANL+V

263 BYe/ - lue3d SLUeu ZeUlt 2107 £3eu ANL+V

266 8Jef lue3 H2eb el 256 £3 eV ANL+V

2573 BYe7 fve3 526 Zevd 165 1367 LP+V

211 B7ef 1263 3465 levv 612 2863 AteeNL+V

623 87e¢7 12e3 337 el 347 l4a7 ANL+e e A+V

639 BTel 12e3 427 Zelil 200 14.8 ANL+ZLP+V

236 8Yey 14el 3661 Zeuv 88U Ve 9 GL+V

229 8Ye % L4el 33453 Lol 786 2eD Av+GL+V
22U 8oeY l4el CZBe3 ZeUl 761 3eY A+ e GL+V
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TABLE | ( Continued)
AC+ e o INE+V

208 859 l4el 3546 Le99 137 1341

191 846U l6eu 316l 2elUU 853 368 GL+eAB+V
199 84 ev 1660 28a6 ZeUU 804 3e¢8 GL+AG+V
289 B4 e U 1660 30a1 2002 748 1669 Ab+ e NE+V
209 8460 166U 3546 leuy 137 134 Ati+ elNE+V
283 Bbhel 16eU 32406 2eU2 69C l6eY AU+ eNE+V
244 846t 16eU 4842 2eu? 358 13e7 ANL+ e e AsHV
221 T6el 2363 29eY 2ol 761 309 As+GL+V
238 T6e/l Z3e0 27 e2 ZaeUl 4U3 10ed ANL+eehaDt+V
517 16 1 23e2 35e2 CQUO 289 Tel ANL+ee ATV
624 T6¢7 23e3 260U el 347 1448 ANL+ e 0 A3+V
719 71647 2363 2268 2eul 300 2549 ANL+V

632 T6e 7 23e3 3662 2eUb 233 l4e8 ANL+V

64U T6e7 23¢2 3248 2eV4 200 14.8 ANL+V

239 Tuel 2565 319 ZeUl 4U3 lUel ANL+ o e AtV
679 Tue? 293  21eb le97 358 1Uel ANL+V

192 69e1 30e9 2609 ZeUU 853 368 GL+V

2Uv 69l 30 eY 28eY ZeulU gus 3e 08 UL+ enAn+V
264 691 30e9 48eb 2eU4 277 234U ANL+V

230 66e9 33el 3267 2601 786 Ze5 GL+e e Aid+V
222 6669 33e1 29 e 1 Zel2 761 369 AB+GL+V
292 6669 33el 4leu 2elU2 5Ub 1669 ANL+ e A+YV
201 64e8 3542 39U 2euy  8U4 306  GL+V

T44 6448 35ed 24e3 Zeul 175 UeY GL+V

223 6468 3Hel 386D el 2 761 3eY GL+/—\D+V
2973 64e0 35e2 50el lelUl 5V6 169 ANL+ o e AD+V
582 64e8 3562 26l Lol 472 Tel ARNL+e e AL+V
666 6468 352 286U 1e97 451 8e8 ANL+e o AL+V
708 6448 3be2 2664 2eU1l 413 25e2 ANL+e e A3 +V
240V 6468 354 35966 ZeU2 403 1061 ANL+V

684 6448 3542 2546 le97 390 10el ANL+V

245 6468 3542 5365 2eU2 358 1367 ANL+V

265 6448 3542 51e0U 2eUb 277 234V ANL+V

267 64e8 352 552 ZeU4 256 £3eV ARL+V

633 6448 352 3Teh4 = Zevi 233 lded ANL+V

641 6408 352 4leU 2eUk 200 1448 ANL+V

617 64e8 2be2 40eu 2evé 169 1448 ANL+V

745 5968 LUel 24e2 ZeuUl 775 Oe¥ GL+eNE+V
736 5968 40 e 2 20eb Zeul 762 ved GL+eiNT+V
874 5968 40el 25ev 2evi 616 1661 AB+Ne+V
858 HYedd L4Ueld £2eD el 585 ZUed ANL+ e e ATV
634 HYetd L4Ueld 34eY ey 233 14638 . ANL4+V

647 HYYe0d 4Uecl 3%e6 deVl 2V0 1448 ANL+V

618 “59e8 Luel Bh4eH Zetlil 169 l4a.8 ANL+V

193 57Tev 434U 306l 2400 853 3.8 GL+V

231 57eb 436U 29eY 2ebUl 786 2eb GL+einE+V
224 Hb7eb 43eU  3Bh4el XYy 761 3eY NE+GL+V
349 D/ev 43eU 5669 Zevu 664 3el Ap+NL+V
347 5Tev 450U Gle> Loy 645 el Ab+NCE+V
365 57Tev 436U 4368 levul 620 2e 7 A+NL+V
363 57 ey 435U 41e7 Zevl 6v2 2e 71 ANL+e o AB+V
367 57ev 4340 4346 ZeUl 545 267 ANL+V

256 57eU 434U 4365 1e5Y 444 20eV ANL+V

585 HY4ef 4Hbe3 2367 leUu 6uU5 Tel NE+Ap+e e ANL+V



TABLE | (Continued)

661
859
6V6
663
635
6413
619
202
35u
348
366
586
364
368
616
583
257
625
248
T30
878
612
608
626
T2
8u8
644
237
258
709
685
721
194
203
232
225
259
613
6UY
246
233
226
2Yvu
249
254
195
204
234
227
658
578
250
636
137
T42
196

546 (
Sel
5447
S5hel
Sbhel
S54e /
5467
4942
4942
4962
4962
4962
4942
4962
4962
4962
49562
4962
49472
4942
4945
4345
4345
4345
4365
4345
L43eb
4263
4743
3943
393
393
3%e4
3544
354
3564
354
354
3564
35e4
3263
32e3
32e3
3ce3
323
291
29l
291
2961
2961
2941l
291l
2961
251
25e1
21e2

4563
45e3
4543
4563
4He3

Chbh el

4543
5068
SUe8
5Ue8
5Ue8
50e8
5Ue8
50e8
5Ced
5068
508
5Ve 8
5Ue8
5VUe8
5Ue8
565

565

565
56eb
56eb
56eb
57«
571
6LUe T
6Ue 7
6Ue 7
b4 eb
64eb
64e6
64ab
6446
Obeb
Oheb
bhebd
6T7e7
6Te

.6 1ef

6lel
67/
TUeY
—/U.‘k)
TUe9
TJe9
7069
-Iu.g
TUeY
TUeY
Thet
Theb
788

2GeO
2468
33e5
21eb
3/0U
32e2
3469
273
3662
30e7
338
298
3461
336U
28 e0
29e5
37e4
320
4166
278
28e
33.\)
36e6
31e6
28e3
28ey
38e/
2b o>
37e3
228
206U
28e3
3061
31e3
30e53
2TeU
398
29 e
21e8
42e5
3leth
2beY
321
436!
4448
251
£Be3
347
255
351
3le4
4264
28e7
299
Zb oV
3962

Le97
ZelU?Z
el
1e97
eVl
el
2evls
2400
el
£eJuU
Zoul
el
ZeUl
2eU1
ZeUl
260U
1e99
el
Zeul
ZeUl
ZeUU
Z2eul
leUl
2ol
ZeUl
ZeU3
lell
el
Le99
Zevul
Le97
Z2ebUl
deU
2evlU
devul
ZelU/l
levy
2oVl
Zeul
Zev/l
Zeul
el
ZeUZ
eV
ZeUZ
ZeUu
ZeUU
ZeUl
2evul
Lev7
KOUU
ZellZ
2ok
Zeul
2eU0

by4
5865
3U3
284
233
2UU
169
804
664
645
620
6uUb
6u2
545
496
472
444
347
311
250
194
420
379
347
300
249
200
880
444
413
390
3U0
853
8U&
186
761
444
420
379
358
786
161
1438
il
165
8513
8U4
7186
761
713
389
298
253
161
700
853
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ANL+eN—HI+V
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NE+eelGL+V
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NE+e o GL+V
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NE+ e e GL+V
NE+e o GL+V
NE+eAn+V
ANL+eN=HIi+V
ANL+ aN=F1+V
ANL+eN—HI+V
Ne+V
NE+o e Als+V
NE+e e GL+V
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205
738
587
189
610
607
645
861
197
206
295
584
667
474
579
637
212
296
261
477
475
580
627
627
255
757
68y
628
722
646
297
262
478
476
252
268
723
731
800U
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21e2
21e2
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2162
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T8e8
78e8
7848
836U
8763
8763
873
B7e3
B7e3
B87e3
8T7e3
8763
9462
9462
9442
G4e2
b el
94 42
Ghel
Vbel
9442
10060
10GeU
luUeu
luusu
10U0
lUlev
lVulev
10140
10140
lUloU
lolev
lube2
luvae¢
luYes
1UYe 3

4le2
26e7
2562
3381
33e3
3445
37e3
27e1
4le3
361
4869
327
33e3
4662
382
3369
4163
4849
5443
501
5262
37e2
2B e0
S51leb
5141
2643
24 e
24eb
2945
326U
4949
51le9
5262
42 e5
565
526U
2960
23l
2T7eb
26e4

2eUD
2eU1
2eVU
el
ceul
ZeUl
2¢U4
el
ZeJU
ZeUU
2402
ZeLU
Le97
levd
2eul
2e0U4
199
2002
1699
le98
legg
ZeUQ
el
levl
2eU2
2403
1.97
el
deUl
Lobt
ZelU/Z
le99
l.98
ie98
2eVUZ
el
deul
leil
el
eVl

Cb ToT7

8U4
761
6UH
497
379
303
200
585
853
804
SU6
472
451
413
399
233
612
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444
431
41%
399
347
298
165
599
375
347
300
200
506
444
431
413
298
256
300
250
300
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uz225
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206U
12ev
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13671
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8¢l
1061
1448
259
14e8
16eY
20eV
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1260
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2549
25eY
2TeU
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NE+ANL+V
ANL+N~-HI+V
ANL+eN—-H]1+V
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NE+V
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NE+V
NE+e e ANLTV
NeE+eANL+V

N=HI+NE+ANL+V

N=HI+ANL+V
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NE+V

NE+V

NE+V
NE+N=-H1+V
N=HI+NE+V
N=Hl+eANL+V
N=HI+ANL+V
LP+V

NE+V

N=-HI+V
N‘HI+..ANL+V
N=HI+e e ANL+V
N=Hl+eelP+V
NE+V

NE+V

NE+V
N=HI+NE+V
N=HI+e a ANL+V
N=HI+e ANL+V
N=HI+V
N=H[+V
N=HI+V
N=HI+V
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TABLE 11

RUNS FOR THE DETERMINATLIUN UF A T=X PHASE DIAGRAM AT Seiv K

IN THE SYSTE®M ALBITE-NEPHELINE-WATER(RELEVANT TO FGe2),

THE OTARTING MATERIALS USED WERE POWDERED GELS OF VAKIOUS
COMPOSITION,

AB=ALBITE SCLID SOLUTIUN(Sebe) s NE=NEPHELINE SeSes AnL=ANALCITE
SeSes N-H I=NEPHELINE HYDRATE I SebSes ZP=ZFOLITE SPECIES P SeSen
GL=GLASS(MELT)s VEWATER VAPURs o=5MALL AMUUNT 9 e e =VERY omMmALL UK
TRACE AMOUNT . ‘

RUN CUMPOSTITION, Wtele EXPERIMENTAL CONDITION RESULTS
ANHYDRQOUS WATE K PKESS TEMP  TIME (PHALE)

NOe Af3 NE AMOUNT KB °C DAY

777 10449 ~4eY 2743 522 158 Ueb AB+GL+V

781 LUG 9 “409 29 eD 5622 668 Qeb Ap+V

778 10ueuU UeU 2141 522 758 Ueb Ab+V

69¢ 10Vev UeU 3665 Sel7 751 Oe9 AB+V

591 10Vaeu Ue0O 3145 5.U8 495 ey AB+V

65u luveu UeU 3765 S5e24 375 8e8 Ab+e e ANL+V

558 10UV Ue U 31e5 5610 338 69 AB+ANL+V

556 10Ueu Vel 323 5elu 299 6e' ANL+V

653 10Geu UeU 42472 Yelh 289 8e8 ANL+V

779 96606 3eh4 2361 522 758 Qeb ABP+GL+V

694 9666 ek 55eb Yel7 699 Ue9 Ab+e e GL+V

599 9646 e 3643 Hel3 672 2e2 AB+V

594 966 3¢l 31le7 508 653 3oV AB+V

780 9361 6e9 226U 5022 758 Ceb GL+ e AB+V

698 93.1 Ge9 29e2 517 668 Ue9 Ap+e e GL+V

518 8G el lUe3 36e4 Selu 212 369 ANL+ oo LP+V

499 897 10e3 4260 510 245 Te8 ANL+ZP+V

496 B8Ye ! 1VUe3 4Zlevu YelU 227 Ted8 LP+ANL+V

559 87e7 12e3 3243 5elu 338 XX ANL+ e AB+V

654 8T7e7 1263 3267 5624 289 8e8 ANL+V

52U Bb4eu 1640 34642 5610 349 3¢9 ANL+ e AB+V

691 7667 2363 28el 517 751 09 GL+V

651 T76e7 23e3 326 Sell 375 Be8 ANL+e e AB+V

854 T6e7 233 235 Selb 251 Te5 ANL+V

523 6Yel 3Ue9 2861 501U 482 3e9 ANL+ e AD+HV

428 66e9 3361 42 o4 5elZ 468 leb ANL+e o AB+V

695 6448 3562 3068 517 699 Ue9 GL+V

302 6468 35e2 5le2 5e1l0 675 Oe/ GL+ e A+V

299 64e8 3562 4962 5610 661 Ue7 GL+AL+V

592 6463 3l 2963 Yeud 496 3eu ANL+e o AB+YV

429 6468 35e2 470 S5el?2 468 leb ANL+V

50Uy 648 3542 47«5 YelU 245 Teb ANL+V

570 Oheb 35ed 3Heo Yell 178 BeO ANL+V

6uv YYe s 4Ued ZBeb Held3 672 2ed GL+V

596 59 e G4Jed 28el Del3 626 22 ANL+ o e ATV

361 Heu L4340 S5Uet 529 669 Ued GL+V

380 57 ey L3eU 4561 517 658 leb ANL+GL+V

379 57.U 436U 454 3 Yel7 651 leV ANL+ e « A3HV

359 57eb 434U 5le4 529 645 UVe8 ANL+V

696 54 o7 453 3068 517 6v9 Ge9 GL+V

6u1 Shel 45e3 3269 HYeld3 612 2e2 GL+e o NE+V


http:1'll:.1H
http:GL=GLA::iSLvlE.LT

14

TABLE |l (Continued)

597 5467 4563 33e4 5623 626 2e2 ANL+V

519 5467 4543 3443 510 272 3¢9 ANL+V

573 5447 4563 3464 514 225 Beb ANL+V

527 54e7 4563 334 5019 176 58 LP+ANL+V

6u2 4942 50e8 26046 523 695 2e2 GL+eNE+V

303 4942 5Ue8 3604 510 675 Uo7 GL+eNE+V

362 4942 5Ue8 41e6 e29 669 Oe8 GlL+ s eNE+V
300 4962 50e8 41le4 5410 661 Ce GL+eNE+V

36U 4902 5Uo8 36.() 5029 645 008 ANL+-NE+V
311 4942 S5Ue8 4UeY 536 537 2e6 ANL+V

3U8 4942 50e8 44eu 536 462 26 ANL+V

655 4942 5Ue8 3542 5624 289 8e8 ANL+V

848 4962 5Ue8 2382 5elb 220 Teb ANL+V

692 4345 565 3540 5e17 751 Ue¥Y GL+V

430 4263 57e¢7 3348 5612 468 1e¢5 ANL+eNE+V
816 435 56e5 3169 512 463 78 ANL+V

82v 4345 56e5 2449 512 419 78 ANL+V

652 435 565 3443 5e24 375 8eB ANL+V

521 4263 57¢7 24eu 51U 349 369 ANL+ e oiN=HI+V
855 4345 565 20y 5615 250 745 ANL+ o o N=F1]+V
312 354 646 L4765 537 537 2e6 ANL+eNE+V
524 3564 6406 2541 561U 482 3e9 ANL+eNE+V
588 354 64e6 2348 5eu8 437 36U ANL+eNE+V
647 3564 6heb 2561 5624 415 8e8 ANL+o o N=HI+V
522 3564 H4eb 264a5 5410 349 269 ANL+ e N—=HI+V
603 29el < TUSS 24e4 5623 695 2e2 NE+GL+V

525 29.1 TUe9 24467 5e¢1U 482 3.9 ANL+NE+V
589 2961 TueY 30e4 5eu8 437 34U ANL+eNE+V
648 291 TUeY 38eb 524 415 Be8 ANL+ e o N=HI+V
571 29e1 Tue9 288/ Sel4 178 8eb LP+V

6u4 2142 788 3444 523 695 202 NE+ o GL+V

699 2162 1868 2880 5el7 668 Oe9 NE+e e GL+V
598 2162 T8e8 2842 5273 626 7el NE+e ANL+V
59u 21ed T8e8 36l Seud 437 3ev ANL+NE+e o N—HT +V
64y 2142 78e8 31lal 524 415 8e8 ANL+N=HI+V
574 21e2 78e8 20e2 el 225 Beb LP+ e ANL+V
528 21e2 788 296l 5019 176 58 LP+V

783 17ev B83eU 1967 5e22 668 Veb NE+V

787 176u B3aU 2348 5el?2 647 Ueb NE+V

697 127 B7e3 296 517 699 0e9 NE+V

700 1247 8B7e¢3 330 5617 668 Ce9 NE+V

309 1247 8763 5769 536 462 Z2eb NE+ANL+V

452 1267 B7e3 Hbel Seld 441 2eY ANL+N=HI+NE+V
575 1247 87e2 39 ey Yel4 225 Beb LP+eeN=HI+V



TABLE 1] (Continued)

693 538
593 58
455 58
453 58
572 568
313 -leu
31U —~leu
456 -leU
454 =lev
427 -lev
SUl "‘loU
498 ~leU
670 ~9e¢3
856 -9e3

S4e2
Ghel
F4e2
YA
9l g2
1Clev
101eU
1010
101e0
1ule U
10leU
101e0
1u9e3
1u9e3

15

3440

3062
5345
50e4
3561
558
5362
5349
4963
595
41e3
4le
2448
193

5617
5.U8
S5elé
Seld
5¢14
5636
536
514
Sel4
Dell2
5el0
YelU
517
515

751
496
452
44]

178
537
462
452
441
429
245
227
342
250
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NE+V

NE+V

NE+e ANL+V
N=HI+eNE+eANL+V
LP+V

NE+V

NE+V
Nb+e e N=HI+V
N~Hl+eNc+e o ANL+V
N=HI+eANL+V
N=HI+ANL+V
LP+N=-H1+V
N=HI+V

N=HI+V



TALGLEL 111 16
KEVERGAL RUNS FUR PHASE~LEWUILIBRIA(KELEVANT TO FIGSelsd ANU b).

SYNTHETIC MINERALS WERE USEL AS STARTING MATERIALS IN THE PRESENCE
OF EXCESS WATER(WATER-CUNTENTS=20-40U WEIGHT PERCENT),
AB=ALBITE SeSes NE=NEPHELINE SeSes ANL=ANALCITE SeSes
NEPHELINE HYDRATE I SeSes LP=ZEOLITE SPECIES PeSeSes

N=-HI=
GL=GLASS

(MELT)s V=WATER VAPORs «=SMALL AMOUNTs AND ee=VERY SMALL UK

TRACE AMUUNTS * DENOTES THAT EQUILIBRIUM WAS NUT KEVEKSED.

RUN  COMPUSTITIUN STARTING RKUN CUNDITION RESULTS
ANHYDROUSWtlo MIATERTAL PRESS TEM TIME (PHASEDS)

NO o AB NE Ko °C DAY

886 12e7 87e¢3 ANL+N=HI+V Te34 482 191 NE+ANL+V

887 H5ed 9442 N-=HI+eANL+V Tedh 482 19el NE+eANL+V

888 —leU 101le0O N-HI+eANL+V Te34 487 1Yel NE+V

8862 Se8 9442 NE+V Te34 445 1Yel NE+N-rmI+ANL+V

883 UeU LUVeU NE+V Te34 445 1961 NE+V ¥*

89U 1lUueU Vel Ab+ee ANL+V YelbH 510 1lUebH AB+V

673 AMELIA AB AB+V 517 303 TeT7 AB+V #*

676 AMELIA AB Ati+V 5e17 249 Te7 AB+V *

812 966 ek ABHV 512 %61 T7e8 AB+aesANL+V

85u 89¢7 1lUe3 ZP+ANLH+V Helb 295 Te5  ANL+V

851 T6el 23e3 ANL+eAc+V 5elb 295 Te5 ANL+eeABTV

819 6669 3%el ANL+esAB+V 5612 419 Te8 ANL+V

891 646t 3562 ANL+V 5¢15 510 1Ueb ANL+eeAL+V

813 S5Ye8 4Ue2 ANL+eAB+V 5el2 561 Te8 ANL+eeAb+V

782 57«0 434U ANL+V bel2 668 Ueb GLHV

786 57Teu 43,0 HYDROUS GL +V 5ed2 647 Ueb ANL+V

814 4942 5Ue8 ANL+V 5¢12 561 T8 ANL+eelNE+V

8§92 4942 HUGB ANLL+eeNE+V 515 10 1UeH5 ANL+V

818 21ed 7848 ANL+N=-HI+V 512 463 10e5 ANL+NE+V

815 127 8743 NE+V Ded2 9561 TeB NE+eeANL+V

821 1267 873 ANL+NE+V bel2 419 Te8 ANL+NE+N=HI+V

853 12e7 8763 ZP+eN=HI+V 519 250 Te5 ANL+N—-HI+V

8§93 Y5e8 Y4e2 Nb+eeANL+V 515 510 jUe5 NE+V

846 ~1eU 10UleU N-HI+ANL+V 515 220 Teb N—=HI+ANL+eelP+V

842 57eU 4340 ANL+eeAB+YV LeBU 654 207 ANL+eesAlitesiNE+V

839 4962 HUeS NL+AB+V 4oBU 664 267 NE+ADLHGLHV

845 L4Yesd HUe NE+AB+V LeBU 645 Ze7 ANL+eelNEtesALTV

875 89e7 1uUe3 ANLH+LP+V 2eUU 194 4442 ANL+V

862 85eY ldel AB+NE+V 2eU2 585 2Uel AbL+ANL+V

8§67 64e 3562 ANL+eAL+V 2eU2 388 49e2 ANL+V

872 57eU 4340 ANL+V 2¢U0 616 1961 AB+NE+V

864 4942 H5Ue8 NE+AB+V 202 585 2Uel NE+AU+eeANL

876 4942 5068 ANL+V 2¢V0 194 4442 ANL+V *

868 42e3 HS7e7 ANL+eNEt+V 2e4U2 388 49e2 ANL+V

865 2led THBe& NE+V Z2eU2 H85 2Ue2 NE+eeANL

879 21el T8e8 ANL+eN—HI+V 200U 425 4442 ANL+eNE+V

880u 12e7 8743 NE+V 2eUU 425 4442 NE+eANL+HV

869 1247 87e¢2 NE+V 2eU2 388 4Ye2 NE+oANL+eN=HI+V

877 12e7 87e¢3 ANL+N=HI4+V 2evlU 194 4442 ANL+N-HI+V

881 5.8 94.2 NE+N-H1+V Z-UU 475 144.2 Nt‘*‘\/

871 UeU JlUUeU N=HI+e s ANL+V 2eU2 388 4Ye2 N—-HI+V

8TuU ~=JleuU lUleu NE+V ZeVUZ 388 4Ye2 NE+eN-HI+V



FIG. 1. T-X (TEMPERATURE-COMPOSITION) PHASE DIAGRAM AT PH 0°- 2Kb IN THE
2
SYSTEM Na.AlS1308 -NaA15104-H20

Based on the experimental data presented in Table I.

Equilibrium phase relations in the presence of excess water were projected to

the dry base, which was defined by two axes temperature and anhydrous composition.

The equilibrium phase bogndary is denoted by thick solid line. The phase boundary
denoted by fine solid line is determined but uncertain with respect to the re-
versibility of phase-equilibria. Data were incomplete where dashed. Big open
circle accompanied with run number represents a reversal run, given in

Table III.

L = liquid, Ab = albite solid solution, Ne = nepheline s.s., Anl = analcite s.s.,

N-hI = nepheline hydrate I s.s., Zp = zeolite species P. s.s.

YA
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FIG. 2. T-X PHASE DIAGRAM AT PH 0~ 5.15KB IN THE SYSTEM NaAlSi308—NaAISi04-H20
2

Constructed projecting the equilibrium phase-boundaries determined in the

presence of excess water to the dry base.

Experimental data are presented in Table II.

Equilibrium phase boundary is drawn with thick solid line, and the phase boundary
drawn with fine solid line is also determined but uncertain with regard to reversibility
of phase-equilibria., Data were incomplete where dashed. Big open circle denotes
reversal run whose number is placed near the circle. For the details of reversal
runs, see Table IIIL

L = liquid, Ab = albite solid solution, Ne = nepheline s. s.,

'Anl = analcite s.s. » N-h I = nepheline hydrate I, Zp = zeolite species P, s.s.

and V = water vapor phase.

€8l
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FIG. 3. ISOBARIC- ISOTHERMAL SECTIONS AT PH 0°- 2Kb and 5.15Kb.
2

The sections a-eare showing phase relations at 2Kb and the ones f-j are repre-
senting phase-relations at 5.15Kb (invariant pressure).
Note that (1) section f is an invariant chemogram;
(2) where univariant reaction occurs at a given P & T, the reaction
equation is given below the section;
(3) the successive isobaric-isothermal sections illustrate the

compositional range of analcite solid solution;

(4) the phase-equilibria in the water-deficient region are not considered.

eG1
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Fig. 4. THE STABILITY FIELD OF ANALCITE SOLID SOLUTIONS
AS A FUNCTION OF TEMPERATURE AT EACH

GIVEN PRESSURE

The analcite stability fields at PH 0° 2Kb and 5.15Kb
2

were determined. The one at PH 0 = 7.32Kb was v
2

approximately estimated.

Each 6f the stability fields has a distorted pentagonal shape.
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In this chapter the stability fields of mineral phases only are
studied. Further discussion of the phase equilibria will be presented in
more detail in the chapter following.

1. Analcite Solid Solution

i

The stability field of analcite solid solutions has the shape

of a distorted pentagon, situated in the central region of the T-X phase
diagram (Figs. 1, 2 and 4). At the thermal peak of its stability field,

analcite has the composition (Ne 8 Wt. % HZO) which does not

44" P50
vary with water vapor pressure up to the invariant pressure (5.15 * 0. 25Kb).
But at pressures above the invariant point, the analcite changes drastical-
ly towards a natrolitic composition, and it nearly approaches the natrolite
one at 10Kb (see Fig. 4).

The analcite composition at the thermal trough of its
stability field seems to bev of the ideal formula, NaAlSi206. HZO’ and
the temperature is approximately 100°C at 2Kb and 140°C at 5.15Kb.
The most silica-deficient analcite at 2Kb has a nearly natrolitic
composition (Ne_ . Ab

59 41’
constant at pressures below 5. 15Kb. But at 7. 32Kb, the composition

7.3 Wt. % H,0 at 400£5°C) and this is

35 with 7.3 Wt. % HZO’

which is richer in Na.AlSiO4 than that of the natrolitic one. At about

of the most silica deficient analcite is Ne65. Ab

300°C , silica-rich analcite richer in silica even than NaAlSi308
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was formed. At this temperature (up to 10Kb), analcite has a

compositional range from Ab Ne _ to Ne56Ab

105° " -5 (anhydrous),

44
which is the widest range of analcite solid solution synthesized at a
given P-T (see Figs. 3d & h).

In this study, it was made certain that the analcite solid
solutions at temperatures above 35 0°C (at 2Kb and 5.15Kb) are equilibri-
um phases (see Figs. 1 and 2). But below this temperature, it is
simply a T-X field of analcite-synthesis because it is difficult to prove
Aexiperimentally whether it is at equilibrium or not.

In order to investigate the stability of analcite of albite-
composition, several long runs (3 months, at 2Kb and 300°C) were made
by Saha (1961, p.871) using natural albites as starting materials, but
analcite was not synthesized. In the present study, an attempt was
made to synthesize analcite from natural albite at high pressure (7.7
days run at 5.17Kb and 249°C & 303°C) but also failed (see No. 673 and 676
in Table III). Two reversal runs in the region of albite-rich composition
and low temperature (7.5 days run at 5.15Kb and 295°C) were made using
synthetic crystalline mixtures for the reactions: Zeol. P. + Anl (silica-
poor) - Anl (silica-rich) + V (see No. 850) and Anl (silica-poor) + Ab+ V
- Anl (silica-rich) (see No. 851). The results show that the first re-

versal reaction (No. 850) was completely attained, and the second one

(No. 851) was partly attained (Table VIII). From the result of run



23

No. 850, the analcite solid solution of Ab composition seems to

90" N®10
be an equilibrium phase. This agrees fairly well with the composition

of a natural analcite (approximately Na13A1 Si

13 35096.n HZO) reported

by Coombs aﬁd Whetten (1957, p. 273) as the most silica-rich analcite
found in sedimentary and metamorphic rocks.

Thus it is interpreted that the stability field of Na-rich analcite
solid solutions may not be very much different from fhe one determined in

this study (see Figs. 1, 2 and 4).

2. Albite Solid Solution

Greig & Barth (1938) found that albite forms a solid solution
with nepheline. ' In the present study, the limit of albite solid solution .

Ne at P = 2Kb and Ab__.Ne_ at 5.15Kb.

94.5° " 755 Hzo' 95 5

These are univariant albite for the reaction (Anl): I.= Ab+ Ne + V

was determined to be Ab

up to the invariant point, the limit of albite s, s. changes along the

curve labelled as Ab(Anl) in Fig. 7 as a function of water vapor pressure.

Above the invariant pressure (5.15 Kb), it changes along the curve

Ab(Ne)'

The melting temperature of albite was estimated to be around

872°C at P o= 2Kb and 770°C at 5.15Kb (Fig. 2).
2

An interesting feature to note is that the albite solid solution

seems to be extended towards the SiOZ-component past the Na.AlSi?’O8

composition. The albite contains around 5 Wt. % quartz in solid solution
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at the minimum temperature of melting at 5.15Kb where the univariant

reaction Quartz + Albite + Water = liquid occurs in the system NaAlSi308-

S102-H20.

It is also noteworthy that the minimum tempéra.ture of albite

formation of Na.AlSi3 08 composition is around 5300C/2Kb and around

470°C /5.15Kb. At temperatures lower than 530°C /2Kb (or 470°C /5. 15Kb)
the composition of the albite solid solution, which is at equilibrium
with an analcite solid solution and water vapor, is richer in silica than

NaAlSi308. Such a compositional departure, from NaAlSi:‘}O8 towards a

SiOZ-rich composition may explain why MacKenzie (1957, p.487) obtained,

below about 530°C (at around 1Kb), a reversal of the general tendency of

20 20 5. values of albite to decrease with lowering temperatures.

131777131
3. Nepheline Solid Solution

The largest range of nepheline solid solution forms at one
temperature minimum of melting at each given pressure in the system.
At this temperature, a univariant reaction (Anl): Ab + Ne + V = L occurs.
Nepheline on the (Anl) univariant curve contains the largest amounts
of albite in solid solution. The composition of the univariant nepheline is

Ab ., .Ne at 750°C and 2Kb, and AbZINe7 at 657°C and 5.15Kb (Figs.

26 74 9
3a & f, and 7). In the dry system, the nepheline is of Ab33.Ne67 compo-
sition as determined by Greig & Barth (1938). Therefore, the curve Ne(Anl)
in Fig. 7 represents the limit of nepheline solid solution as a function of

water vapor pressure up to the invariant pressure. Above the invariant

pressure, the limit of nepheline s.s. is represented by the curve Ne(Ab)'
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Consequently, the limit of the nepheline s.s. decreases drastically as
pressure increases, especially up to 5. 15Kb.

The minimum temperature of the nepheline stability field is
controlled by the univariant reaction Anl + Ne-hy I = Ne + V within the HZO
pressure range between 0.8Kb and 9.4Kb. The composition of the nepheline
stability trough changes along the curve given in Fig. 9a. But below 0.8Kb
and above 9.4Kb, the minimum temperature of nepheline stability is lower
than the univariant temperature.

4, Nepheline Hydrate I Solid Solution

The stability field of nepheline hydrate I solid solution exists
in a small area near the NaAlSiO4 component in this system. Most of
its stability field exists in the system NaAlSiO4-NaAISi02-H20. Its
stability range is also controlled by the univariant temperature where
Anl, Ne, N-h I and V are involved in reaction.

The limit of nepheline hydrate I s.s. towards albite changes

along the curve shown in Fig. 9a, as a function of water vapor pressure.

5. Zeolite Species P Solid Solution

The T-X field of zeolite species P is wide with respect to
composition below approximately 200°C. Below the temperatures of
analcite stability field and nepheline hydrate I stability field, the mineral
phase encountered in this study was only the zeolite species P. over the
whole range of the system as shown in Figs. 1 and 2. Since it is very
difficult to achieve equilibrium in this low temperature range, it may be

metastable.
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However, the reversibility for the univariant reaction
zeolite species P. = analcite + nepheline hydrate I + water was held
(see run Nos. 853 and 846 in Table III). The univariant temperature

is 235°C at PH 0~ 5.15Kb. At least, therefore, the univariant
2

zeolite P. must be an equilibrium phase. Its anhydrous composition

is Ab16' Ne84 with 11. 6 weight percent water (for details see Chapter

Iv, § 6).



IV. INVARIANT, UNIVARIANT AND SINGULAR EQUILIBRIA

Since the preliminary study on the univariant curve (L):
Anl = Ab+ Ne + V at 1Kb indicated some disagreement with those of
Greenwood (1961), and Peters, Luth and Tuttle (1966) but good agreement
with that of Yoder (1954), a decision was made to redetermine éll the
univariant curves including the invariant point, determined to be at
4.75 = 0. 25Kb and 665 * 5°C by Peters et al. The experimental re-~
sults as shown in Figs. 5 and 10 give good agreement with that of
Peters et al. The experimental data are selectively presented in
Table IV.

1. Invariant Point (Figs. 2, 3(f) & 5).

The invariant point determined in this study is located at
5.15+0, 25Kb and 657+5°C which is a slightly higher pressure and a
slightly lower temperature than that of Peters et al. (1966). The
compositiors of the five invariant phases were determined as shown
in Table V, Where the present data are presented on the left side

and those of Peters et al. are given on the right side for comparison.
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TABLE 1V

RUNS FUR THE DETERMINATIUN UF UNIVARIANT CURVES UP Tu 1u KB

IN THE SYSTEmM ALBITE~NEPHELINE=WATER(RELEVART TU FI1Geb)e

THE STARTING MATERIALS USED WeKE PUWDERED GELS OF VARIOVJS
COMPOSITIUIN

AB=ALBITE oULIU SOLUTIUN(Seoe) s NE=SNEPOELINE Seves ANL= v ALCLTL
Sebes N=H [=NEPHELINE HYURATE I SeSes £P=ltublllh OPECIEL F Debed
GL=GLASS(mELT)s V=WATER VAFURKs «=SMALL AribUnT s e e=VERY oriALL un
TRACE AMOUNT o

TASLE Iva

DATA FOR THE (NE)s (AB) AND (V) UNIVARIANT CURVES

RUN CUMPUSITION, Wtole EXPERIMENTAL CONDITIUIN KeELJL o
ANHYDROUS WATE R PRESS  TEMP  TIwmE (FHAOE)

NO Ab NE AMOUINT KB °C UAY

703 6448 35e2 25eY 1VUe34 543 366 ANL+eALFV

704 5467 453 27766 lue 34 543 3eb ANL+V

488 6468 3562 46e5 Yebb 632 Ued GL+eAB+V

489 5467 453 506U Ye65 632 Ued GL+V

485 6448 3562 496U 9eb5 619 Ce8 ANL+AB+V

486 544 453 4be4 JGeb5 619 Oe8 ANL+e AD+V

434 6448 39el 50eU YelU 6U7 Ved ANL+ALB+V

435 4942 HDUe8 G40 YelU 607 UeO AnNL+V

436 3564 64eb6 39ev Jelu 6uT Ue AL+ e NE+V

431 6448 356 4665 YelU 588 Ueb ANL+ e A+ V

432 4962 50e8 478 - YelU 588 Oeb ANL+V

433 4263 5Te7 3946 Yelu 588 Veb ANL+ o o iNE+V

414 57eu 434U 50ev Yeul3 645 3eD ANLF+AB+V

415 4962 5Ue8 4368 Y603 625 3e5 AL+ V

471 6468 352 5060 Yeul 642 le7 GL+en+V

472 64e0 35e2 57 JeUU 642 le7 ANL+eAD

473 4942 bUe8 DHSUeU el 642 le7 GL+V

468 bbets 352 487 Yeuu 630 le7 ARL+AB+V

469 4962 5VUe8 494 JeuU 630 le7 AhL+eeGL+V

470 354 64e6 358Bel Gevu 630 le/ ANL+eiNE+V

4973 5447 453 H0eU BeBU 660 2ot GL+V

494 S4e/ 4he 3 3eY GelBU 660 2ol NEL+AL+ e GL+ oo ANL

495 3544 64e6 465 Be 0 660 2eU GL+e e NE+V

490 64608 3bed 4668 SeBuU 65U 2ev GLF eAB+HV

491 5446/ 453 48aT7 Bedu 650 2ev GL+V

492 5467 453 2e8 eBuU 650 2oVl ANL+NE+AD

460 64e0 39e& 50eu Seld 647 leb GL+eAD+V

461 4962 5ve8 506U 8el4 647 leb GL+V

462 354 64eb 456U Seld 647 le5 GL+enNE+V

457 64et 3bed S50eu Seld 632 lebo ANL+eALFV

458 4ed bUeB8 454U Beld 632 led ANL+V

459 3bels b4 e b 493 Geld 632 leY ANL+enNE+V

147 64at 3Yec Teb veuld 669 2e9 AlrtenlL+eGl

748 59«3 4Ued 2Teb Jeuld 669 2eY GL+V

749 Y4e ! 45 e 3 26eb Seuld 66Y 2e' GL+V
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412 4942 50e8 11e7 TebU 668 Ue9 GL+eNE

413 4542 5Ue8 496y Te6U 668 UeY GL+V

41y 4ec SUe8 LZ2ev TebU 67 UVe9 ARNL+eNE+V

446 6408  35eZ  HUeu Te35 645 1e6  GL+eAB+V

447 4Yel H5ve8 40Ul Te33 645 leb AnNL+eGLFV

448 3504 6466 42au Te33 645 le& ANL+eNL+V

443 6468 35¢2 506U 733 637 1e6 ANL+AB+V

444 L4el 5Ue8 3Yeu Te33 637 le6 ANL+V

445 4243 577 39eY 7633 637 le6  ANL+eoNEFV

403 462 5VUe8 3e4 /e31 6v2 CeY ANL+oNL+e AL

404 492 5Ue8 4660 Te31 652 UeY GL+V

4ub 4le3 577 4Fev Te31 652 Ue GL+eivE+V

401 49 e 2 5VUe8 433 {e31 635 Ue¥ ANL+V

402 473 577 477 ey Te31 635 UeY ANL+e o NE+V

408 462 5Ve8 68 OebdZ 655 Ue b ANL+eiNE+e o rls

409 4Y ¢4 5Uel8 3762 6e62 655 Ued GL+V

407 4962 5Ue8 4643 6662 646 (a8 ANL+V

331 57U 4340 50ev 591 661 lel GL+V

316 64e 0 35e2 50eu - He78 650 3eb ANL+ e AD+V

317 4942 50Ue8 41le7 5678 650 3e5 ANL+V

341 6463 352 495 HDeb& 658 le7 GL+AL+V

342 57eU 434U 4562 5064 658 le/ GL+V

343 4942 5U08 4] 8 564 658 le7 GL+ e eNE+V

TABLE IVb

DATA AROUND THE INVARIANT POINT (5 15KB7657C)

RUIN CUMPUSTTION, Wtolo  EAPERIMENTAL CONDITICON ReosuL is
ANHYDROUS WwATER PRESS  TEMP T Ik (PHASE)

NO e Af3 NE AMOUNT KB °C DAY

361 57eu 43«0 5064 529 669 (a8 GL+V

362 4962 5Ue8 41leb 5029 669 Ue8 GL+eelNE+V

359 5Teu 43¢0 Hle4 529 645 Uedt ANL+V

36V 4942 S5Ue8 366 529 645 Qes ANL+ oo NE+V

60v 598 4Ue2 28eb 523 672 262 GL+V

6ul 5467 453 329 523 672 202 GL+ e e NE+V

38uv 57eu 43e40 4541 517 658 ley ANL+GL+V

379 57U’ 4360 4543 5¢17 651 lev ANL+V

595 54477 4543 283 YeUS 658 3ev GL+eAB+eNt+V

398 4942 5068 1366 HeuUZ 656 1e6 ARNL+ e NE+V

399 49 e ¢ 5Ue8 4466 YelZ 656 le6 ANL+ e o NE+V

397 57eu 4360 50eu el 656 le6 ANL+ o AL+V

394 576y 436U  DHOWU Heuld 652 leb ANL+V

395 49 e 2 S5Ue8 5HO0eu S5eU/Z 652 leb ANL+eNC+V

299 6448 3562 49 e U 4486 661 Def GL+ADB+V

30v 4G e 2 5U0e8 414 4686 661 Vel GL+eNE+V

374 57 e 4340 G460 4e45 674 le0 GlL+eeNE+V

375 4G e 2 HYUe8 38ey 4ebh 674 leb GL+eeNE+V

372 57eu 4340  46e8 4atth 61 le6 ANL+V

.5/.5 4'“)od _ buod 580(5 4.4‘3 651 l.b ANL"‘.NL‘*‘\/

b 107 vullv
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TABLE IVe

DATA FOR THE (ANL)

RUN
NOe

382
381
19
224
209
118
144
306
307
304
305
378
376
377
17
330
365
363
364
585
586
211
38}
449
450
393
569
568
566
567
101

ANHY
AB

4962
4962
64e8
57eU
B4aeU
6448
57eU
6448
4962

64e8

4962
49.2
57eu
4942
64e8
648
57eu
57
4962
5467
4962
8He
5467
648
64468
4942
4942
5467
6448
6468
5467
6448

DROUS
NE

50Ve8
5Ue8
3542
4340
1640
3562
4340
3562
508
3562
5Ue8
508
434U
50Ue8
3562
352
43e0
4340
5Ue8
4563
5068
L4441
1212
3be2
508
5048
453
3562
3562
4543
3bel

S S U UU O U DU UG P VU SO S U NI
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AND (L) UNIVARIANT CUKVES
COMPOSITION, Wtole EXPERIMENTAL CONDITION RESULTS

WATER PRESS TEMP TIME (PHASE )
AMOUNT KB °C DAY

3442 3424 692 3eU GL+NE+AB+V
31e8 3624 681 3eU NE+AB+V

2441 ZeU3 750 2145 GL+AB+V

3447 le99 761 3eY GL+AB+NE+V
356 199 737 1361 AB+eNE+V

308 1407 852 2440 GL+ e A3+ e NE+V
19.8 Ue97 827 336V AB+NE+V

L46e5 4410 650 le8 ANL+ e AbS+V
3667 4410 650 le8 ANL+eNE+V
47U 4410 631 le8 ANL+eAb+V
3562 4GelU 631 l1e8 ANL+V

33U 3428 655 2ok NE+AB+V

3541 3628 645 2ek ANL+ e AB+eNE+V
32e5 3428 645 2otk ANL+eNE+e s AE+V
228 2eU3 588 21e5 ANL+AB+V

4560 2el28 6uU7 BeY ANL+ e AL+V
4368 2eul 620 2e7 Ab+Ne+V

4le7 2eUl 602 2el ANL+ o « ALSHV
3441 2eul 6uV2 2e7 ANL+eNE+V
23e7 2e0UU 6US5 Tel NE+AB+V

2968 2eUU 6U5 7ol NE+AGC+e e ANLHV
3445 1e99 612 1341 Av+einE+V

2466 1e97 94 Bets ANL+eiNE+e s As+V
3540 leU1 55 8e8 AB+NE+

4060 leUl 535 8e8 ANL+e AB+V
31e5 leU1 535 8e8 ANL+eNE+V
3562 Ue99 544 1340 ANL+eNE+V
2065 Ue& 9 502 146V ANL+e e NE+ o s AB+V
20eb Uelk 9 502 14640 ANL+AB+eNCHV
2281 Vel 485 l46v ANL+ e Au+V
1947 UVe4 Y 485 144u ANL+V

31le7 UVe& U 505 46e.u AB+NE+ e e ANLHYV

CD TOT v043
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TABLE Ivd

p/—\TA,FUR AN L‘ VARTANT CURV%”FQB THE REACTIO e

EPHILINE =2 DRATE [+ ANALCITE = NEPHELINE + H2U (FOSTLY ) »

RuUiN COMPOSITION, Wt EXPERIMENTAL CONDITIUN Reodbl 1o
ANHYUROUS WATER PRESo  TEMP  TImk (PHALE)

NOe At NE AMOUNT (N °C UAY

483 12e( BTe3 3Uel Je 1Y 419 bhet ANL+N=HI+NCL+HY

484 Ceu luUeU 4742 Ye Y 419 4oV NE+V

43 127 BT7e3 4Bal 9e 79 467 Le9 ANL+N=-HI+V

481 -leu l1UleU 30Ceu Yel9 467 LeY N=HI+e s ANL+V

466 58 94es 48e3 Bel6 467 l1e8 ANL+eN—HI+eNE+V

467 UeU . 1lUUeU ZUeU Be76 467 le8 N=HI+NE+V

463 12e7 ET7e3 5063 Selb 454 let ANL+N=HI+V

464 58 9462 49eU Bel6 454 1e8 N=HI+ANL+V

465 Vel 1VUeU  4Usu BeT76 454 le8 N=HI+e ANL+V

L24 Vel lucel 3Ceu Be67 472 349 NE+V

441 648 3562 HT8u Tel2 456 le4 ANL+V

4357 29 el TUeY L43ey Tell 445 le& ANL+oaN=ii]+eeNEL+V

455 5638 Y94ed 535 HSel4 452 2ol NE+e ANL+V

456 Ueu lulUelU 5349 Seld 452 2el NE+ein=HI+V

452 1267 BT7e3 bShe4h Sel4 441 2el ANL+N=HI+NEZ+V

453 Hed Ghel 5064 Yel4 441 2ev N=tHI+No+eainL+V

454 Uaeu lOUelL 4943 Yeld 441] 2eU N~ {I+NE+e e ANL+V

427 Vel 1UeU 5945 bell 429 leb N=HI +e ANL+V

247 58 Db 42 3546 Z2e2 403 1C.1 N=HI+ANL+V

243 ~leu lUleU 37ef 2oVl 4u3 10e1 N=HI+NE+V

475 He8 9bed HZelZ 1a98 413 126y NE+N-HI+V

476 UVelU  LUUeU 4ZeD le95 413 12ev NE+N=HI1+V

564 58 94e2 326 Uel9 4u2 14eu NE+V

565 velU lUUeU 2943 Uety 402 l4eu NE+V

56U 2led 788 3261 Uel?Y 387 l4aeu ANL+NE+V

561 58 Fb4e2 3669 Ue& 9 387 14eU N=HI+NE+V

562 el 1ULUeU 32eu Vel 9 387 14ev NE+V

511 53 94e2 3lel Vel 8 374 2Ueb N=HI+NE+V

512 UeLU 1ULeU 2962 Uedt 374 20D NE+N=HI+V

568 127 87e2 3666 Ue48 355 20e5 N=HI+ANL+V

509 He8 94e7 237 Ue&8 355 20e5 N=HI+e ANL+V

538 58 Jhel 294 Vel 345 285 N=HI+e ANL+V

ch 10T vu047
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TABLE IVe

DATA FUR AN UNIVARIANT CUKVE FUR THE REACTION
NEPHELINE HYDRATE I + ANALCITC + HoO = ZECGLITE SPECIES Fe

RUN CUMPOSTITIUN, Wtele EXPERIMENTAL CONDITIUN RESUL TS
ANHYDROUS WATEK PRESS  TEMP  TiImE { PHASE )

NO o AB NE AMOUNT Kb °C DAY

505 89e7 10e3 2643 Teal2 257 59 ANL+ZP+V

506 6448 3562 2666 Tel2 257 569 ANL+V

507 5ed Ybeld 2668 fel2 257 5eY LP+oN=rl+V

502 8Y9e7 lued 2747 Te72 227 57 LP+V

5U3 643 354 Z6el (e 12 227 5eY ANL+V

504 Uev lUUeU 30UeZ Tel2 227 el LP+V

386 49 e 2 5Ve8 45608 6Geldb 274 BelU ANL+V

384 49l SUe8 4566 LeldH 223 e LP+V

354 6468 352 4Te6 6el5 158 2e08 ANL+V

574 21e2 7868 302 514 225 8eb LP+ e ANL+V

575 12e7 =~ 8743 39evu 514 225 Beb LP+aoN=HI+V

5uv 648 352 4Te5H Yelu 245 Te& ANL+V

501 Ceu luvUeu 4163 Selv 245 Tet NeHI+ANL+V

497 6468 35e2 4448 51U 227 Tebs ANL+V

498 UsU 1UUU  &4la7 belu 227 Tet LP+N=tI+V

637 127 B87e3 33e9 Zeilb 2353 1468 N=HI+ANLFV

645 21e2 T8e8 37e3 LeUl 200 l4ed LP+e e ANL+V

617 6468 352 406V el 169 l4e8 ANL+V

618 598 4Ued 3445 2elUl 169 l4ed ANL+V

619 54¢7 453 3449 2eub 169 1468 ANL+ZP+V

273 648 3562 50eu 2el4 141 240U NON=CRYoTAL+V

533 5467 4545 46U UeZlé& 172 28eH ANL+elP+V

Cch TOT U036
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FIG. 5. PHASE EQUILIBRIA ON A P-T (PRESSURE-TEMPERATURE)
PROJECTION IN THE SYSTEM Na,AISi?’O8 -NaAlSi04-H20
UP TO 10Kb

Experimental data (small open circles) are presented in Tables I, II & IV.

The data of reversal runs, denoted by big open circles accompanied

by run numbers, are presented in Table III.

Invariant point and singular point are denoted by I and 8 respectively.
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TABLE V., Composition of Invariant Phases

Phases Present Work o Peters, Luth & Tuttle (19(())6)
at 5.15+0. 25 and 657+5 C at 4. 75+0. 25Kb and 665+5 C
Albite Ab94' 5Ne5. 5 +1 ?
Nepheline Ab19Ne81 1 Ab13.Ne8,7 * 2
Analcite Ab56Ne44 + 1(8 Wt. % HZO) Ab50' Ne50(8-9 Wt. % HZO)
Liquid Ab,.Ne, , +1(11.5 Wt.% H,0) Ab,..Ne, , +1(12 Wt.% H,0)

Vapor

57 43 57 43

- (?) Dissolved solid 5+2% (Ab £ Ne)




The determination of the invariant point and the compositions
of the invariant phases were accomplished very precisely by studying
the phase-equilibria in a P-T projection (Fig. 5) as well as on a T-X
projection (Fig. 2).

A number of runs as well as several reversible runs were
made in the immediate vicinity of the invariant point (5. 15Kb and 65 7°C)
using powdered gels, synthetic minerals and quenched hydrous glasses,
to try and check this point as carefully as possible.

From the results of runs 380, 379, 595 and 398 (Table IVh),
the invariant point must be located between 5. 08 and 5.17Kb and between
656OC and 658°C. From several reversible runs (run No. 782, 786,
839, 842 and 845 in Table III), made using synthetic minerals, viz.
albite, nepheline and analcite as starting materials, it was confirmed
that the equilibria around the invariant point are reversible.

Hence it is concluded that the invariant point determined
in this study is located at 5. 15%0. 25Kb and 657£5°C .

2. A Singular Point on the (Ab) Univariant Curve

In the present study, a singular point was found to be
located within the range 5.15 - 6. 6Kb and 655°25°C. Thus, the
singular point is estimated to be at 6+£0.5Kb and 655:!:5°C on the (Ab)
univariant curve, as shown in Fig. 5, which is slightly above the

invariant pressure.

35
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It is not impossible experimentally to determine the
singular point, but it is a very difficult problem. In this study, the
singular point was obtained indirectly f rom the compositional data of
univariant phases (see Fig. 7). At this point, a singular reaction
Anl+V = L occurs. Below this pressure, the (Ab) univariant reaction
is An1+V=L+Ne,. and above the pressure, the (Ab) reaction is Anl+Ne+V=1L,
at least, up. to 10Kb. Accordingly, the anhydrous compositions of the
singular phases, liquid and analcite must be the same, which is estimated

to be Ab__..Ne, .. Theoretically they can be slightly different

5177749
depending on the anhydrous composition of an equilibrium vapor phase,
but the difference is negligible in practice. The phase-equilibrium

relations at the singular point are essentially similar to those shown in

Figs. 6z,b and 6(4).

From the singular point, a new P-T curve is produced which
is separated from the (Ab) univariant curve. In other words, from the
singular point toward higher pressure, a thermal divide begins to form
along the compositional join of the three singular (colinear) phases,
analcite, liquid and vapor, in an isobaric-polythermal ternary diagram.
Thus, the system is divided into two subsystems in the excess water
region of the system. There exists already another subsystem in the
water -deficient region of the system. At pressures above the singular
point, therefore, the system NaAlSi, 0 -NaAlSi0, -H, 0 is basically divided

38 4 2

into three portions.
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It is very interesting to note that analcite always melts in-
congruently in the water -deficient region, but analcite melts congruently
in the water-excess region of the system above the singular pressure.
Thus, the singular point has a very important meaning for the direct
crystallization of analcite from a melt, in addition to the invariant point.

Peters, Luth and Tuttle (1966, p. 744-747) pointed out the
possibility of such a singular point on the (Ab) univariant curve and
described the possible reaction equations at, below and above the
pressure of the singular point. The present data supports their pre-
diction.

3. Univariant Equilibria (L), (Anl), (Ne), {Ab) and (V) and the singular

equilibrium (Ab, Ne)

The five univariant P-T curves (L), (Anl);, (Ne), (Ab) and
(V) reproduced in this study are very close respectively to those of
Peters, Luth and Tuttle (1966). The differences between them are
mostly within 10°C at any pressure up to 10Kb. Below 1.5Kb, however,
the univariant curve (L) is separated from that of Peters et al. and be-
comes much closer to those of Yoder (1954) and Greenwood (1961).

The univariant curves determined in this stﬁdy and the
experimental data are presented in Fig. 5 and Table IV, (IVa, IVb and
IVc) respectively and are also shown in Fig. 10for the comparison with
previous works.

The reactions of the six univariant P-T curves including a

degenerate one are as follows, within the P-T range up to 10Kb and 900°C:
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(L): Anl = Ab+ Ne + V
(Anl): Ab+ Ne+ V=1L
(Ne): Anl+ Ab+ V=1L
(Ab): Anl + V= Ne + L ... between invariant point (5.15Kb and 657°C)
and singular point (6. OKb and 65 7°C)
Anl+ V=L ........ at singular point, singular reaction due
to the compositional colinearity
Anl% Ne + V= L ... at any pressure above the singular point.
(V): Anl = Ab+ Ne + L
(Ne, Ab): Anl+ V=L........ singular univariant reaction occurring

at the T and X of the thermal divide
at any pressure above the singular point

in the presence of excess water.

The two univariant P-T curves,(L) and (Anl), which exist
stably below the invariant pressure are based on phase-reactions involving
the total system. Their univariant chemographs (i.e. reaction equations)
are topologically the same throughout their respective P-T stability ranges.
From the invariant point towards higher pressures, three
univariant curves (Ne), (Ab) and (V) radiate. The (V) univariant curve
has nearly constant temperature, regardless of the change of pressure. The
univariant temperatures of both of the other two curves (Ne) and (Ab) lowers

slightly but continuously as pressure increases. Consequently, it is evident
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that the maximﬁm temperature of analcite stability is nearly constant

(65 70:1:5°C) above the pressure of the invariant point, but the temperature
minimum of melting is slowly decreasing with increasing pressure. Note
that there are two temperature minima of melting above the pressure of
the singular point due to the formation of a thermal divide, one of them
for the (Ne) univariant P-T curve and the other one for the (Ab) curve.

At PH 0~ 7.32Kb, an isobaric T-X projection (Fig. 6a) was
2

made within a restricted temperature range, across the three univariant

curves including one singular P-T curve (see Tl-T2 section on P-T

diagram in Fig. 5). The 7.32Kb T-X diagram was constructed essentially
on the basis of the data points shown in the diagram (Fig. 6a). Another

T-XH 0 diagram along the composition join Ab 7Ne —HZO along which

2
the thermal divide lies was constructed (see Fig. 6b). On the basis

4 53

of these two diagrams, nine isobaric-isothermal sections were schematical-
ly constructed (Fig. 6(1)-(9)), which illustrate the ph_ase-equilibria. relations
above the pressure of the singular point. The univariant chemograms (V),
(Ab) and (Ne) are illustrated in Fig. 6-(2), (6) and (8) respectively, and one
singular reaction chemogram is given in Fig. 6(4). Thick tie-lines are

used between univariant reaction phases.
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FIG. 6a. ISOBARIC T-XAb-Ne PROJECTION AT PHZO = 7. 32Kb.
Based on the experimental data given in the diagram

and the data above and below 7.32Kb (see Table IVa).

- = 7.32Kb.
FIG. 6b. ISOBARIC T XH 0-Ab _Ne SECTION AT PH 0 7.32Kb

2 47 53 2

Approximately constructed.

FIG. 6(1)-(9) ISOBARIC ISOTHERMAL SECTIONS (Schematic)

AT PHZO = 7.32Kb

Illustrating the phase relations around the three

univariant temperatures and also thermal divide (4).
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The singular univariant P-T curve starts from the
singular point (6x0,.5Kb/65 7:I:5°C) and passes through a point (7. 3240, 25Kb/
65 O:I:SOC). The thfeé singular phases, liquid, analcite and vapor, are
colinear along the thermal divide. Accordingly, their equilibrium compo-
sitions change according to the change of position of the thermal divide. The
compositions of tha singular phases, therefore, change in the three component
plane and the reaction is ternary, as predicted by Peters, Luth and Tuttle
(1966, p. 747).

4. Compositions of Univariant Phases L, Anl, Ne and Ab

The equilibrium compositions of the univariant phases along
each of the P-T curves, (L), (Anl), (V), (Ab) and (Ne) were deter-
mined or estimated through the method of phase boundary-location in
an isobaric T-X diagram (or projection). The data of the phase-
compositions determined in this study are presented in Table VI. The
HZO-contents of hydrous phases presented in the table were obtained
from the data determined in Part 2. The anhydrous
compositions of the phases were based on a number of runs of similar

P, T and X, but a representative run is given in Table VI.
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TABLE VI. COMPOSITION OF UNIVARIANT LIQUID, ANALCITE,
ALBITE AND NEPHELINE

Univariant Run No. Run Condition Composition of Liquid or Analcite
Phase or Press. Temp. Anhydrous Wt. % HZO content
(Fig. No.) Kb °C Ab Ne Wt. %
L(Anl) 118 1. 07 852 65.0 35,0+2.5 4.5
(fig.16) 2.00 750 62.0 38.0+1.0 .5
L, (fig. 17) 5,15 657 57.0 43.0+1.0 11.4
L | 342 5.64 657 56.5 43.5+2.0 11.7
(Ne) '
(fig.11) 7.32 640 55.0 45.0£5.0 13.0
489 9. 65 632 54.5 45,5%2.5 14,0
L(Ab) 409 6.62 655 48.0 52.5%1.0 12.5
(fig.11) 7.32 647 44.5 55,.5*1.5 13.0
L(V) (fig.11) 7.32 657 47.0 53.0+2.0 13.0
Anl(L) 569 0. 49 502 56.0 44.0+1.0 8.0
(fig. 16) 2,00 600 56.0 44.0+1.0 8.0
Anli (fig.17) 5.15 657 56.0 44.0+1.0 8.0
Anl(Ne) (fig.11) 7.32 640 49.0 51.0%1.0 8.0
458 8.14 632 49,0 51,0+£1.0 8.0
. L] . i . .
Anl(Ab) 407 6.62 646 49.5 51.5%1.5 8.0
(fig.11) 7.32 647 46,0 54,0%2.0 7.6
Anl (fig.11) 7.32 657 47.0 53,0£2.0 8.0
Abi (fig. 17) 5.15 657 95.0 5.0+1.0 -
ig. 2. 4, 5.5%1.0 -
Ab(Anl) (fig. 16) 00 750 94.5 5+1
Ab(L) (fig. 16) 2.00 600 98.5 1.5+1.0 -
Nei (fig.17) 5.15 657 9.0 81.0%1.0 -
Ne(Anl) (fig. 16) 2,00 750 26,0 74.0%1.0 -
Ne (fig. 16) 2,00 600 21.0 79.0x1.0 -

(L)
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On the basis of the data, two diagrams were constructed. One
of them is a polythermal P-X diagram, as shown in Fig. 7, which was
constructed plotting the anhydrous compositions of phases against pressure
in a rectangular coordinate. The other one is a polybaric-polythermal
composition diagram (Fig. 8), constructed plotting the compositions of
the phases in the ternary component system.

The polythermal P-X diagram is very useful, especially for
the illustration of the equilibrium compositions of univariant phases at a
given pressure. A few examples suffice to explain the diagram (Fig. 7).

, Anl and Ne are the curves which show the

(L) (L)

compositions of the equilibrium phases, albite solid solution, analcite

For instance, Ab
(L)

solid solution and nepheline solid solution for the (L) univariant reaction
Anl = Ab+Ne+V at any pressure up to the invariant point. Similarly, three

and Anl , show the compositions of the (Ne)

curves, Ab(Ne)’ L(Ne) (Ne)

univariant reaction phases albite, liquid and analcite respectively at any
pressure above the invariant point, and so on. The compositions of

Ab and Ne at PH = 0and P =1 Atm are based on

Ly An1) (Anl) 0 total

the data after Greig and Barth (1938). Note that Anl(V) and L(V) are

presented on the same curve because they have the same anhydrous com-
positions, and also the compositions of analcite and liquid for the singular
reaction are changing along the same curve denoted by Anl(V) and L(V)

as pressure changes.



FIG. 7. POLYTHERMAL P-X (PRESSURE-COMPOSITION) DIAGRAM FOR THE EQUILIBRIUM-
COMPOSITIONS OF UNIVARIANT PHASES, LIQUID, ANALCITE, ALBITE & NEPHELINE
(Essentially based on Table VI)
The diagram shows the anhydrous composition of each univariant phase with respect
to pressure, along each of the five univariant curves radiating from an invariant point

(5.15Kb and 657°C) where Ab, Ne, Anl, L, and V coexist.

Abi’ Li' Anli & Nei denote invariant albite, liquid, analcite and nepheline respectively.

, and Ne denote respectively univariant albite, liquid and nepheline

Ab(Anl)’ I"( Anl) (Anl)

for the reaction (Anl): Ab+Ne+V = L. Ab and Anl denote respectively

(Ne)’ I"(Ne) (Ne)

univariant albite, liquid and analcite for the reaction (Ne): Ab+Anl+V = L, and so on.

evy
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All the corresponding phases in different univariant reactions,
of course, have the same composition at the invariant point. Accordingly,
the four curves meet in a point (see Fig. 7). The invariant phases
are denoted by Abi’ Nei, Anli and Li' At the singular point Sl, the

1 and L are the same.

anhydrous compositions for Anl ,» L
Y P (V)’ ~(Ab) (V)

As the water-vapor pressure increases, every equilibrium phase involved

in a univariant reaction has a tendency to be enriched in NaAISiO4-content,

(Ne)’ Ab(Ne) and Ab(V))' There are two impor-

= OKb and 5. 15Kb) for compositional changes of

with few exceptions (Anl

tant pressures (PHZO

the univariant phases, especially hydrous phases. As shown in

Fig. 7, L from P 1

(Anl) H,0 (Ne)’ An (vy’

] é . = . . h
L(V) Anl(Ab) and L(Ab) from PHZO 5.15Kb to about 7.5Kb change

= OKb to about 2Kb, and Anl

their compositions rapidly.
On the basis of the polythermal P-X diagram (Fig. 7), it
seems to be likely that every univariant phase concerned is approach-

ing a fixed value of its composition above 10Kb H_O-pressure, and the

2
fixed composition should not be far from that obtained at 10Kb.

The solubility data which will be discussed inPart 2 (Fig. 16a)
implies that the_ solubility of water in the univariant melt L(Ne) also
approaches a fixed value which should not be very different from the

value at 10Kb. Again, the solubility of water in the melt is nearly

constant regardless of the variation of the anhydrous composition of the
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melt, at least within the range of Ab__.Ne__-Ab,  _.Ne, ., in this

80" 20 40 60
system (see Figs. 14 and 15 in Part 2).

Thus, it is possible to construct a polybaric -polyther‘mal
composition diagram for the univariant phases, L, Anl, Ab and Ne
(see Fig. 8). The ternary composition diagram represents the
compositions of univariant phases throughout the whole P-T stability

range of each of the five univariant curves, including those of invariant

and singular phases.



FIG. 8. POLYBARIC-POLYTHERMAL TERNARY COMPOSITION DIAGRAM FOR THE UNIVARIANT

AND INVARIANT PHASES

The compositions of invariant phases are denoted by big open circles.
The compositions of univariant phases at the terminal point of each
univariant curve radiating from the invariant point are denoted by
small solid circles. The compositions of liquid (LS) and analcite (Anls)
at a singular point are denoted by small open circles. In this study, the

vapor phases are not determined.

elLy
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5. Univariant Equilibria, Anl+ N-h I Ne+ V

The experimental data for the determination of the univariant
curve on P-T projection were given in Table IVd. The reaction equation
of the univariant equilibrium is mainly analcite + nepheline-hydrate I =
nepheline + water within the P-T range of the present study.

The equilibrium compositions of the univariant phases,
nepheline and nepheline-hydrate I do not consist of the pure nepheline
composition (NéAlSi04). Knowing the composition of both mineral solid
solutions, it can be understood why Sand et al. (1957, p. 176) and Saha
(1961, p. 867) were not able to determine the univariant equilibrium and
P-T curve, because there is a transitional 3-phase region due to
the non-binary phase relations on the join Ne-HZO.

The equilibrium phases involved in the univariant reaction
concerned herein are analcite, nepheline, nepheline -hydrate Iand
vapor (Figs. 1, 2 and 3c & g). The equilibrium composition of analcite

Ne, . with 7.3 weight

is nearly natrolitic: its anhydrous composition is Ab40' 60

per cent water at 2ZKb water vapor pressure and also the same at the in-
variant pressure (5.15Kb). The compositions of univariant Ne and N-h I
were determined or estimated from .5Kb up to 10Kb and are presented
in Table VII and plotted in a polythermal P-X diagram as shown in
Fig. 9a.

The composition of the univariant nepheline changes within

-Ab . Ne

the range of Ab90. Ne10 0 N¢ g0

The anhydrous composition of the

univariant nepheline-hydrate I solid solution is also changing within a


http:Ne-Ab.Ne
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TABLE Vil. COMPOSITION OF UNIVARIANT NEPHELINE AND

NEPHELINE HYDRATE I
(Relevant to Fig. 9a)

Run No. Univariant .

or Press. & Temp. Nepheline Nepheline-~-hydrate I (S. S. )
(Fig. No.) PH 0 T Solid Solution Anhydrous Wt. % HZO content

2
Kb oC Ab Ne Ab Ne Wt. %

483, 484,
480, 481 9.79 480 1 99 2 98 6
424,466,467,
463, 464, 465 8.76 467 3 97 1 99 6
(Fig. 17) 5,15 435 4 96 -1 101 6
(Fig. 16) 2,00 400 9 91 4 96 6

564,565,561,
562,511,512, 0.49 388 6 94 9 91 6
508,509,510
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FIG. 9a. EQUILIBRIUM COMPOSITIONS OF UNIVARIANT ANAILCITE,
NEPHELINE HYDRATE I, AND NEPHELINE. Along a

univariant curve, where analcite, nepheline, nepheline hydrate I and

water vapor phases coexist. Nepheline and nepheline hydrate I have

the same anhydrous composition at C2 and C3 respectively.

FIG. 9b. UNIVARIANT P-T CURVE, involving four phases Anl, Ne,

N-h I and V, in the system NaAlSi308-NaAISiO4-H20 .

Two singular points ,32 and S3 are located approximately at 0. 8Kb/
390°C and 9.4Kb/475 respectively, in which singular reactions

nepheline hydrate I = nepheline + HZO occurs. The zone for the

transitionN-hI+ H_O0 = Ne + H,0 is stippled, on composition join

2 2
NaAlS1O4 —HZO.
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similar range: Ab90. Nel O-Ab_1 . Ne1 01 The Ab-content in the
nepheline solid solution is higher than that of the nepheline-hydrate I
solid solution within the range of water vapor pressure .8 to 9.4Kb,
and the case is reversed above and below this pressure range.

As shown in Fig. 9a, the two composition curves intersect
in two points, CZ (. 8Kb, Ab8. Ne92) and C3 (9.4Kb, Abé.Ne98), where

the two phases have the same composition except for HZO' Accordingly,
a singular reaction N-h I = Ne + V should occur at each of these pres-
sures. Therefore, there exist two singular points, SZ and S3 on the
univariant P-T curve as shown in Fig. 9b. The two singular points
obtained in this way are approximately located at SZ (.8Kb, 39 OOC)

and S, (9. 4Kb, 475°c).

These two singular points are both transition points for

the univariant reaction equation as summarized below.

{l] N-hI=Anl+ Ne+ V  at any pressure above S3

:2] N-hI=Ne+ V at a singular point $3 (9. 4Kb, 4.75°C)
:31 N-hI+ Anl=Ne+ V  at any pressure between 33 and ﬁz.
i4: N-hI=Ne+ V at a singular point S, (0.8Kb, 390°C)
iS: N-hI=Anl+ Ne+ V at any pressure below SZ'

51
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The singular reactions allow a new P-T curve to pass through
the two singular points SZ and 83, but the new P-T curve is related to

the phase relation in the system NaAloO -NaAlSiO4-H20. So it will not be

2
further discussed herein.

For comparison of the present data with the previous work,
the curve for the trénsition N-hI+ V = Ne + V determined by Saha (1961,
p; 868) was drawn in Fig. 10. At 2Kb, the univariant temperature in the
present study is 400£5°C for the reaction n-h I + Anl = Ne + V, but
Saha's temperature of transition is 455°C at the same pressure. This
discrepancy between them seems to be mainly due to the different pro-
perties of the reaction concerned. As shown in the isobaric (2Kb)

T-X projection (Fig. 1) determined in this study, the system NaAISi04-
HZO is not binary but ternary. Accordingly, there is a temperature zone
405-440°C, in which Ne, N-h I and V are coexisting. The upper limit

of the temperature zone (440°C) is very close to the transition tempera-
ture (4550C) of Saha (see Figs. 9b and 10 herein).

Many reversible runs were made, essentially for the re-
versibility Nepheline-hydrate I & Nepheline + Water, using synthetic
nepheline and nepheline hydrate I. It was made certain that the re-
versibility held true perfectly. Consequently, there is no doubt about

the stability of the univariant P-T curve determined herein. As long as

it is a stable P-T curve, it may probably extend above 10Kb.
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FIG. 10. P-T PROJECTION GIVING A COMPARISON WITH PREVIOUS

WORK IN THE SYSTEM NaAlSi30 -NaAlSiO4-H20

8

All the P-T curves shown in this diagram are univariant except two
curves. One of them is the curve for the transition nepheline hydrate I+

H_O0 = nepheline + H

> 0 determined by Saha (1961). The other one is the

2

P-T zone (stippled area) for the same transition in the system

‘NaAlSi0, -H_ O, determined in the present study.

4 "2
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6. Univariant Equilibrium for the Reaction:

(Zeolite P. = Analcite + Nepheline-Hydrate I + Water)

In this univariant reaction, a zeolite species P. (cubic
form) is involved. The zeolite species P. was reported to be hydro-
thermally synthesized at low temperature (60-110°C) in the presence
of excess NaOF (200-300%) by Barrer et al. (1959, p. 200). The zeolite
encountered in this study was identified to be zeolite species P.

(cubic form) by 15 X -ray patterns. Saha (1961, p. 868) reported a

zeolite '"B" synthesized at low temperature (~300°C at P = 1Kb etc.)

0
HZ

in his study of the system NaAlSiO4-H20. Saha's zeolite '"B'' is very
s‘imilar to zeolite P. The univariant P-T curve involving zeolite
species P. as a reaction phase was determined.

The univariant P-T curve passes through the P-T points
(2Kb, 215°C), (5.15Kb, 235°C) and (8Kb, 260°C), and the P-T curve
is nearly a straight line, as shown in Fig. 5. The univariant re-
action along the P-T curve is zeolite species P, & Analcite + Nepheline

hydrate I + Water (see Fig. 3e & d). The experimental data are given

in Table IVe.
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The equilibrium compositions of the univariant phases were
estimated from the phase relations on the isobaric T-X projections
determined at 2Kb and 5.15Kb (Figs. 1 and 2); these are, therefore,
only approximate compositions. The univariant zeolite has an anhydrous

composition of Ab16' Ne84 with 11. 5 weight percent water at 2Kb and

5.15Kb. The univariant analcite has an anhydrous composition of

Ab44Ne56 with 7. 3 weight percent water at 2Kb and 5.15Kb. The uni-

variant hepheline hydrate I has an anhydrous composition of Ab 4 New4

at 2Kb and Ab g Ne108 at 5.15Kb with 5.9 weight percent water res-
pectively. The univariant analcite and zeolite P. have nearly constant
compositions in the pressure range between 2Kb and 5. 15Kb, but the

nepheline hydrate I becomes richer in NaAlOZ-component as the pressure

increases.
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V. DISCUSSION AND PETROGENETIC CONSIDERATION

When discussing petrological implications, the Ca0-component
cannot of course be neglected but for the sake of simplification, the present

discussion is restricted to alkali rocks in the quaternary system NaAlSiO4-

KAISiO4 -SiOZ-HZO, with special emphasis on the analcite problem.

Direct crystallization of analcite from a melt was
demonstrated by Peters et al. (1966) in their experimental study in the
system Na,AISi308 -NaAlSiO4-H20. The liquidus analcite solid solution

was shown by them to crystallize in a narrow temperature range and
to be compositionally limited (Peters et al., 1966, p. 752). According
to their study(p. 751),the maximum content of KZO in analcite solid
solution is about 2 weight percent (at the P-T range: 2.2 - 6.4Kb and
630-650°C).

Fudali (1963, p. 1120) found the maximum substitution of

Na_O0 by K_O to be about 1. 7 weight percent (8 Wt. % KAI1Si ) in analcite

2 2

crystallized on the join NaAlSi206-KA181206 at 4Kb water vapor pressure.

Wilkinson (1968, p. 252) confirmed his earlier conclusion (Wilkinson &

2%

Whetten, 1964) that analcite solid solution contains up to approximately
2 Wt. % KZO' Such very limited analcite solid solutions with respect to
KZO may be interpreted as probably applying most typically to liquidus

analcites.
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According to the analyses of primary analcites reported by
MacKenzie (1914), Larson & Buie (1938, p. 839), Wilkinson (1965, p. 429)
and Pearce (1970, p. 53), the compositional range of analcites is appro-

ximately from N‘a.AIS1206 H 0 to Na.A1811 505 0.75 H 0. Wilkinson

(1965, p. 429) reported in his study of the Square Top intrusion that the
three analcites he analysed depart in their chémistry from the ideal

stoichiometric ratio NaZO:SiO2 of 1:4 and demonstrated in his diagram

(Fig. 5, p. 438) that the compositional trend of liquidus analcites is

)toward

309%17. 4

from an approximately natrolitic composition (Ne

796

a silica-rich one (Ne Ks Qz ) with progressive differentiation

73.171.87725.1

(from analcite-olivine theralite to analcite tinguaite).
He concluded that the replacement of Si by NaAl in the
analcites decreased with progressive differentiation. The present

experimental study in the system Na.AlSi308 -NaAISiO4-‘H20 agrees fairly

well with this trend, namely that the range of liquidus analcite solid

solutions is from nearly natrolitic analcite (Ne58°Ab42. = NeSIQzl‘))

to Ne 4. QZZ()) in the pressure range of 5.15 - 10Kb and the

56 (= N
compositional change of liquidus analcite with progressive differentiation
also corresponds to Wilkinson's results.

On the basis of the present experimental study, it was expected

that all the mineral phases except the silica-phases form a considerable

range of solid solutions in the system Na.AlSiO4-KAlsi04-SiOZ-HZO. A
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ternary composition diagram (projected to the dry base, NaAlSi04-

KAISiO4-SiOZ) wvas constructed using some of the analysed chemical
data of alkali feldspars, analcites, nephelines, kalsilites, and 1eﬁcites,
reported in the literature (Fig. 11).

The compositions of alkali feldspar, analcite and leucite
were mostly recalculated on the basis of three components, NaAISiO4,
KAISiO4 and SiOZ’ and presented in Tables VIII and IX. For nepheline and
kalsilite, the chemical data compiled by Deer, Howie & Zussman
(1963, v. 4, p. 242-244, p. 253-254) were used.

Indeed, every natural mineral considered here has a wide
range of solid solutions as shown in Fig. 11. It is noteworthy that
the wide ranges of analcite solid solution, alkali feldspar s.s., and
leucite s.s. have been generally overlooked or neglected inspite of
several investigations reported by Larsen &Buie(1938), Barrer (1950,
p. 2342), Barrer et al. (1953) and Barrer & Baynham (1956, p. 2888), etc.
On the basis of the experimental data (in Figs. 1, 2, 4 and 7) and
also the chemical data for the natural minerals (in Fig. 11), the maxi-
mum stability boundaries of the mineral solid solutions were sketched in.

The writer’s experimental information is, of course, limited only to the

system albite-nepheline -H2 0.
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TABLE VIII. CHEMICAL COMPOSITION OF NATURAL ALKALI FELDSPAR

Recalculated in the terms of three components

NaAlSiO4(Ne), KAISiO4(Ks) and SiOZ(Qz) using the

analytical data compiled by Deer, Howie & Zussman
(1963, v. 4, pp. 36-110, tables 4-8, and 12-13).

AL

13

* Relevant to Fi

Total, Wt °/6
45,87678 100,00000
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TABLE VIII. NATURAL ALKALI FELDSPAR (continued)

Total, Wt °/e

45497719 100,09000

Qz

Ks
19,28900

Ne

No.
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TABLE IX. CHEMICAL COMPOSITION OF NATURAL ANALCITE

AND NATURAL LEUCITE

Recalculated on the basis of three components, Na.AlSiO4(Ne),

KAISiO4(Ks) and SiOz(Qz), using the analytical data compiled by

Deer, Howie & Zussman (1963, v.4, table 44 in p. 343 for analcite,
and table 33 in p. 280 for leucite) and the other data of analcites

reported by Larsen & Buie (1938), Wilkinson (1962, 1963, 1965 and

1968), Coombs & Whetten (1967) and Pearce (1970).

* Relevant to Fig. 11.

Total, Wt °/
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FIG. 11. TERNARY COMPOSITION DIAGRAM OF NATURAL MINERALS in the terms of three components
NaAlSiO4, KAlSiO4 and Si02

showing the solid solution range of natural minerals, alkah—feldspar, analcite, leucite,

nepheline, and kalsilite.

o Natural minerals*; chemical analysis data were collected from the literature.
Most of the mineral compositions were recalculated on the basis of three components,

NaAlS104, KAlSlO4 and 8102.

® Equilibrium compositions of invariant phases, analcite = Anli, Albite = Abi and
Nepheline = Nei at 5.15Kb and 657°C (invariant point) in the system NaAlSi308 -NaAlSiO4-H20
(Synthetic) experimentally determined by writers.

Ab'=Albite is the albite at 5.15Kb and 657°C in the system NaAlSi308 -SiOZ-HZO, which contains

5 weight percent of silica {maximum) in solid solution at the given P and T.

o Equilibrium compositions of univariant phases, analcite, albite and nepheline, at PH 0~ 10Kb.
in the system NaAlSi_0_-NaAlSi0O -HZO (synthetic), experimentally determined by 2

the writers. 38

Ab(Ne) and Anl(Ne) are the equilibrium compositions of albite and analcite for the reaction (Ne):Ab+Ani+V=1
Ne(Ab) and Anl(Ab) are the equilibrium compositions of nepheline and analcite " (Ab):NetAnl+ V=1
Ab(V)’ Ne(V) and Anl(v) are the equilibrium compositions of albite, nepheline and analcite

for the reaction (V):Anl=1+Ab+Ne.

* For details, see Tables ¥III and IX.
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The ranges of nepheline and kalsilite are generally concordant
with the experi,menfal results reported by Tuttle & Smith (1958, p. 583,
and p. 586), and Hamilton & MacKenzie (1960, p. 61; 1965, p. 222).
Leucite compositions have been known not to depart significantly from

the ideal formula, KAIlSi , through the investigations reported by

206
Bowen & Schairer (1929), Chirvinsky (1953), Sahama (1952), Schairer &
Bowen (1955), Tilley (1958), etc. But the chemical data for leucite
suggest a possible enlargement of its stability range.

Alkaii feldspars form a narrow zone of solid solutions along
the join NaAlSi30 8 -KAISi308, approximately defined by two boundary
lines which depart from the join by £2.5 Wt. % silica. These analyses
seem to be in good support of the present experimental results.

For the analcite solid solutions, an idealized diagram to
illustrate petrologic trends was constructed as shown in Fig. 12. The
diagram shows a general idea for the compositional trend of analcites
in regard to the petrogenesis of analcite-bearing rocks. In Fig. 12,
the solid triangle denotes the quaternary invariant analcite composition

in the system NaAlSiO4-KAlsiO4-Si 0 -HZO. Consequently, itis a

2
thermal peak of the analcite stability field. On the basis of the results
investigated by Peters et al. (1966, p. 741), Wilkinson (1965 and 1968) and

the results in this study, it was reasonably inferred that the invariant analcite
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has an anhydrous composition Ne73KszQz25 (approximately). The X-mark
denotes the thermal trough of the analcite stability field. Since the
analcite of the thermal trough was estimated to be of the ideal formula,
NaAlS1206. HZO’ in the system NaA181308-NaAIS1O4-H20 (see Figs. 1

and 2), the analcite composition of the quaternary thermal trough was

reasonably assumed to be Ne KszQz30 (anhydrous).

68

As shown in the diagram (fig. 12), the liquidus analcite
changes from near the natrolitic composition toward the invariant analcite
composition, during the progressive differentiation of a magma (marked
as a thick solid arrow; the solid arrow on the Ab-Ne join is the one
for the Na-analcite). The invariant analcite (at about 5Kb) is the
silica-richest terminal composition for the liquidus analcite.

The subsolidus compositional readjustment of the primary
analcite in equilibrium with coexisting phases is interpreted to be
accomplished along each of the fine lines radiating from the invariant
analcite. And then the composition of the analcites reversely
converges toward the ideal formula (X), with or without the aid of a
residual aqueous fluid. This is the idealized situation. But it is hard
to expect the completion of the compositional readjustment down to the
thermal trough. In most cases, the compositional readjustment of

analcite might stop at a temperature above about 400°C‘, On the basis of

this idea combined with the fact of bulk-compositional frequency near the
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FIG. 12, IDEALIZED PETROGENETIC DIAGRAM FOR ANAILCITE
SOLID SOLUTIONS (PROJECTED TO THE DRY

BASE) IN THE SYSTEM NaAlSiO4-KAlsiO4-SiO -HZO

2

constructed approximately on the basis of data in Figs. 1, 2, 4 and

11, and the data reported by Wilkinson (1965, p. 438, Fig. 5). The
thick solid arrow indicates the trend of compositional change for the
liquidus analcite during progressive differentiation. The solid triangle
is the thermal peak of analcite stability field at an invariant pressure
and temperature (~ 5 Kb and 635+°C). X -mark indicates the

thermal trough of analcite stability field (1505 0°C at 2-5Kb).

For the details, see text.
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saturated syenitic and slightly undersaturated syenitic compositions

(that of temperature minimum of melting), the abundant occurrence of
nearly ideal com.positional analcites can be explained. The compo -
sitional variance of analcite can also be expected, when either pressure
or temperature decreases relatively rapidly from the liquidus region.

It is to be noted that the thermal divide formed due to the thermal peak
of the analcite stability field generates another minor trend of a primary
analcite composition which changes toward a nepheline-rich one on cool-
ing. But the change of the thermal divide with pressure makes the situa-
tion complicated.

Sedimentary analcites including low-grade metamorphic ones
show a wide range of compositions according to the data reported by
Wilkinson & Whetten (1964), Whetten & Coombs (1965), and Coombs &
Whetten (1967).

Coombs & Whetten (1967) further specified the compositional

range of sedimentary analcites into three groups, silica-rich sedimentary

analcites (approximately Na.l:,,Al1 33135 96 Na A1148134 96" ® HZO)’ burial-
. . 0),

metamorphic analcites (close to Na,14A1148134 96" H ), and silica-poor

sedimentary analcites (approximately Na15A1158133 96" ™ H 0 to

NaAlS12 6 H 0). It was concluded that the compositional range of

sedimentary analcites including burial-metamorphic ones is approximately from

NaA181308. 1.5 HZO to NaA151206. HZO.


http:NaA1Si0.H0

This agrees very well with the present experimental data
(see Figs. 1, 2 and 4). In the light of the experimental study in the
5ystem Na.AlS1308 NaA18104-H20, it is interpreted as f;)llows:
(i) I1f the bulk-composition (mostly local ?) of analcite-bearing

sedimentary rock is richer in silica than that of NaAlSiZO6, then the

analcite belongs compositionally to the range of NaAlSi_0_.1.5 HZO

38
to Na1A1512‘06 H 0. If it is less in silica than that of NaAlS12 6 then
its analcite will belong to the range from Na.AlS1206 H 0 to NaA181 05.

15 HZO' The thermal trough of the analcite-stability field was experi-
mentally estimated to be at ideal composition analcite. Thus, most
of the sedimentary analcites including low-grade metamorphic ones have
compositions within NaAlSi308. 1. SHZO and NaAlSi206. HZO’ since the
sedimentary rocks are mostly silica-rich.
(ii) The composition of a sedimentary analcite seems to depend
essentially on the local bulk-composition of starting materials (rock)
including aqueous fluid phase and temperature (at a given pressure).

In the petrogenetic diagram (Fig. 12), assuming the attain-
ment of chemical equilibrium, the compositional change of equilibrium
analcite during progressive metamorphism including diagenesis is inter-

preted to be accomplished along the dashed line starting from the nearly

ideal analcitic composition (the thermal trough) outwardly, and then from
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the boundary rim <toward the thermal peak of analcite stability field.
However, the situation is complicated by the possible effect of aNa+
and a’Si 0 in the aqueous phase and the general difficulties in attaining
equilibrium at low temperatures, as pointed out by Coombs & Whetten
(1967, p. 277) in their comment on the use of analcite as a possible
geothermometer which was suggested by Saha (1961).

On the basis of the present experimental results (Figs. 1, Z,
4 and 7)), it is pointed out again that the analcites of very albitic
composition are found within a limited temperature interval, which is
not very dependent on pressure (2800:1:5 0°C in the pressure range of
2-7.3Kb). This would seem to be a possible use of analcite as a
geothermometer.

Liquidus analcite (e. g. primary phenocryst of analcite) seems to
be useful 'as a geobarometer to define the lower limit of pressures (about

5Kb), since analcite cannot crystallize from a melt below about 5Kb.



PART 2

A METHOD FOR THE DETERMINATION OF THE SOLUBILITY OF
WATER IN SILICATE MELTS, WITH APPLICATION TO

HZO-SOLUBILITY IN THE SYSTEM Na.AlSi?’O8 -NaAlSi 04-H20

69
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I. GENERAL STATEMENT

Generally, the determination of the solubility of water in
a silicate melt is one of the most difficult problems encountered in
experimental investigations of a silicate system, as pointed out by
Tuttle & Bowen (1958, p.14). In many cases, therefore, solubility
data have not been reported in spite of the fact that data to determine
the solubilities were available as by-products of the determination of
P-T curves or T-X phase diagrams, if the present method were used.
A new method used in this study is especially suitable to such cases.
This method was developed in order to obtain the solubility values
directly from the experimental runs made to study the phase equilibria.

In this study, the solubility of water in melts of various
compositions were determined at PH 0> 2Kb & 5. ISKb respectively,

2

and also the solubility of H_ O in the (Anl) and (Ne) univariant melts in

2

the system NaAlSi308 -NaAlSi04-H20 were determined, using the present

method. The HZO-contents in hydrous mineral phases were also
determined.
It should be noted that the writer does not assert the

superiority of the present method over the previous ones but he does

wish to stress the simplicity of the method.
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II. PREVIOUS METHODS

1. Goranson’s_ Method (1931): weight-loss-on-ignition method.

His pioneer work to determine water -solubility in recon-
stituted granite magma prepared by melting mica-granite from Stone
Mountain, Georgia, has greatly contributed to petrological research.
His method is essentially as follows:

i) A charge was prepared using a sealed-tube technique (with excess
water.
ii) Quenched after equilibrium attained at a desired P-T condition.
iii) Glass dried at 100-106°C until attaining to constant weight, and
then weighed.
iv) Ignited over a gas burner for 30 minutes and finally reweighed.
The weight differences before and after ignition is considered as the

amount of dissolved water in the melt.

2. The Method of Yoder (1954) and Yoder, Stewart & Smith (1957):

Weight-loss-on-crystallization method combined with phase boundary-
location
Instead of using the final step (iv) of Goranson's method,
hydrous glass (run product) was retreated such as to be completely cry-

stallized,and then dried and weighed. The weight difference before and
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after the crystallization is taken as the amount of water dissolved in the
melt. This method was devised by Yoder (1954) in his study of the
system diopside-anorthite-HZO. Subsequently, the method was improved
using the known amount of water in an original charge by Yoder, Stewart
& Smith (1957, p. 209; Fig. 39 and 40) in their study of ternary feldspars

(personal communication with Yoder, July, 1970). In fact, their method

was combined with phase boundary-lacation on the T—XH 0 sectiam.
2

Note that neither of Yoder's methods have been published
but have been mentioned by Burnham & Jahns (1962, p. 723) through
personal communication with Yoder (1960).For information, see Yoder (1965).

3. The Method of Khitarov et al. (1959): Water-loss-on-ignition method

Their modification was to specify the amount of water-loss
from the total ignition loss, during the final step of Goranson's method.
For this purpose, an apparatus was specially designed such that the
dissolved water in a quenched glass was expelled from the glass on
ignition and absorbed in anhydrone in a "Pregl tube''. The amount of
weight increased in the Pregl tube was considered as that of the dissolved
water in the melt.

4. The Method of Burnham & Jahns (1962);

Liquidus boundary-location method with the aid of excess water-criteria
The solubility value is essentially obtained by locating the liquidus

boundary (or boundaries) on an isobaric T-XH o Section. The solubility value



is corrected through the examination of the quenched glass for evi-
dence of excess water and by the amount of water trapped as internal
bubbles. The latter quantity is measured by means of point-counting

on a specially prepared thin section.
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III. THE PRESENT METHOD

1. Sealing of kno.wn amounts of water and starting material (20-50mg
in this study) in a capsule.

2. Quenching after the required period to attain equilibrium at a
desired P-T condition.

3. The capsule (run product) is dried in an oven (800-1100C) for
30 minutes or longer, and then weighed, in order to elimi-
nate any possible water and/or other volatile materials on
the sur.face wall of the capsule, and also to equalize the
physical condition of the capsule for weighing.

4. A number of pinholes are made on the capsule, and then the pin;
holed capsule is dried again in an oven (800511006) for
several hours (usually overnight) so that all possible excess
water inside the capsule is driven off through the pinholes.

5. The capsule is finally reweighed and then opened for phase-
identification.

The value of the HZO-content in a melt or in a hydrous
mineral may be obtained through a simple calculation and correction as

described below.



6. The weight difference between the total amount of water (original-
ly put into the capsule) and that of free water (driven off

during drying) after the run is the essential value for the

HZO-content in a hydrous phase. If there is no other source
of water available, then it becomes directly the amount of
HZO in the hydrous phase. Note that the amount

of free water after the run is the weight-difference before
and after d;'ying the pinholed capsule.

7. There is a source of error due to the moisture content in the
starting material, which is related to the hygroscopic
properties of powdered gels. Therefore, it is necessary
to know how much moisture has been obsorbed in a pow-~
dered gel before making a charge. For this, the amount
of water released from a powdered gel when the gel is
completely crystallized and no hydrated minerals occur
is considered as the amount of the moisture originally con-
tained in the gel. This is basically a similar idea to that of
Yoder (1954, p. 106-107).

In order to minimize the error connected with moisture
content, in gels, the starting materials were heated (e.g., at a tem-

perature slightly above 300°C in over night in the present system) such

as to be moisture-free and kept in a moisture-free condition (e. g. in an



oven at 1150C) before being used. In this study, the HZO-contents in

various hydrous phases determined are believed to be correct within
*#0.5 weight percent except for those in quenched glasses at pressures
above ~8Kb (see statement 9).

8. The method for determining the H_O-content in a hydrous phase

2

is summarized in the following equation:

HZO-content in a hydrous phase

HZO (step 6) + moisture (step 7)

= 00 Wt.
starting gel + HZO (step 6) x 100 Wt. %

Note that the weight of a starting gel equals that of an
ideally moisture-free gel plus moisture (7) which is
originally absorbed in the gel.

9. There is another source of error, which is related to the vesi-
culation in a quenched glass of water-bubbles. Accordingly,
the origin of water-bubbles in a quenched hydrous glass is
important and has to be determined, in order to correct the
solubility value obtained. If water bubbles are inclusions of
excess vapour phase, then the amount (wt.) of the bubble-
water should be subtracted respectively from the numerator
and the denominator of the above equation. When the amount

of the bubble water is sufficiently small, then its effect on the
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solubility valuemay be nggligible. If water bubblesin a glass are
due to the exsolution of some of the dissolved water in a
melt upon quenching, then the above equation can be
directly used, regardless of the amount of water bubbles,
for the determination of HZO-solubility. In this case,
however, the solubility value obtained is probably slightly
less than the real value, because some of the dissolved
water in a melt may be lost by exsolution from the HZO-
saturated melt during quenching. The amount of the water
lost in this way would be proportional to the degree of ve-
siculation in the quenched glass. The degree of vesicula-
tion, therefore, may be a crude measure of the amount of
water driven off into the vapor phase.
In this study of solubility in the system NaAlSi308-NaAlsiO4-
HZO’ the vesiculation of water -bubbles in a hydrous glass is essentially
attributed to the exsolution of some of the dissolved water in the melt
upon quenching. This feature will be fully discussed later.

10. The present method is generally applicable to the determination

of HZO-content in a hydrous phase (e. g., analcite).
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IV. EXPERIMENTAL RESULTS AND THEIR INTERPRETATION IN THE

SYSTEM NaA181308 -NaA15104-H20

The data used below in determining the solubility of water
in a melt and the HZO-content in a hydrous mineral were collected from
the run products used in the investigation of phase-equilibria in the
system NaAlSi308 -NaAlSi04-H20 (Part 1). Note that the starting materials

used were oxide gels for the experiments. All the experiments were

carried out in the manner described in the previous sections.

1. Correction Factor for HZO-contents in Melts and Hydrous Minerals

The amounts of moisture initially absorbed in the gels of
various composition were determined from suitable run products (see
step 7), and plotted against the compositions of the dry gels (see Fig. 13).
In this particulér system, any run product which crystallizéd to a mix-
ture of Ab+V, Ab+Ne+V or Ne+V, is suitable for the determination of
moisture, because they are neither hydrated minerals nor hydrous

glasses.
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Fig.13 The correction curve of H{-contents in hydrous phases, showing the amounts
of moistures initially absorbed in the gels of various composition.

X The composition of univariant

liquid
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Ab 9 . 7 6 5 .4 Ne
Xab in Wt
Fig.14 The solubility of water in meit of various composition, at the minimum
temperature of water- saturated meit of each composition, at R;:%O = 2 Kb.
Shown in iscbaric polythermal diagram, projected to the system -Ne-HyO.
A Yoder, Stewart & Smith(1957)
o Burmmham & Jahns(1962)
* Present study
X The composition of invariant
liquid
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Fig. 15 The solubility of water in meit of various composition, at the minimum temperature
of water- saturated meit of each composition, at the invariant water vapor pressure S15kb.
Shown in isobaric -polythermal diagram, projected to the plane of the system Ab-Ne- HyO .



TABLE X

HyO-contents in water-saturated meits of various composition in the
system Ab-Ne-HyO, at temperature slightly above the minimum temperature of
water-saturated: .. .. melt as a function of each composition, & at the
given pressures 2Kb & S5.15Kb respectively, .. in- the presence of excess:
water. The data shown graphically in fig.14 &1S.

Run Composition of melt Run condition (excess water)
No. Anhydrous, in Wt*/e HyO-content.. Pressure Temp. Time
Ab Ne Wt.o/e Kb °C Hour
235 89.7 10.3 5.5 2.00 880 22
236 85.9 14 .1 5.8 2.00 880 22
192 69.1 30.9 6.9 2.02 853 91
201 64.8 35.2 6.2 2.00 804 91
193 57.0 43.0 6.2 2.02 853 91
237 »42 3 57.7 6.4 2.00 880 22
691 76.7 23.3 9.9 5.17 754 22
695 64 8 35.2 10-4 5.17 699 22
&00 59.8 40.2 10.8 5.23 672 53
361 57.0 43.0 11.5 5.29 669 19
696 54.7 45.3 10.5 5.17 699 22

692 43.5 56.5 9.9 5.17 751 22
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The moisture-contents in the gels of different compositions
are nearly the same as one another, but the content increases slightly
from the albitic composition (~ 0.7 Wt. %) toward the nepheline-
composition (»1 Wt.%). The accuracy limits for the HZO-contents in
hydrous phases are largely dependent on the variation of moisture-
content in the gel of individual charge, when the generalized moisture
curve (Fig. 13) is used as the correction factor. Because the variation of
moisture-content is within the range of £0.5 weight percent

(see Fig. 13), the values of H O-contents presented in Tables X, XI

2
and XII are believed to be correct within £0.5 Wt. %, assuming no other
source of error.

There is another source of error due to the vesiculation in

quenched glasses at pressures above~5Kb, which may be serious at

pressures above ~ 8Kb and is discussed later.

2. The Solubility of Water in Melts of Various Compositions at

_P_H2 o =_2Kb and 5. 15Kb

Suitable quenched glasses which were run at a tempera-
ture slightly above the liquidus temperature were selected from the run

products for the determination of water -saturated liquidus boundaries
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on a T-X phase diagram (projected to the dry base), at PHZ‘O = 2Kb
and 5. 15Kb respectively (for the detail refer to Figs. 1 and 2 in Part 1).
The solubility values determined using the present method are pre-
sented in Table X and plotted in the diagrams shown in Figs. 14 and 15,

The water -solubility values of various compositional melts
along the liquidus boundaries are similar, but slightly increasing toward
the nepheline-rich composition. Thus, it appears that the solubility'values

are not sensitive to the compositional variation of melts within the con-

siderable range of composition in the system.

3. The Solubility of Water in Univariant Melts at the temperature

minimum of melting up to 10Kb

The solubility of water in melts occurring along two uni-
variant P-T curves, (Anl) and (Ne), was determined and is presented
in Table XI and plotted against water-vapor pressure (see Fig. l6a).

In order to get a water-saturated glass completely free from any
crystal phase, the run product which was selected for the determination
of the water -solubility in the melt was that which was run at a tempera-
ture slightly above the univariant temperature (generally 10°c above)

at a given pressure. The solubility curve shown in Fig. 16a was drawn

so as to represent the mean values of the data, except for those above

8Kb.



TABLE XI

The solubility of water in univariant melt in the system Ab -Ne-HO up to water-vapor pressure 10 Kb,
The solubility values were determined using the present method. (The size of ‘water bubble given in .. parenthesis

is the most frequently observed.)

Run Composition of melt Run condition(excessHyO) Water bubbles in glass HyO-contents in melt,
obtained assuming water

No- Anhydrous (Solubility of water) Pressure Temp. Time Volume Size of Wt.®/s bubbles in a quenched

composition, . HoO-contents , °/e of bubble, of glass as those of external

in Wt. °/ in Wt. °/o Kb °C hour  bubble in bubble origin, in Wt. °/c

micron  water
Ab Ne
17 69.1 30.9 4.7 1.07 852 566 nil - -
201 64.8 35.2 6.2 2.00 804 N nil - -
€00 57.0 43.0 10.8 5.23 672 53 trace 8-2.5 -
361 57.0 43.0 11.5 5.29 699 19 tr. 5-2.5 -
409 49.2 508  12.2 662 655 19 4 5100 1.5 10.9
404 49.2 50.8 13.2 7.31 €652 21 6 (52-3)0 2.6 10.9
473 492 508 12.5? 9.00 642 40 10 -(52- 5).0 4.8 8.1
489 54.7 453 12.27 9.65 632 20 12 -5-8-0 5.8 6-8
. (2.0)

€8
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Fig.]16a.The solubility of water in univariant meit, in the system Ab-Ne-HyO.
Showing the amaunts of dissolved water in the melt as a function of each of
ven pressures., The minimum temperature of a melt is definite at a given
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The diagram is based on the solubility data presented in tabie XI.

Fig. 16 D. P-T diagram(schematic) in the same
system, presented for better under-
standing the concept of univariant melt.

The univariant meit concerned herein occurs along
the curve (Anl)-1-(Ne) which consists of two
univariant curves (Anl) & (Ne) and an invariant
point 1,

where (Anl): AD ¢Ne ¢V = L

(Ne) : Ab +Anl ¢V = L .,
The invariant point I located at 5.15Kb & 657<,



In the present study,itwas noted that the quenched glasses
were completely free from water bubbles up to 5Kb, and above 5Kb
water-bubbles began to appear in the glasses. At pressures slightly
above 5Kb, the water-bubbles observed in a quenched glass were just

a few in number and as small as 0.5u (micron) in diameter. As

Pressure increases, the number as well as the size of bubbles increases.

The size of bubbles observed were mostly within the range 0.5~

5 . On, and the ﬁxost frequently observed size is about 2.5p. All
intermediate sizes within the range were observed in each glass. If
the water-bubbles in the quenched glass were initially trapped

in the starting material and preserved in the quenched glass, then such
bubbles should have also formed in glass at pressures below 5Kb. But
this was not the case. Thus it appears' that the bubbles were formed
during the quenching of high pressure runs, which is compatible with
the results reported by Burnham & Jahns (1962, p. 728).

An attempt was made to check the origin of the bubbles in
the following fashion. The weight percent of the bubble-water in each
of the quenched glasses was approximately calculated on the basis of
available P-V-T data (Kennedy & Holser, 1966) from the volume
percent of the water -bubbles which were measured by a point-counting

method. The specific gravity of glass was assumed to be about 2. 2,

85


http:study,itv;.as

86

in order to compute the weight percent of the bubble-water. The sup-
posed water -solubility values were recalculated and plotted in Fig. 16a
as small solid circles, using the method described by Burnham & Jahns
(1962) assuming that the water-bubbles are inclusions of excess water
phase. As shown in Fig. l6a, the solubility values decrease at pres-
sures above about 5. 5Kb, which is unlikely. Therefore, it appears
that the assumption is incorrect.

Hence it is believed that the water-bubbles were formed by
segregation of the dissolved water from the melt upon quenching.
Accordingly, it may also be expected that some of the dissolved water
in a melt of high pressure is possibly driven off from the melt into the
aqueous phase during quenching. The solubility values determined at
pressures abové 5.5Kb by this method are therefore probably slightly
lower than the real values. The discrepancy may be significant at
pressures above 8Kb (more than 1 Wt. % deviation ?).

The solubility values in the univariant melts are nearly the
same as those reported for the Harding pegmatite melt (Burnham &
Jahns, 1962), up to about 5.5Kb. As pressure increases above this,
they are different (see Fig. 17). The solubility of water in the melt is
estimated to be equal to or slightly greater than 14 Wt.% H,0 at 10Kb.

2

Note that the solubility curve of Peters et al. approximately obtained
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F‘ig.17. The comparison of the water- solubility in melt with the resultsof previous work.

(1): Goranson(1931), the water-solubility curve of Stone Mountain granite meit

(2). Burrham & Jahns (1962), the water-solubility curve of Harding pegmatite melt

(3): Burnham & Jahns(1962), the water-solubility curve of albite melt

(4): Peters, Luth, & Tuttie(1966), the water- solubility curve of univariant meit in the system
Ab-Ne-HyO. The solubility values were approximately obtained from their
fig.3a in p.245. ’

(5): Present work, the water-solubility curve of univariant melt in the system Ab-Ne-+pO

(6): Khitarov et al(1959), the water-solubility curve of El'dzurtinskii granite melt.
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from their diagram (1966, Fig. 3a, p. 745) is very much different

from the present one (see Fig. 17).

4, HZO-content in Hydrous Minerals

The hydrous minerals encountered in this study were analcite,
nepheline-hydrate I and zeolite species P. They all form a wide range
of solid solutions respectively (see Figs. 1 & 2, Part 1). The HZO-
contents in these hydrous minerals were determined using the present
method and are presented in Table XII and are also plotted against
composition as a weight fraction as shown in Fig. 18. The data for
the H_O-contents in analcite solid solutions are also presented with

2

respect to the mole ratio of Si0,, of analcite in Table XIla and Fig. 18

2
(upper part), in order to compare the present data with that deter-
mined by Saha (1959, p. 305 and 310) using the method of ignition-loss.
The present results agree closely with those of Saha. It
was found that the HZO-contents of analcites of various compositions

within the range from Ab ONel 0 to Ab5 ONeSO are very similar ( 8 Wt. %)

9
(for details, see Table XIla and Fig. 18). The approximate chemical

formulae for the analcites are presented in the last column of the

table.
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TABLE Xl
’ HoO- contents in hydrous minerals, anaicite, nepheline-hydrate |, & zeolite
species P., encounted in this study of the system Ab-Ne-H20.
Showing the variation of HyO-contents according to the anhydrous-compositional
change in a given phase

TABLE Xll@ HyO-contents in anakite( various composition)

Composition of analcite Mol. ratios of SiOp& Approximate chemical
HoO with respect to formula of analcite, in the
Anhydrous, Wt °/e HoO-content 1mol. of NasO or torm NaAIS{HOq* FH2O
Ab Ne 'in Wt.%% AlbO3in Na-anaicite
1000 0.0 9.3 6.0 3.0 NaAiSi3 Og+1.5H0O
87.7 12.3 8.1 5.2 2.3 NaAiSip.g 07.2+ 1.2 Ho0
76.7 23.3 7.9 4.6 2.1 NaAiSip 3 Og.g* 1-1 HoO
70.7 293 7.8 4.3 2.0 NaAlSig450g.3 - 1.0 Hy O
648 352 8.1 4.0 2.0 Na AlSipOg* 1.0 Ho O
59.8 40.2 8.1 3.8 1.9 NaAlSij. g Og.g* 1.0 HO
57.0 430 7.9 3.7 1.8 NaAlSi1g505.7° -9 Hy O
54.7 453 8.0 3.6 1.8 NaAlSiy. g Og.g* -9 HoO
492 508 7.9 3.4 1.7 NaAISiy 7 Og_4+ -9 HoO
435 565 7.3 3.2 1.5 Na AISiy g Os. o+ -8 HpO
TABLE XIID  Hy0-contents in ~ TABLE XlIC HyO-contents in
nepheline- hydate | zeolite species P.
Anhydous composition HyO-contents Anhydrous composition HpO-contents
in Wt °/ in Wt ¢/ in Wt °/ in Wt °/
Ab Ne Ab Ne
-1.0 101.0 6.2 112.3 -12.3 12.4
-5.2 105.2 5.9 29.1 70.9 12.0
-9.3 109.3 5.9 21.2 78.8 11. 9

5.8 94.2 10. 6
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Fig.18.HpO-contents in hydrous minerals, at various composition
in the system Ab-Ne -HO .
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On the basis of the data presented in Table XIIa, b and c,

it appears to the writer that the H_0O-contents in these hydrous minerals

2

are generally proportional to their Si0_-contents, in the system

2

NaAIOZ-SiOZ-—H 0, and this may be related to their cell dimensions.

2
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V. DISCUSSION AND SOME NOTES

1. The Accuracy of the Present Method

There are two main sources of error in the present method.
One of these is caused by the hygroscopic properties of the powdered
gels (starting materials). The other is due to the vesiculation in

glasses quenched from high pressure runs.

1-1. Hygroscopic Properties of Powdered Gels

The hygroscopic properties of three gels were tested over
a period of time. The compositions of the gels used and the results
are given in Fig. 19. All the gels were nearly saturated with moisture
after exposure for 10 days under the laboratory conditions (25OC,
1 atm.). The saturated moisture amounts in the gels, 1, 2 and 3, were
2.85, 4.43 and 5. 30 in weight percents respectively. This indicates

that the larger the content of K_O-component, the larger the amount

2

of moisture absorbed in a gel. More than half the amount of the

total moisture was absorbed by a gel in a day; one fifth in 20 minutes.
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Fig.19. Hy groscopic properties of powdered gels in laboratory condition.
Showing the amount of moisture in each of the gels as a function of time.

The compositions of three gels used are given in below

Gel

No.

Composition of dry gel (Wt °/o)

KAISIO4

NaAISiQq

SiO

1

2
3

20.4
335

94.2
73.2
60. 1

5.8
6.4
6.4

—> (Ab12.7Neg7.3

in Wt. /)

=

]

1

Time in day

€6



The absorbed moisture consists essentially of HZO and a very small
amount of COZ' By heat treatment (IIQOC /overnight), the moisture
contents in the gels were reduced down to about 1 Wt. %, and again by
further heat-treatment of the gels (higher than 300°C [overnight),

the moisture was nearly completely driven off from the gels.

Thus, it is advisable that the starting materials should be
heat-treated at temperatures slightly above 300°C overnight before
being used and kept under moisture-free conditions. Because the small-
er the amount of moisture originally absorbed in a gel, the smaller
the error range of the solubility values. When the powdered gel is
completely free from moisture as a limiting case, then it is evident
that the solubility value can be obtained directly from the weight dif-

ference between the total amount of water and the water remaining

after saturating the melt, assuming no other source of error.

Note that there is, of course, an alternative method, i.e.
to use a moisture-saturated gel as a starting material instead of
moisture-free gel. The moisture-content in a gel is nearly unique
if the gel is onc.e saturated with respect to moisture (see Fig. 19). But the
CO0,-content in the moisture can be sometimes a difficult problem to

2

evaluate.
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1-2. Or_igin of Water -Bubbles in the Quenched Glasses

Bowen & Tuttle (1950, p. 498) concluded that the vesicles
in a quenched glass represent the water trapped initially in the powdered
glass at the beginning of the ’run, or conversely in a powdered gel 1f
that is used. Tuttle & Bowen (1958, p. 14) demonstrated experimentally
that the water content of the final hydrous glé.ss depends on the initial
grain size of the starting glass powder. They used these experiments
to confirm their earlier conclusion. Burnham & Jahns (1962, p. 730)
also concluded that the vesiculation in a quenched glass is eséentially
due to the capture of water of external origin whether it was trapped invapour
phase inthe melt during quenching or initially trapped in the powdered glass.
In the present study, however, it is interpreted that the vesiculation
is essentially due to the segregation of dissolved water in the melt upon
quenching. However, notice that the solubility values reported by
Burnham & Jahns (1962) are larger than those given in this study and
this is, presumably, because of their method of choosing the phase
boundary between L+V and L.

If the water initially trapped in powdered glass is still pre-
served in the quenched glass after a run, and if a variation in the grain
size of glass particles used initially influences the final water content,

it seems unlikely that phase-equilibrium in such a run was attained.
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Note that "initiall& trapped water' may include, in a broad sense, any
water trapped in the starting material before equilibrium attaine&. If
the HZO-saturated melt is in equilibrium with the water vapor phase in a
charge, then the water initially trapped in the starting powder is hardly
expected to be preserved, and the grain size of glass particles should not
influence the HZO-content in a melt either. In other words, the situation
in the charge (closed system) is controlled by the P-T conditions applied
and not by the physical condition of starting material as long as equili-
brium is attained.

The present experimental data (i.e. the absence of water-
bubbles in quenched hydrous glasses at pressures below 5Kb; see
Chapter IV, § 3) support the above reasoning. Thus it is concluded that
the vesiculation in the quenched glasses studied is due to the segregation of
some of the dissolved water in the melt and/or the inclusion of the water
vapor phase in the melt upon quenching.

In the previous chapter (VI, § 3) it was shown that
the water bubbles in quenched glasses at pressures above 5Kb were

originated essentially by the exsolution of some of the dissolved water

in the melts upon quenching.


http:vesiculatii.on
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Burnham & Jahns (1962, p. 729) reported in their solubility
study that some aqueous bubbles nearly always are trapped and pre-
served within the éharge, whether or not the meit becomes saturated.
Let us study carefully their report. As concluded above, first of all,
the water bubbles cannot be the initially trapped ones in the starting
glass powder, as long as equilibrium attained. Accordingly, the vesi-
culation is either due to inclusion or exsolution upon quenching. .
According to their report, however, there exist water-bubbles even
in the water -undersaturated melt (glass). Consequently, it is obvious
that the water bubbles were formed by exsolution of the dissolved water
in the melt during quenching. Thus, we may use their data as confirm-
ing evidence for the present conclusion.

It should be noted that the amount of starting powder used
by Burnham & Jahns was 200-400mg which is 10 times greater than that
of the present study. Accordingly, the chance that the water -bubbles
are trapped and preserved in a hydrous glass upon quenching may be
much greater than that of this study. It appears to the writer that the
quantity used as starting materials may be (partly) responsible for

which one predominates over the other.
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2, Effect of Temperature and Composition on Solubility Values at

_
H,0

Constant Pressure (P

In an isobaric T-XH 0 section, the water-saturated liquidus
2

boundary is very steep (i.e. nearly parallel to temperature axis) in
most silicate systems. Therefore, the change of the water-solubility
value in an HZO-saturated melt is probably negligible within a small
interval of temperature above the minimum temperature of complete
melting of a solid phase or phases. Thus, the solubility value is not

sensitive to temperature at a fixed P and a fixed composition. This

HZO
is one of the important properties of a silicate melt used in the deter-

mination of solubility value because most of the solubility determinations

are made at temperatures slightly above those of the HZO-saturated

liquidus.
Yoder, Stewart & Smith (1957, p. 208) reported that the

water -solubility of an albite melt is ~11 Wt.% at PH o0° 5Kb. Burnham &
2

Jahns (1962, p. 744) reported that the water-solubility value at

PH 0~ 5Kb is 9.9 Wt.% in albite-melt and 11.2 Wt. % in Harding
2
pegmatite-melt. The HZO-content in the (Anl) univariant melt deter-

mined in this study is ~11 Wt.% P = 5Kb. They are very different

HZO

compositional melts, but they contain nearly the same amounts of dis-

solved water. In this study, it is demonstrated that the solubility values
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in various compositional melts are very similar; ~»6 1 Wt. % HZO

in the melts from Ab Ab4O'Ab60 at P = 2Kb; A~ 11 £ 1

90" N1 - H,0 "

Wt. % HZO in the melts from Ab80. Ne20 - Ab40. Ne60 composition at

PH 0 % 5Kb (for details, see Figs. 13 and 14, and Table X). Thus
it iz concluded that the HZO-solubility in a melt is not too sensitive to
the variations in composition of the melt in the system Ab-Ne-HZO.

In an isobaric T-XHZO section, the amount of excess water
vapor phase in equilibrium with a liquid phase (melt) does not generally
affect the solubility value either, except in cases of a very high pres-
sure run.

Therefore, one can infer the approximate solubility values

in silicate melts around a melt whose solubility value is known.

3. Relationship between the Univariant Melting Curve and the Solubility

of Water in the Melt

It is well known that the depression of the melting point of
anhydrous solids by water pressure is due to the solution of water in

the melt (e. g. compare Fig. 16a and b).



Yoder (1958, p. 190) presented a P-T diagram showing
various univariant liquidus curves (albite, nepheline, sanidine, quartz,
anorthite and diopside) in his study of the effect of water on the melting
of silicates. As shown in his diagram, the (univariant) temperature of
the melting of each crystal phase falls drastically at low water pressure,

but the slope (dT /dPH 0) of each liquidus P-T curve is nearly
2

univariant
constant above about 2Kb. Such a common tendency of each univariant
P-T curve seems to be related to a certain restricted capacity of the
melt to dissolve water.

Therefore, it is likely that the slope of the solubility curve

approaches some finite limiting value as P increases, instead of a

HZO

sudden change of curvature at about 6Kb as reported by Burnham &

Jahns (1962)(see Fig. 17).
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PART 3

THE SEQUENCE OF P-T CURVES AROUND A QUATERNARY
INVARIANT POINT IN THE SYSTEM NaAlSiO4-KAISi04-SiOZ-HZO.

THEORETICAL DISCUSSION
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I. GENERAL STATEMENTS

Th;s study was undertaken as a guide to the experimental
determinations in the silica-undersaturated region of the system
NaAlSiO4-KAlSiO4-Si02-H20. The sequence of P-T curves has
been theoretically deduced on the basis of experimentally known data,
using Schreinemakers' method.

It is necessary to know the compositions of the six in-
variant phases, in order to construct an invariant chemogram. The
most probable invariant chemogram was constructed using estimated
compositions of the invariant phases and the P-T diagram type was
then deduced using the method of Schreinemakers'.

By éllowing the compositions of the invariant phases to
move within reasonable ranges on the basis of available data reported
by various authors, eighteen possible P-T diagram types were deduced.

Finally, the most probable four of the eighteen possible

P-T diagram types are proposed.



II. THE SEQUENCE OF P-T CURVES AROUND THE INVARIANT POINT
Morse (1969a) determined a liquidus diagram and several

isobaric-isothermal sections at PH 0° 5Kb in the silica-undersaturated
2

region of the system NaAlSiO4 -KAISi04-Si02-H20. He estimated the
invariant point to be located at some pressure not far below 5Kb and
at a temperature not far above 635°C.

At the supposed invariant point (approximately 5 Kb and
635+°C), the compositions of the six invariant phases, albite, ortho-
clase, nepheline, analcite, liquid and water-vapor, are reasonably
estimated by the writer to be shown as in Table XIII, largely on the
basis of Morse's data (1969a, p. 116-118; 1969b, p. 121). Assuming
these phase-compositions to be approximately correct (at least their
topological relation is acceptable), an invariant chemogram was con-
structed in a regular tetrahedron defined by the four components,
Na.AlSiO4, KAlSi04, SiO2 and HZO. As shown in Fig. 20, the chemogram
is a monoconcave octahedron, according to the definition made by
Schreinemakers (1916, p. 824). It can be also defined as a "hexa-
hedron'' with one interior phase point, in a similar fashion as Zen
(1966, p. 24) described a monoconcave pentagon as '"Four phase
compositions define a quadrilateral and the fifth composition point

is inside the quadrilateral".
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TABLE XIII. THE COMPOSITIONS OF THE INVARIANT PHASES AT A

QUATERNARY INVARIANT POINT (5 Kb and 6351°C) IN THE

SYSTEM NaAlSiO4-KA1$iO4-SiOZ-H 0, APPROXI-

2
MATELY ESTIMATED FROM THE DATA OF

MORSE (1969a, p. 116-118; 1969b, P. 121).

Composition Wt. %

Equilibrium phases

Anhydrous Composition HZO-Content
Ab(Albite s.s.) NeSO'KSS'Qz45 -
Or(Orthoclase s. s.) Nel?'Ks39'Qz44 -
Ne(Nepheline s.s.) Ne83Ksl3Qz4 -
Anl(Analcite s.s.) Ne67KS3QZ3O | 8
L(Liquid) Ne53K519Qz28 11
V(Vapor) Dissolved solid 5%%3 95

* The HZO-solubility in the melt is estimated from the present data

(Fig.16a in Part 2) on the theoretical basis given in Chap. V,

§2 (Part 2).

*% The dissolved solid in the ternary invariant vapor phase in the system

Ab-Ne-HZO reported by Peters, Luth & Tuttle (1966, p. 741)

is used.
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SiO2

U Nepheline
\V4 \ \/ A\V4 \/ \/ AV4 \/ \/

NaAlSiCg WEIGHT PERCENT 50 KAISIC,

FI6G.20.A DYUATERNARY INVARIANT CHEMCGRAM IN THE SYSTEM NaAlSiOu—KAlSiou-SiOZ-HZO.
The compositions of the invariant phases are those most probably assumed
on the basis of data reported by Morse(196%a&b). HZO is towards the
reader. The chemogram is a monoconcave octahedron(or a hexahedron with
an interior phase.



106

Since there is no compositional degeneracy in the chemogram,

the six univariant reactions must be unique as presented below

(L) : Anl+Or = Ab+Ne+V
(Anl) Ab+Or+Ne+V = L
(V) : Anl+Or = Ab+Ne+L,
(Ab) : Anl+Or+Ne+V = L,
(Or) : Ab+Ne+V = Anl+L,

(Ne) : Ani+Or+V = Ab+L
where the phase in parentheses is the missing phase in the univariant
reaction.
The sequence of P-T curves in the immediate vicinity of
the invariant point was deduced using Schreinemakers' method (1916,
p. 824) on the basis of these univariant reactions.
By using Morse's experimental data, the following relations
of the P-T curves were deduced.
i) Two univariant curves (Ab) and (Ne) are situated between
600°C and 640 C at 5Kb.
ii) A univariant curve (L) extends towards the region of lower
temperature and lower pressure from the invariant point.
iii) Two univariant curves (Anl) and (Or) exist at the higher

temperature side from the invariant point.



107

Then the P-T curves were reasonably rearranged on a P-T
projection so as to agree with the data deduced above. As shown iﬁ
Fig. 21, the P-T diagram type consists of one one-curvical bundle
(only one (L) univariant curve), one two-curvical bundle (two univariant
curves (Or) aﬁd (Anl)) and one three-curvical bundle (three curves (Ab),

(Ne) and (V)).



— PRESSURE

PIG.21.

Ab 108

Ani

CoNa Tk Ne (Ne,V): Or+Ani+L +Ab
(L,Ne) : Abe V ¢ Or « An

‘ (Ne ,Or): V +« Anj+ L « Ab
(L,V) :Abe Nes+ Or + Anl e s v o L oA
(M‘V)TNC.?’:I"t (&,V):NCOO'oArioL
(Ab‘g)t:‘;"V.Or.]_ (L ,V): Ab+ Ne+Or » An
(Ab,An!) : . . . o v

(Ab,Anl) : Ne+ V + Or«+ L

AN+ L+ Ab+Ne
;Ore L 2 Ab ¢ Ne

" :VQM.L‘%
(L,Ab): Ne+V +Or+Anl ,LOr): NeoV « Anl + L

(L,Ne): Ab+V « Or «+ Anl :VeOrsL + Ad
(L,V): Abh+ Ne« Or « Anl : NesV «sOr s L

L +Ab+Ne+V
(Or,L): Anl e AbeNe+V
(V,Anl) : Or« L+ Ab+ Ne
(Ab,Anl) : Ne «+ V+ Ors L
(Ne,Anl) : V «Ors [ « Ab

(L)

(Anl,L): Ab+Ne+V+Or
(Or,L): Anl + AbsNe+ V
== TEMPERATURE

THE SEQUENCE OP P=-T CURVES AROUND THE INVARIANT POINT(S Kb & 635°C)
IN THE SYST:M NaAlSiOu-mSiou-Sioz-Hgog

The sequence is deduced on the basis of the invariant chemogranm

shown in Fig. 20, Tie-tetrahedra represent divariant phase-assemblages
in the immediate vicinity of the supposed invariant point,

The tetrahedron drawn with thick solid lines 1s a representative
divariant phase-assemblage among several divariant ones given in the
diagram
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III. EIGHTEEN POSSIBLE P-T DIAGRAM TYPES

In the previous section, the sequence of P-T curves around
an invariant poinf was deduced on the basis of a reasonably assumed
chemogram. Now the available data are reviewed further.

According to Morse's liquidus diagram (1969a, p. 116) the
temperature minimum of melting in the ternary system without potash
component is lpcated at about the composition NaAlSi206. The peri-
tectic boundary curve is situated in the albite field instead of in the
nepheline field. Iﬁ the ternary system NaAlSi308-NaAISiO4-H20,
however, invariant analcite and the liquid compositions are much
richer in the nepheline-component (Peters, Luth and Tuttle, 1966,

P. 741; the writer, Part 1, Table V) than those of Morse. The peri-
tectic point is located in the nepheline -stability field, on the con-

trary to that of Morse. The compositional trend of liquidus analcites
during progressive differentiation of the Square Top intrusive rocks
(Wilkinson, 1965, p. 438, Fig. 5) is in good agreement with the experi-

-NaAlSio, -H_O.

mental results in the system NaA181308 4~ H,

Thus, it is probable that the true analcite composition at
the quaternary invariant point is expected to be richer in the nepheline-
component than that estimated on the basis of Morse's results. The

invariant albite and K-feldspar mayalso be sligktly richer.
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in the two components Na,AISiO4 and KAISiO4 instead of being on the
Na.AlSi308 -KAISi308 join (see Fig. 11 in Part 1) and so on. |

In order to approach the real invariant chemogram ( at
least topologically the same one,) it is necessary to move some or all
of the six invariant phases within reasonably restricted compositional
regions in the four component space. For the sake of simplicity, we
may move only the analcite phase point within a somewhat enlarged area
instead of movin’g all the phase points.

For this operation, the compositional area of the invariant
analcite is allowed to vary as described below.
a) The analcite of various compositions is assumed to contain 8 weight
percent HZO' In Fig. 22, therefore, the plane defined by points a, b,
c and 1 is an isohydrous plane on which analcite points are allowed to lie.
b) The analcite-phase point is restricted to lie in a hexagon defined by
six points d, e, 12, f, g, and 1 (stippled area).
Since the possibility of the analcite being located on either of the two edges
d-e and f-g of the hexagon is very small, the two edges are excluded
from the present consideration, Inother words, the hexagon is an
open set with respect to these two edges, but closed with respect to the
other four edges. The two edges (d-e and f-g) are both closed sets.

This elimination is apparently meaningless. By this, however, it is

possible to reduce the compositional area of the analcite to an extremely
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EIGHTEEN DISTINCT CHEMOGRAPHIC RELATIONS OP INVARIANT PHASES.

When the composition point of analcite is allowed to move in

a hexagon(stippled area) defined by six points d,e,12,f,g, &1, aninfini-
te number of invariant chemograms are produced, but they are
topologically classified into eighteen distinet chemogram types.
Each of the eighteen analcite points denoted by small circles

with numbers is responsible for a distinct type of chemograms,

Note that the quadrilateral defined by four points, a,b,c & 1 is

an isohydrous plane (8 Wt % H,0) on which the hexagon lies, and

t he hexagon 1s an open set with respect to two edges d-e & I-g,.
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narrow zone (area) along a line defined by two points 7 and 12 without
losing any possible number of invariant chemogram typgs.

There are, of course, an infinitive number of analaite
points in the hexagonal area (stippled area). But only 18 phase points of
analcites represent distinct invariant chemogram types. Accordingly,
there are 18 possible P-T diagram types. For example, any arbitrary
analcite point (e.g. No. 3) which belongs to an open quadrilateral defined
by four points, h, 8, 10 and e, produces uniquely one and only one in-
variant chemogram type, as long as the respective position of the six
invariant phase-points is concerned. Likewise, any analcite point
(e.g. No. 4) on én open line-segment defined by two points, e and 10,
also defines one and only one invariant chemogram type. In this way,
18 distinct analcite phase-points were deduced and are presented as
small open circles accompanied with numbers in Fig. 22.

There are two most critical planes with respect to the
position of the analcite composition; one of them is the plane defined
by the three phase points Or, V and L, and the other one is the one
defined by Ab, Ne and V.

With respect to the former reference plane Or-V-L, the
eighteen possible chemogram types are grouped into three principal

categories. The six analcite points from number 7 to 12 are located
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on the reference plane. Accordingly, any invariant chemogram which
has an analcite with such a composition must be degenerate due to the
compositional coplanarity of the four phases, Or, Anl, L and V. These
types may be called a '"degenerate group''. The six analcite points
from number 1 to 6 are located in the albite-rich region, and constitute
an albite-rich group. The remaining six analcite points from number 13
to 18 are located in the nepheline-rich region, and form a nepheline-
rich group.

Depending on the composition of analcite relative to the
latter reference plane Ab-Ne-V, the eighteen chemograms are also
grouped into three princlipal shapes, monoconcave octahedron (points
1, 7 andl3 in Fig. 22), rhonoconcave hexahedron (points 2, 8 andi4),
and biconcave octahedron (the remaining twelve analcite points).

However, the former reference plane (Or-V-L) is more
convenient than the latter, for the diagrammatic summarization of the
eighteen possible P-T diagram types by three groups as shown in
Fig. 23, 1In each of three P-T diagrams in Fig. 23, the five P-T
curves (Anl), (L), (Ab), (Ne) and (V) are fixed and the remaining one
(Or) is variable. The relative position of the (Or) univariant P-T

curve is defined in the P-T diagram by the position of the analcite phase



(L)

a
ALBITE -RICH GROUP

(Anl)

(AD(Ne) . (V)
2

(L (An})

b
DEGENERATE GROUP

FIG.,23 THREE PRINCIPAL GROUPS OF P-T DIAGRAM TYPES.

(L) (Anl)

C
NEPHELINE-RICH GROUP

The 18 possible P-T diagram types are diagramatically summarized
by three principal groups, each of which contains 6 distinct P-T
diagram types. In each diagram, the relative positions of (Anl),
(L), (Ab), (Ne) & (V) are fixed, and the remaining P-T curve(the
(Or)junivariant) is variable in its position. The position in the
P-T diagram is defined by the relative position of analcite in
the chemogram(3ee FIG.22).
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in the invariant chemogram. A few examples suffice to explain

it. In Fig. 23a, the P-T diagram with the (Or) univariant curve at a
position ! is formed by an invariant chemogram which has its analcite
composition at a point 1, in Fig. 22. The P-T diagram with thé (Or)
curve at a position 2 is produced by an invariant chemogram with its
analcite composition at a point 2, and so on.

.Six of the eighteen possible invariant chemograms are
non-degenerate systems. Consequently, each of the corresponding P-T
diagrams consists of six distinct P-T curves. The chemograms which
have the analcite positions of odd numbers (1, 3, 5, 13,15 & 17) belong
to this category. The remainingtwelve invariant chemograms are
deganerate systpms.

Accordingly, at least tvs‘ro univariant curves of each P-T diagram are
either coincident to each other or one of them corresponds to the meta-
stable prolongation of the other.

1. Albite-rich Group:

Six analcite positions (1, 2, 3, 4, 5 & 6) located in the
albite-rich zone from the reference plane Or-V-L (Fig. 22) belong to
this group. An invariant chemogram which has each of these analcites
derives a distinct P-T diagram type. If thé position of analcite compo-

sition is moved from 1 to 6 through the positions 2, 3, 4 and 5, then six
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P-T diagrams which are distinct from one another with respect to the
position of the (Or) univariant curve will be derived» successively, shown
as arrow marks in Fig. 23a.
2. Degenerate Group:

The six possible analcite positions (7, 8, 9, 10, 11 and 12)
are located on the reference plane Or-L-V in the chemogram (Fig. 22).
Therefore, ea-,ch of the six chemograms has at least a compositional
coplanarity of four phases, Anl, Or, L and V. Accordingly, in each
of the P-T diagrams which belong to this group, it is prerequisite that
the (Ab) univariant curve is coincident to the (Ne) one (Fig. 23b). The
chemogram having the position of analcite at 12 has the highest degree
of compositional degene:racy; one colinearity (Anl, L and V) and three
coplanarities (Ab, Anl, L&V; Ne, Anl, L&V; Or, Ani, L&V). In this
case, the, three unvariant curves, (Ab), (Ne) and (Or), coincide with one another.
3. Nepheline-rich Group:

The remaining six analcite points (13-18) are located in
the nepheline-richer zone relative to the reference plane Or-L-V,
The sequences of P-T curves characterized by such chemograms is
determined by the analcite position from 13 to 18 (see Figs. 22 and 23C).

In this way, the eighteen possible P-T diagram types are

summarized by three principal groups.
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IVv. THE MOST PROBABLE FOUR P-T DIAGRAM TYPES

The six non-degenerate P-T diagram types are the most
probable ones among the eighteen possible types, because the remaining
twelve degenerate types are very special cases.

According to present knowledge, it is not to be expected

that the invariant analcite contains large amounts of KA1Si0, -component

4
in solid solution (for the details, see Chapter V  in Part 1). The four
invariant chemograms which have the analcite positions at 1, 3, 13, and
15 respectively are therefore most probable.

Thus it is concluded that one of the most probable four

P-T diagram type% shown in Fig. 24 is expected to be the real one.

1. Note that the invariant chemogram which has an analcite position
at 1 and its corresponding P-T diagram type given in Fig. 24a
correspond to those deduced on the basis of invariant phases
estimated from data reported by Morse (1969a & b ).
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FIG. 24
THE MOST PROBABLE FOUR P-T DIAGRAM TYPES.

The upper two P-T diagram types, a & b, belong to the albite-rich
group, and the lower two, ¢ & d, belong to the nepheline-rich group.
a,byc & d were deduced on the basis of the possible invariant chemo-
gram types which have analcite compositions 1,3,13 & 15(in Pig.22)
respectively. The invariant chemogram types of a & ¢ are monoconcave
octahedrons(or hexahedrons with an interior phase-point), and the
ones of b & d are both biconcave octahedrons(or tetrahedrons with
two interior phase-points).



PART 4

PHASE EQUILIBRIA IN THE SYSTEM NaAlSi3O -NaAlSi04-H 0

8 2

UP TO 15Kb.

THEORETICAL DISCUSSION
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I. GENERAL STATEMENT

For a theoretical study of phase relations in a P-T projection,
it is essential to configurate invariant phase relations. To do so, it is
necessary to know at least the approximate chemical compositions of
invariant phases.

A great deal of experimental data for phase equilibria in the

system NaAlSiO -SiOZ-HZO and its subsystems has been accumulated.

4
However, the compositions of equilibrium phases at various P-T

conditions have bgen mostly assumed to be stoichiomatric.

In Part 1 of the thesis, the compositions of the univariant

phases were determined or estimated including H_O-contents in hy-

2
drous phases (see Part 2) up to 10Kb water pressure. It is further
possible to predict the trend of compositional changes for each.uhi-
variant phase above 10Kb., The purpose of the present study is to
examine the phase relations above 10Kb reported by various authors,

using the compositional data of phases obtained from Parts 1 and 2

with the aid of Schreinemakers' rule.



In this study, six invariant points are discussed. Two of
them are newly predicted; the other four which are well known in-

variant points, are partly modified. The four invariant points, 15, I

3,

I, & I_ termed by Boettcher and Wyllie (1969),are denoted by B & W I

6 7

. ' , d
B&Ww I3, B&W 16 and B & W I7 which correspond to Il’ IZ I3 an

I4 respectively in this study.

121



122

II. INVARIANT EQUILBRIA
The invariant chemograms at the invariant points I1 ) IZ’

I, 1,1

30 10 I and I, are schematically constructed on the basis of the

6
compositional data of the invariant phases given in Table XIV (see the
second column "b'" in Fig. 25). These compositions are approximately
obtained through graphical extrapolation from the data presented in
Figs. 7 and 9a (in Part 1) and Fig. 16a (in Part 2). In order to clarify
the invariant phase relations, an idealized isobaric T-X phase diagram
(projection) is given at each invariant pressure (Fig. 25a). The invari-
ant phase relations are emphasized by drawing with thick solid line
for lines) on these diagrams.

The five univariant reaction equations and the sequence of

P-T curves at each invariant point are also presented in the same dia-

gram (Fig. 25c¢ and d).

1. Invariant Equilibrium Il
This point has been experimentally determined at 5.15%0. 25
Kb and 657:!:50C (see Fig. 5 and Table V in Part 1, for details), and

five P-T curves (L), (Ne), (Ab), (V) and (Anl) radiate from the point.
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Four of the univariant P-T curves (V), (Ne), (Ab) and (L)
meet .other P-T curve in a point and then generate four invariant

points IZ’ 13, 14 and 16, respectively.

2. Invariant Equilibrium I.2

The (V) univariant P-T curve (from Il) fqr the reaction
Anl = Ab+Ne+L is based on the water-deficient part of the system
NaAlSi308-NaAISiO4-H20 (see Fig.6(2) in Part 1). As pressure in-
creases, the (V) curve extends toward the stability region of jadeite
phase. This curve meets another univariant curve for the reaction
Ab+Ne = Jd in a P-T point (about 11Kb and 650°C). At the P-T point,
jadeite begins to appear as a stable phase in the (V) univariant chemo-
graphic region. Consequently, the univariant equilibrium becomes an
invariant equilibrium as shown in Fig. 25(2), from which five uni-
variant curves, (L), (Ne), (Ab), (Anl) and (Jd) radiate. Note that the
invariant liquid phase is undersaturated with respect to H,O0.

2

The invariant point I, was approximately determined at

2
about 11Kb and 615°C by Robertson, Birch and MacDonald (1957, p. 126)
in their study of jadeite stability up to 25Kb. Boettcher & Wyllie (1969,

p.- 895-7) deduced the sequence of the five P~-T curves around the

point I2 on the basis of available data. According to their experimental



TABLE XIV. ASSUMED COMPOSITION OF PHASES AT EACH OF FIVE INVARIANT POINTS

Part 1 and Fig. 16a in Part 2).
given in Table V in Part 1.

data of univariant phases determined below P

H,O

The compositions were obtained by extrapolation of the compositional

= 10Kb (see Figs. 7 and 9a in

The compositions of invariant phases at I1 are

Invariant L I3 L 5 I
m};iln Anhydrous{H20 |Anhydrous{H20 |Anhydrous{H20 |Anhydrous/H20 [Anhydrous{H,0
ase Ab Ne Con-[ Ab Ne [Con-| Ab Ne [Con-| Ab Ne |Con-| Ab Ne [Con-
tent tent tent tent jftent
Liquid 43 57 |11 55 45 |15 37 63 |15 - - - - - -
Jadeite 65 35 |- 65 35 |- 65 35 |- 65 35 |- - - -
Nepheline 10 90 |- N 13 87 |- 0100 |- 2 98 |-
Albite 99 1 |- 96 4 I - - - - - - 100 0 |-
Analcite 43 57 8 48 52 8 40 60 8 45 55 8 50 50 8
Nepheline hydrate I S - - F - - - 5 95 |6 10 90 | 6
Vapor - - - 5-10? 95-90?] 5-10? 95-90? | 5-10? 95-907? 2? 987?

Note that the composition of jadeite is assumed to be ideal stoichiometric (NaAlSizoé) .

The compositions given are in Wt, %.

14!
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data (1969, p. 1004, Run No. 420), the invariant temperature is
vexpected higher than 620°C at 11Kb.

The inspection of Fig. 5 in Part 1 (see the slope of (V)-
curve) indicates that I2 may be located at about 65 0°C and 11Kb.

The sequence of P-T curves around I_ deduced in this study is the

2
same as that of Boettcher & Wyllie (1969; B & W 13)'.

3. Invariant Equilibrium I3

The invariant equilibrium 13 is chemographically related
to that of the (Ne) univariant P-T curve radiating from an invariant
point I1 (see Fig. 6(8) in Part 1), As shown in Fig. 6(8), there is a
zone of two-phase (analcite and albite) tie lines across a region between
the point of jadeite composition and the (Ne) univariant chemogram of
I.. This two-phase tie zone is not broken even in the jadeite stability

1

field until the (Ne) curve meets another P-T curve for the reaction

Ab+Anl = Jd+L in a point I At a pressure slightly above this point the

3°
tie~line between Ab and Anl is broken and a new tie line forms simul-

taneously between two phases, jadeite and vapor. Hence, the invariant

: o
equilibrium I, is generated at the intersecting point (around 580 C and

3
11.5Kb), where five phases Jd, L, Ab, Anl and V occur.



On the basis of such consideration combined with the data
of the expected compositions of the I3 invariant phases, the invariant

chemogram I, was constructed as shown in Fig. 25(3)b. From the

3
invariant chemogram, the five equations of univariant reactions and
the sequence of the P-T curves were deduced, and are also shown in the
same diagram.

Boettcher and Wyllie (1969, p. 895, Fig. 7) estimated the
P-T curve for the reaction Ab+‘An1 = Jd + V, which radiates from the
invariant point 13 ( 580°C /11.5Kb). Griggs, Fyfe and Kennedy (1955,
p. 1569) reported that the jadeite-analcite boundary extends from the triple
point! at about 600°C and 12Kb, to about 300°C and 18Kb, and its equi-
librium was checked by forming jadeite from analcite and forming
analcite from jadeite + water. Fyfe & Valpy (1959, p. 318) calculated
the jadeite -analcite boundary using thermochemical data available.
According to their calculations, the boundary for the reaction analcite =
jadeite + H,0 is located approximately at about 600°C /11Kb, 200°C/10Kb
and 25°C /7Kb. They also represented an approximately corrected
boundary from the data of Robertson, Birch and MacDonald (1957).
These previous works may be interpreted as the studies on a ternary
univariant P-T curve for the reaction: Ab+Anl = Jd+V, becaﬁse the
equilibrium composition of the analcite (anhydrous) should not be the

same as that of the jadeite. However, it was probably unknown at the

time of the studies.
1

The point must be a quintuple point instead of a triple point, because
the point I3 is a ternary invariant point.
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The present I, corresponds to B & W I6 (Boettcher &

3

Wyllie, 1969). The sequence of P-T curves around 13 deduced in this

study agrees with those around B & W I But the reaction equations

6"
of two univariant curves, (Jd) and (Ab) (see Fig. 25-(3)c and d) are

different from those of Boettcher and Wyllie (1969, p. 892) respectively.

4. Invariant Equilibrium 14

When two (Ab) univariant P-T curves emanating
réspectively from I1 and I2 intersect in a point, an invariant equilibrium
takes place at the P-T point (14). In other words, the two univariant
reactions occur simultaneou_sly at the point I4. It is prerequisite,
therefore, that the analcite should have a unique single compositionand
no range of solid solution. Such phase relations are skefched in an iso-
baric T-X projection (see Fig. 25-(4)a).

As shown in the diagram, the thermal di\}ide related to the
analcite stability peak does not exist any more at this pressure. Note
that the invariant pressure ( 12.5Kb) is an upper limit for analcite
to crystallize directly from a melt.

14 is equal to B & W I This invariant point was inferred

o
(but not determined) by Boettcher and Wyllie (1969, p. 894). According
to their diagram (Fig. 7, p. 895), the point is approximately located

at about 12.5Kb and 575°C. The sequence of the P-T curves around I4
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and the equations of five univariant reactions (see Fig. 25(4)c and
d) deduced in this study are the same as those reported by Boettcher

& Wyllie.

5. Invariant Point IS

When the univariant P-T curve for the reaction N-h I =
Anl+Ne+V intersects another (L) univariant curve radiating from I4
in a point, an invariant equilbrium takes place as long as the nepheline
hydrate Iis a stable phase (see Fig. 25-(5)a and b).

The invariant point1 15 is inferred to be located at about
13Kb/500°C where five phases, Jd, Ne, Anl, N-h I and V coexist
(for details, see Fig. 25-(5)a,b,c and d). It is newly predicted
to exist in this study but its existence does essentially depend on the

stability of nepheline hydrate I in the P-T region around the supposed

invariant point 15 .

6. Invariant Equilibrium I,
O

Another invariant equilibrium 16 may be éxpected to occur
at about 0. 120, 05Kb and 375°C (or slightly less than 37500) by inter-
secting two univariant P-T curves for thereactions N-h I = Anl+Ne+V
and Anl = Ab+Ne+V. The former is the (Jd) univariant P-T curve

extended from I5 towards very low P-T region, and the latter is

the (L) univariant curve extended from I, toward low P-T region.

1

1. The position of invariant point I_ essentially depends on two wmivariant
curves, Anl-Jd+Ne+V& N-h I= Anl + Ne + V.




The two P=-T curves probably intersect in a point. But it may be difficult
to determine the point experimentally.

If and only if they intersect in a point on the P-T projection,
then the invariant equilibrium . will . . occur involving five reaction
phases, N-h I, Anl, Ab, Ne and V. The T-X phase diagram, the chemo-
gram, its five univariant equilibria and the sequence of P-T curves

are presented in Fig. 25(6)a,b,c and d).
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III. PHASE RELATIONS UP TO 15Kb
P-T diagrams around the six invariant points were used to
make a schematic composite P-T diagram (see Fig. 26).

and the (Jd) curve

The (V) univariant P-T curve of I1

of I2 have the same equation of univariant reaction, i.e. Anl+Ab+Ne=L,
which are denoted by Il(V) = (J'd)I2 for the reaction Anl+Ab+Ne=L.
Accordingly, they compose a single P-T curve between Il and IZ'
Similarly, several other pairs of P-T curves are related to each

other in such a way as follows:

I1 (Ne) = (.]'d)I3 for Anl+Ab+V=L
Il(Ab) = (Jd)I4 through Sl

Il(L) = (N-h 1)16 for Anl = Ab+Ne+V
IZ(Ne) = (V)I3 for Anl+Ab = Nd+L
IZ(Ab) = (V)I4 for Anl = Jd+Ne+ L
I3(Ab) = (Ne)I4 through ,54

I4(L) = (N-h I)I5 for Anl = Jd+Ne+V
I.(Jd) = (Ab)I, through ,Sz and 83

The invariant points as well as the P-T curves were re-
arranged, as shown in Fig. 27, using the available experimental data

reported by the various authors. In the P-T diagram (Fig. 27),
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(Ant)

(An})

(Ne)

(Ne)

(Anl)

= T

FIG. 26 COMPO3ITE P-T DIAGRAM AROUND 3IX INVARIANT POINTS(SCHEMATIC)
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FIG. 27 PHASE RELATIONS ON P-T PROJECTION IN THZ SYSTEM Nmstsoa-nulsmh-nzo
UP T0 15 Kb, '

The thick solid lines were determined in this study. The fine solid
lines were approximately drawn partly on the basis of the previous
worlks reported by various authors and partly on the basis of the pre-
sent work, The phase relationships between I, & 13 and 13 & I}, were
partly modified. Two invariant points Ig & Ig were predicted probably
to exist,
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thick lines were. determined in this study (see Part 1, especially
Fig. 5), and the fin€ lines are the univariant P-T curves either deter-
mined ahd/or estimated in previous works or expected in this study.

The two P-T curves for the reactions Ab+Ne = Jd and Ab =
Jd + Qz in this diagram are the average of the previous results reported
by Boettcher & Wyllie (1968, 1969), Hlabse & Kleppa (1968), Newton & Kennedy
(1968), Newton & Smith (1967), Bell & Roseboom (1965), Birch ‘& LeComte
(1960), Fyfe & Valpy (1959), and Robertson, Birch & MacDonald (1957).
Among these authors, Boettcher & Wyllie (1968, p. 1002) and Hlabse &
Kleppa (1968, p. 1288) well summarized all previous work pertinent to the
two P-T curves in a comparison diagram.

The P-T curve for the reaction Anl+Ab = Jd+V was experi-
mentally determined by Griggs, Fyfe & Kennedy (1955) and thermo-
chemically calculated by Fyfe & Valpy (1959) in the term of Anl=
Jd+V. But their results are too different from each other to take a
useful average as described in the previous section. So their curves
are not shown in diagram (Fig. 27). The correct reaction equation
for the jadeite-analcite boundary was proposed firstly by Boettcher &
Wyllie (1969, p.890), which was deduced using Schreinemakers' rule.

In the present study, their proposition for the univariant reaction
Anl+Ab = Jd+V was confirmed on the basis of estimated compositional

data of the invariant phases of I_ and Schreinemakers' rule (1915).

3

l. Note that the equilibrium curve for the reaction: Anl = Jd+V re-
ported by Newton & Kennedy (1968, p.733) has a positive slope.
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Boettcher & Wyllie (1969, p. 894) deduced the sequence of

P-T curves around B & W 16 ( I, herein) and had to place a singular

3

point B & W ,34 (""-54 herein) in order to connect B & W I, to B & W I

6 5

(= I1 herein) as shown in their diagram (Fig. 6). But it is found that
it is not necessary in this study (see Fig. 25-(l)c & d and (3)c & d). The
invariant point 13 is directly connected with I1 by the univariant P-T
curve for the reaction Anl+Ab+V = L.

Hamilton (D. L., August 1970; personal communication)
suggested that the singular point may be located between the two invariant

points I_ & 14. This appears very reasonable and his suggestion is adopted

3

in this study. Firstly, the inspection of two isobaric T-X phase dia-
grams (see Figs. 25(3)a and (4)a) requires the termination of the
thermal divide (formed due to the intrusion of analcite stability peak

above liquidus curve) at some P-T point between I3 and 14. The

terminal must be a singular point. Secondly, in order to connect I3

with I4, the phase relations require a singular point between 13 and I4.

Thus, a singular point, 54, is assumed to be located on a univariant

curve between 13 and 14.

If the singular point is assumed to be at a higher

P-T field than that of I4, then neither 14 nor 15 can be an invariant

point. But the two (Ab) univariant P-T curves respectively emanating
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from I1 and 16 pass through I4 and 15 respectively and intersect in a
point (~5150C ,~17Kb), say I7. At the invariant point I7, five phases
Anl, Ne, N-h I, LL & V may coexist. The invariant chemogram may be
a triangle defined by three phases Anl, Ne & V, with two interior phases
L & N-h 1.

If this point (17) exists, then it is importént because nephe-
line hydrate I can crystallize directly from a liquid (magma ?).

However, the invariant point I, is hardly expected to occur.

7

Some of the reasons are given below.
i) It is questionable whether nepheline hydrate I is a stable

phase at such high pressure (P ).
HZO

ii) If phases Jd, Ne and V coexist stably, then I7 cannot
occur. Little is known about the stability of Jd+Ne+V a.ssemblage,.
Boettcher & Wyllie (1969, p. 884 and 895) reported the occurrence of
the three phase assemblage, Jd, Ne and V, and also located the
univariant P-T curve Jd+Ne+V = L.. As a result, their experimental
data suggest the impossibility of the I7 occurrence. Since their inter-

pretation was based only on a few run products, however, further detailed

experimental investigation is needed. -
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IV. P-T STABILITY FIELD OF ANALCITE IN THEkSYSTEM

NaAlSi304-NaAISiO4-H20

Fyfe & Turner (1958, p. 177) illustrated an idealized P-T
stability field of analcite on the basis of data reported by Griggs,

Fyfe and Kennedy (1955, p. 1569). Since then, numerous experimental
data have been accumulated as discussed in the previous chapter (for
further information, refer to Boettcher & Wyllie, 1969). Now, it
becomes possible to improve their idealized diagram, é.lthough data

in low temperature regions are incomplete mainly due to the difficulty
of equilibrium-attainment of coexisting phase assemblage.

The inspection of the P-T diagram (Fig. 27) indicates a
very interesting feature of the stability of analcite, especially liquidus anal-
cite. The P-T stability field of analcite is only illustrated in Fig. 28.
In most cases, of course, various kinds of phases coexist with analcite
in the analcite-stability region. For the sake of simplicity, the other
phases are not shown in this diagram (Fig. 28; for details see Fig. 27).

Analcite is classified into two principal categories, sub-

solidus analcite and liquidus analcite.
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FIG.28 P-T STABILITY FIELD OF ANALCITE IN THE SYSTEM NM131308-NM1810h-320.

The stability field of analcite is deduced on the basis of phase rela-

tions presented in Pig. 27.

A horizentally hatched large area$ maximum stability field of subsoli-
dus analcite,

An obliquely hatched triangular area: maximum stability field of liqui-
dus analcite and also that of Hpy0-
undersaturated liquidus analcite.

A stippled spindly area: maximum stability field of HzO-saturated
liquidus analcite.
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1. Subsolidus Analcite

The subsolidus analcite is stable in a large P-T region

enclosed by the various univariant curves joining A, Il’ S., B,

1’

I3’$,I,I

4 Iy L5 and D (see Fig. 28). This P-T region represents

a maximum range for the stability of subsolidus analcite. The P-T
region does, of course, further extend towards the lower temperature
regions. The P-T stability field of subsolidus analcite is more or
less modified depending on the bulk composition {or the kind of co-
existing phases).

When a bulk-composition is rich in the albite-¢omponent
the analcite-stability field is represented as a P-T region defined by
points, A, Il’ B, I3 and C. When a bulk-composition is rich in the
nepheline -component, then the stability field is defined by points A,
I, Sl' B, I, I and D. These stability fields can be further res-
tricted, 6f course, depending on coexisting phases with the analcite.
Attention is called to the fact that the P-T stability field of sub-

solidus analcite is enormously large, whereas that of liquidus

analcite is very much limited.

2. Liguidus Analcite

The maximum stability field of liquidus analcite is a

triangular P-T region defined by three invariant points, I1 (65 7°c ,
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5.15Kb), I, (650°C, 11Kb) and I (575°C, 12.5Kb) (closely hatched
area in Fig. 28). The liquidus analcite can be subdivided into two

kinds, HZO-saturated liquidus analcite and H_ O-undersaturated liquidus

2

analcite, with respect to HZO-content in a coexisting liquid.

2-1. H O-Saturated Liquidus Analcite.

2

An analcite which coexists with liquid and vapor and/or
other phases is stable only in a very narrow range of temperature (at
most, within ZOOC) at any given presrsure within 5,15-12,5Kb. The
P-T stability field of the analcite is defined by a set of univariant

curves joining two invariant points I, and 14, i. e. the narrow region

1
enclosed by points, Il,S 1’ 54, 14, B and 11 (stippled spindly area
in Fig. 28). |

If a bulk-composition is richer in the albite than that of
the analcite of the thermal divide, the P-T stability field of the analcite

,and I.. Ifa

is restricted to an area defined by points, Il’ 61, 84, I 1

3

bulk-composition is richer in nepheline-component than that of the
analcite of the thermal divide, then the stability field of the analcite

is defined by points, 11,61, S 4 B andSl.

I4,
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In most cases, however, the former (albite-rich) is

represented by a single curve joining several points, I, B & I3 (or up to

1!
54 and 14), and the latter (nepheline-rich) is also reduced to a single

curve joining Il,ﬁl,B and 14, except for some special case (e. g.

analcitite). Thus, HZO-saturated liquidus analcite has a very
limited chance to crystallize from a liquid (or magma ? ) on codling .

2-2, H, 0-Undersaturated Liq