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Experiments on the stability of cancrinite in the system N#-CaO-Al,O5-Si0,-CO,-H,0
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ABSTRACT

The synthesis and upper thermal stability of cancrinite were investigated experimentally in the
system NgD-CaO-ALO;:-SiO,-CO,-H,0 at 2 kbar and in the presence of a mixe@4€0, fluid.
Cancrinite could only be formed under water-rich conditions in this system. The breakdown of
cancrinite to nepheline + calcite occurred at decreasing temperatures with incieagiag ex-
pected for a dehydration reaction of the form cancrinite = nepheline + calgite Partial melting
and the formation of melilite was observed at the highest temperatures and for the,@rashH
fluid compositions.

The molecular water content of the cancrinite formed at vaffieXis,, conditions was evaluated
with a combined infrared (IR)-thermogravimetry (TG) technique. Results suggest (within analytical
error) a decrease in the water content of cancrinite toward the breakdown reaction and an apparently
constant water content along the breakdown curve. Thermodynamic analysis combining the composi-
tional and phase-equilibrium data from this study was performed and yielded a \valfe=6f14722
+ 147 kJ and® = 981+ 118 J/K at 298 K and 1 bar for synthetic cancrinite of the composition
Na;Ca Al 6Si024](CO5)15-1.140.4)H,0. This study demonstrates the important role that water plays
in controlling the stability of cancrinite in igneous and metamorphic rocks.

INTRODUCTION Edgar and Burley (1963), and Watkinson and Wyllie (1971)
Cancrinite crystal chemistry proposed phase diagrams and mineral reactions emphasizing

- . ... the role of carbonates and €D cancrinite phase relations
Cancrinite-group minerals are framework aluminosilicates.

. . ) Without explicitly considering its water content. The present
(feldspathoids) characterized by a network of (Al, 3iera- study draws attention to the role that water plays in the forma-

ton and stability of the carbonate end-member of cancrinite.

consists of parallel six-membered rings of alternating,/AQ he hvdroxvl aroup is a possible constituent in both natural
SiO, tetrahedra (Jarchow 1965; Grundy and Hassan 1982).‘|The y y 9 p_ . P . . o
and synthetic cancrinites. A hydroxyl-rich (basic) cancrinite

hexagonal symmetr{P6,) results from the stacking of these, . )
six-membered rings in an ABAB... sequence. This stacki has been synthesized (e.g., Edgar 1963; Hassan and Grundy

. . . . N991) and also has been found occurring as a rare natural vari-
gives rise to large continuous channels parallel to itexi& ) 9

d chai f I decahedral (el fold Iet (Nadezhina et al. 1991).
and chains of smaller undecahedral (e e"ef‘ old) cages alon he zeolitic character of the water in cancrinite was demon-

cations (N& C&+, K*), anions (C®, OHY), and HO molecules
whereas the undecahedral cages hold [M@]Hclusters
(Hassan and Grundy 1991; Hassan and Busseck 1992).
Phoenix and Nuffield (1949) defined the cancrinite gro
of minerals as (Na,K,Ca,AlYSisAl ;0,4(SO,,COy):» 1-5H0,

study performed by Buhl (1991), who showed that water was
released in the interval 80—-430 for two synthetic cancrinites.
At higher temperatures (730-88D), the release of water present
URs hydroxyl groups accompanied by the release gf@® place
'g\ ?1 strong endothermic reaction. In a detailed TG and structural

a][]d propoied an ldealsf_orrlméla f(é:rothe ;argon_;:e end-memsgjdy’ Hassan (1996) showed the complete thermal behavior of
of cancrinite as NL&[SicAl0,4(COs)-3H,0. They recog- 1 oo ooy sample from Bancroft, Ontario, with an ideal

nized the difficulties of dealing with the chemistry of this min; . ] )
eral, due to numerous possible substitutions, vacant positi formula expressed as BEA[SIAl02(CO,), 2H0. The wa

ons . .
. ”» . &¥'loss continued up to ~88Q, followed by a rapid release of
and variable zeolitic water content. Given the role that the car- :
bonate salts play in the chemistry of cancrinite, Eitel (192 O, between 924 and 94€. Although the overall weight loss

hd the exact intervals of dehydration and decarbonation might
vary in different thermal studies of cancrinite because of com-
positional differences, the general shape of the TG and differen-

*Present Address: Department of Geological Sciences, UHR! thermal gravimetry (DTG) curves remain the same,
versity of Missouri-Columbia, Columbia, Missouri 65211 partitioned into two main steps for dehydration and decarbon-
E-mail: msca96@mizzou.edu ation respectively (Buhl 1991; Hassan 1996; Barrer et al. 1970;
TE-mail: dmjenks@binghamton.edu Liu et al. 1993).
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Cancrinite associations nepheline-calcite-(25 wt%) 4 atPqo, = 1 kbar yielded vari-
Numerous investigators have reported cancrinite as reQ¥S combinations of cancrinite, nepheline, calcite, a compound
tion rims between nepheline and calcite, such as in alkali g#fith sodalite-type structure (hydroxy-hatiyne, considered as a
bros from Fen, Norway (Deer et al. 1963), in nepheline syenité@h-temperature polymorph of cancrinite) and a Na-Ca
from the alkaline pluton at Ditrau, Romania (Sirbesqes- melilite, at different temperatures. The bulk composition of 81
sonal observation; Streckeisen personal communication 199%% nepheline and 19 wt% calcite corresponds to the assumed

and in ijolites from Homa Bay, Kenya (Pulfrey 1949). PoikiliticComposition of carbonate cancrinite (3NaAISICaCQ, Eitel
inclusions of calcite in nepheline are commonly rimmed b}922)- None of these phases were chemically analyzed, so that
cancrinite and sodalite in nepheline syenites from Sibeff3¢ water content was not determined directly. Although
(Sobolev et al. 1974). However, not all calcite in contact witfyatkinson (1965) specified the necessity of performing some
nepheline has a rim of cancrinite, suggesting either that tR¥estigations of the nepheline-calcite-water system under vari-
introduction of calcite occurred at various stages during tR8!€Xco, conditions, such experiments have not been performed
thermal history of the rock or that the®/CO, ratio of the {0 our knowledge. Edgar and Burley (1963) and Edgar (1963)
ambient fluid influenced the formation of cancrinite. SimilarlySynthesized various cancrinites in hydrothermal conditions but
numerous nepheline syenite pegmatites display cancrinite®d not investigate the upper thermal stability of the
nests and veinlets in nepheline (e.g., limen Mts: Deer et gRicCium-carbonate cancrinite above 8@ Edgar (1963) no-
1963), or as individual crystals, without any obvious relatiodic€d that cancrinite with the ideal structural formula
ship to nepheline or calcite (e.g., Ditrau alkaline plutodVaCa[AlSic02](COs),-nHO formed as a product of reaction
Constantinescu and Anastasiu 1979). between nepheline, calcite, and water. Hydrothermal (p@% H
A temperature range of 750-96C was calculated for investigations of the reaction:
cancrinite-bearing phonolites from the Marangudzi, Zimbabwe,
alkaline ring complex (Henderson and Ezepue 1989), based or¢ancrinite = 6 nepheline + 2 calcite + 44 (1)
nepheline-alkali-feldspar thermometry (Hamilton 1961) at a
total pressure of 1 kbar with variable water content. A primavyere performed by Edgar (1963) in the range of 750 to 3000
fluid inclusion homogenization study of cancrinite crystals froland 0.9 to 3 kbar. Equilibrium relationships were complicated
a ditroite in the Synnyr pluton, Siberia, generated a tempeky-the spontaneous and apparently inconsistent nucleation of
ture of 630°C, at pressures of 1.1-1.5 kbar (Sobolev et dhe extra phases Na-rich melilite and a hadyne-group mineral.
1974). Primary fluid inclusions in various cancrinite-bearing The purpose of this study was: (1) to synthesize and char-
nepheline syenites studied by Sobolev et al. (1974) are maiaBferize the calcium-carbonate cancrinite having the ideal for-
CO,-H,0 mixtures. mula of 6NaAISiQ-2CaCQ-nH,0; (2) to investigate its upper
Whether crystallized from a magma or from a subsoliddiBermal stability in a mixed-volatile J@-CG, fluid at 2 kbar;
reaction involving nepheline and calcite, cancrinite stabilitgnd (3) to evaluate its thermodynamic properties based on the
appears to be strongly dependent on the presence of waternivariant boundary for reaction 1 TXco, space. Reversals
of reaction 1 were obtained without interference of other phases
Previous experimental work over a largel-Xco, interval. The water content of cancrinite at
. . . ... equilibrium conditions was determined through a combination
Previous experimental work on cancrinite or cancrinite-liké
of IR and TG measurements.
compounds has been conducted mostly under hydrotherma
conditions, suggesting that water is an important constituent in
cancrinite formation. However, in the pioneering study of Eitel
(1922, 1954) on the binary system calcite-nepheline, cancrinifedparatus

seen as a double-salt compound (3NaAlS)aCQ), appears  One-atmosphere syntheses were performed in a muffle fur-
to have melted incongruently at a temperature of £258n- nace in a Pt crucible. High-pressure experiments were per-
der a carbon dioxide atmosphere of about 0.11 kbar. A clo$gfmed in either horizontally mounted cold-seal vessels
look at the description of the experimental apparatus useddnstructed of René 41 (with filler rods) or in internally heated
Eitel (1922) raises doubts about the purity of the, @Mo- gas vessels. For the cold-seal vessels, water was used as the pres-
sphere. To produce GQressures up to 0.10-0.11 kbar, Eitesure medium. Pressure was monitored using bourdon-tube gauges
(1922) used a container filled with carbonic acid that was linkedlibrated against a factory-calibrated Heise bourdon-tube gauge
to the high-temperature oven, so that thermal decompositiand is considered to be accurate to witt0 bar. Temperatures
of H,CO; took place at temperatures exceeding the critical poiwere measured in external thermocouple wells using chromel-
of CQO.. Eitel (1922) does not, however, mention addition aflumel thermocouples, calibrated against the freezing points of
any device to purify the generated Gf®mosphere, so that oneSn (231.9°C) and NaCl (800.58C), and are considered accu-
can suppose that the melting reaction took place in a mixede to within+10 °C. Phase-equilibrium experiments were
volatile HO-CO, atmosphere. performed in internally heated gas vessels using Ar as the pres-
Several cancrinite synthesis studies are summarized in Tatlge medium (Holloway 1971). Pressures were monitored with
1. Watkinson (1965) and Watkinson and Wyllie (1971) encouheth a bourdon tube gauge and a factory calibrated (Harwood
tered cancrinite as a spontaneously nucleated phase in their Sungfineering) manganin cell and are believed accurat®@o
ies on carbonatites and alkaline igneous rocks. The sectlmr. Temperatures and temperature gradients along the sample

EXPERIMENTAL TECHNIQUES
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TABLE 1. Synthetic cancrinites reported in the literature

Chemical composition and name a(A) c(A) Conditions of synthesis Reference
Nag[AlsSis0,4](CO3)-3H,0 (ideal) 12.57 5.13 hydrothermal methods Nithollon (1955)
“3NaAlSiO,-Na,CO;" natrodavyne 12.69(2) 5.18(2) T =500-600 °C, Edgar and Burley (1963)
Py,0=0.7to 2.1 kbar
“3NaAlSiO,-CaCOs” cancrinite “proper” 12.59(2) 5.17(2) T> 800 °C, Py,0=1.38 kbar Edgar (1963)
“3NaAlSiO,-Ca(OH),” hydroxy cancrinite 12.60(2) 5.14(2) T>800 °C, Py,0=1.38 kbar
“3NaAlSiO,-NaHCO;" hydroxy cancrinite 12.67(2) 5.16(2) T <600 °C, Py,0=1.38 kbar
“3NaAlSio,-K,CO;" davyne 12.73(2) 5.18(2) T < 450-500 °C, Py,0= 1.38 kbar
“3NaAlSiO,-KHCO;" davyne 12.73(2) 5.20(2) T<450-500 °C, P,,0= 1.38 kbar
Na;Cay o[AlSis02](CO3)1.4:2.1H,0 12.63(5) 5.11(3) hydrothermal methods Smolin et al. (1981)
Na; 6Cag 4[AlsSisO2](OH),2(CO3)-2H,0 12.62(1) 5.14(2) hydrothermal methods Emiraliev and Yamzin (1982)
Nag[AlsSisO24](OH),-2.8H,0 12.664(2) 5.159(1) T =450 °C, Py,0= 1kb Hassan and Grundy (1991)
Nag[SisAlsO24](OH),-3H,0 (ideal)
Na; g4[AlsSis0,,]-5.98(H,0,0H) 12.68 5.18 - Bresciani Pahor et al. (1982)
Nay 5[AlsSisO,4](OH), 5-5H,0 (ideal)
Nag[SisAls0,4](OH),-5H,0 (ideal) 12.74 5.19 hydrothermal methods Klaska et al. (1979)
Nag[AlsSisO24]CO;5-4H,0 12.67(2) 5.16(3) autoclaves, kaolinite + NaOH +  Buhl (1991)
NaHCO,, T=127 °C, P=0.1 kbar
Nag[AlsSisO24](OH)03(CO3)g65-3.7H,0O 12.65(1) 5.15(2) autoclaves, kaolinite + NaOH + Buhl (1991)
NaHCO,, T =500 °C, P = 1.5 kbar
Nag[AlsSisO24]CO;5-3H,0 12.66(1) 5.16(1) autoclaves, kaolinite + NaOH + Hermeler et al. (1991)
Na,CO,, T =500 °C, P=1.5 kbar
Nag[AlsSisO24] 1.08Si0, 0.57Na,0-4.05H,0 12.72(2) 5.19(1) from gel, excess NaOH, Barrer et al. (1970)
basic cancrinite T=390°C
nitrate cancrinite 12.67(2) 5.19(1) from kaolinite + NaOH + salts Barrer et al. (1970)
chromate cancrinite 12.72(2) 5.19(1)
molybdate cancrinite 12.75(2) 5.19(1)
Nag[AlsGe0,,]Ge(OH)s2H,0 12.75 5.14 - Belokoneva et al. (1985)

germanate cancrinite

capsule were measured by two inconel-sheathed, chromel-aluoyeles of 5—7 day duration with intermittent grinding until the
thermocouples situated at either end of the capsule. The arrangeay diffraction (XRD) patterns were devoid of corundum.
ment of capsule and thermocouples was packed with silica w&scondly, around 170 mg of material was sealed with distilled
in a copper cylinder to reduce the thermal gradients (Jenkins a® (20 wt%) in a Pt capsule and treated hydrothermally at 2
Clare 1990). Both thermocouples were calibrated periodicalpars and 800C for four days. The purity of the product was
against the freezing points of LiCl (60&) and NaCl (800.5 confirmed by optical microscopy and XRD. Small differences
°C) and are considered to be accurate to witRifC. Tempera- were noted between the XRD pattern of nepheline treated hy-
ture differences across the samples ranged from 2 €2  drothermally and that made at 1 atm. The hydrothermally treated
the calculation of the boundary, all experiments with a tempergepheline had three additional peaks in the XRD pattern with

ture difference higher than°® have been eliminated. intensities (<5% visually) at 22.7®8.15, and 31.526, some
) variations in the intensities of the major peaks, and, microscopi-
Phase synthesis cally, the appearance of simple and lamellar twinning for the

All phases were made from reagent-grade oxides and aajority of the large, euhedral crystals. These features were
bonates. These included Sj@rhich was made by desiccatingnot seen in the 1-atm synthesis, but previously had been identi-
silicic acid (Fisher Scientific) in air at 100G for several days, fied in synthetic sub-potasic nepheline (type-B) by Henderson
Al,O; (Aldrich Chemicals), NA O, (Fisher Scientific) as a and Roux (1977) who attributed these to pseudohexagonal do-
source of NgO, which was preheated at ~370 for several mains, stable only below a low-temperature, displacive inver-
hours to drive off absorbed water, and Ca@Risher Scien- sion. The same results (pure nepheline type-B) were obtained
tific). Stoichiometric mixtures of the appropriate oxides andthen nepheline was synthesized in hydrothermal conditions
carbonates were thoroughly ground together in an agate m@-kbar water pressure and 800D) directly from the oxides.
tar under acetone for about 1/2 hour. Use of this nepheline as starting material should not affect the

Nepheline synthesis was performed in two steps. First, egsults studied in a temperature range of 7502@6®ecause
oxide/carbonate mixture was heated in air, initially at 95Ghe displacive inversion back to a hexagonal structure takes
1000°C to drive off CQ and subsequently at 88C for 3—4 place at only 190C (Henderson and Roux 1977).
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Calcitewas made by annealing the reagent calcium carbonat®portion of 3:1 in the presence of ~15%0Hat the condi-
at ~400°C to drive off all moisture and to improve crystallinity. tions listed in Table 2. Cancrinite made in experiments can2-2,
Attempts to synthesize cancrinite under dry conditions ean3-1, and can5-1 (Table 2) was considered sufficiently pure
850-1050°C and 4 kbar were unsuccessful. Synthesis ahd further used as a starting material in the investigation of
cancrinite was successful only under hydrothermal conditiorcancrinite breakdown reaction. Sample can4-1 was found to
Cancrinite was made from nepheline and Ca@@®ed in the contain ~10% (vol) of Na—rich melilite and was not used as a

TABLE 2. Conditions for synthesis of cancrinite in this study

Synthesis code Starting material T, °C* P, kbar t, days Result

can2-2t nel-4+ cc+H,0 750(5) 2.20 5.00 can + cc (trace, <2%)

can3-1 ne3-4+ cc+H,0 760(10) 2.20 7.00 can + cc (trace)

can4-1t% ne3-4+ cc+H,0 780(5) 2.05 13.00 can + mel (10%)

can5-1% ne3-4+cc+H,0+CO, 775(5) 2.15 10.00 can + cc (trace)
(Xc0,=0.45)

Note: Abbreviations are: can = cancrinite; ne = nepheline; cc = calcite; mel = melilite.
* Uncertainty in last digit shown in parentheses.

T TGA and IR analyses were performed.

F Microprobe analyses were performed.

TaBLE 3. Experimental results for reaction 1 in the text.

Run T ,°C* Xcoy X Xc8y° t,h Mineral assemblage Reaction
code direction
2 1000(7) 0.00 - - 50 L =)
3 958(3) 0.00 - - 58 ne +cc+mel+L =)
6 935(4) 0.00 - - 64 ne +cc + mel + L =)
10 953(2) 0.00 - - 67 ne + cc + mel + (can) + L -)
12 917(2) 0.00 - - 75 can + mel (+)
11 924(5) 0.00 - - 45 can + mel + (ne+cc)+L (+)
39 802(2) 0.00 0.01 0.01 77 can + mel +
401 802(3) 0.25 0.26 0.25 86 can + cc +
41% 804(4) 0.68 0.71 0.70 72 ne + cc + can -
42t 811(8) 0.51 0.54 0.53 65 can + (cc) +
43 801(3) 0.89 0.91 0.90 65 ne +cc + ha -
4411 750(4) 0.71 0.75 0.73 65 can + ne + cc +
45t 751(4) 0.51 0.55 0.53 71 can + (cc) +
461t 850(2) 0.60 0.64 0.62 164 can + ne + cc +
47t 849(4) 0.51 0.59 0.55 113 can + cc +
48% 798(2) 0.69 0.74 0.72 113 can + ne + cc +
491 878(2) 0.50 0.48 0.49 124 can + (cc) +
50 848(2) 0.74 0.77 0.75 86 ne +cc -
51 884(4) 0.55 ? 0.55 70 can + (ne + cc) +
52% 880(3) 0.63 0.57 0.60 117 can + ne + cc +
5318 900(2) 0.57 0.58 0.58 50 ne + cc + can -
541% 900(2) 0.53 0.54 0.54 72 can + ne + cc +
55118 920(4) 0.51 0.47 0.49 48 can + ne + cc nr
561% 918(2) 0.48 0.50 0.49 116 can + ne +cc +
57% 918(2) 0.53 0.53 0.53 45 ne + cc + can -
581§ 931(2) 0.48 0.46 0.47 115 can + ne + cc +
59 930(2) 0.52 ? 0.52 43 ne + cc + can -
60% 931(2) 0.47 0.47 0.47 92 ne + cc + can -
61 951(2) 0.38 0.37 0.38 a7 ne + cc + can -
62118 942(2) 0.39 0.39 0.39 94 can + ne + cc nr
63 960(3) 0.21 0.19 0.20 62 ne +cc + (can) + L -
6411 940(2) 0.21 0.22 0.22 a7 can + (mel) + (ne + cc) +
65 951(2) 0.22 0.21 0.22 93 ne+cc+mel+L -
66% 945(2) 0.31 ? 0.31 90 can + ne + cc +
67t% 951(2) 0.31 0.31 0.31 70 can + ne + cc nr
68 947(4) 0.25 0.22 0.24 72 can+ne+cc+L +
691 848(3) 0.64 0.65 0.65 142 can + ne + cc nr
70t% 848(2) 0.63 0.63 0.63 97 can + ne + cc +
71% 847(2) 0.65 0.67 0.66 144 can + ne + cc nr
73 850(3) 0.67 0.69 0.68 71 ne + cc + can -
74% 799(4) 0.71 0.72 0.72 171 ne + cc + can -
75% 796(7) 0.70 0.70 0.69 127 can + ne + cc +
76% 750(2) 0.76 0.75 0.75 336 ne + cc + (can) -

Notes: Pressure = 2 kbar. Xcoy is the mole fraction of CO, at the beginning of the experiment; Xcé’;" is the mole fraction of CO, measured at the end
of the experiment; Xc8¢ is the average of Xcoy and Xc8,". The direction of reaction is indicated by: “+” = growth of cancrinite relative to nepheline; “~"
= breakdown of cancrinite; “(+)” or “(-)” = growth or breakdown of cancrinite along the metastable extension of reaction (1); and “nr” = no reaction
observed. Abbreviations: ha = hatiyne; remainder same as Table 2.

* Uncertainty in last digit shown in parentheses.

T IR analysis was performed.

T Data used in thermodynamic analysis.

§ Microprobe analysis was performed.
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starting material. However, the texture of can4-1, with vemalue of Xco,, X" represents the measuredoXafter run
large (0.1-0.5 mm) euhedral “porphyroblasts” of melilite anguenching, and N = 34 is the number of runs (Table 3).
fine-grained cancrinite crystals of only 0.01-0.05 mm, permit- ] )

ted manual separation of pure melilite and relatively pufhalytical techniques

cancrinite by hand-picking and sieving. These concentrates wereThe charges were studied under the petrographic microscope
used for physical investigations of both cancrinite and melilitasing an oil of refractive index 1.530, which is intermediate
The stability of melilite at the conditions of run can4-1 has bebetween the refractive index of cancrinite (1.500 to 1.522) and
confirmed by further experiments (Table 3). The absence r#pheline (1.534 to 1.537). This allowed rapid recognition of
melilite in can2-2 and can3-1 could be explained by the highttle main crystalline phases, even when present in very small
pressures and lower temperatures than in can4-1. In run carfrdportions. Indices of refraction were determined using certi-
(Table 2) a mixed-volatile atmosphere was used to elimindted immersion oils.

melilite. X-ray powder diffractograms were obtained routinely for all
o o ) run products using @&a radiation in the range of 17-4@0.
Investigation of cancrinite breakdown reaction Variations in the main XRD peak heights offered a clear indica-

The investigation of cancrinite breakdown (reaction 1) wa®n of the direction and magnitude of reaction, with departures
conducted using starting mixtures of the synthetic nephelireé, only 0.04 X, at 900°C (run duration 3 days ) from the
cancrinite (presumed to be §a[Al :SisO,4](COs),-2H,0), and  univariant boundary producing an obvious change in the major
calcite in proportions corresponding to the stoichiometry of thRD peak ratios. Unit-cell refinements were performed using
reaction. Portions of the starting mixtures were loaded into tAe computer program of Appleman and Evans (1973).
capsules. Nominally anhydrous oxalic acigH¢D,-0.23H0, Chemical analyses were obtained by wavelength dispersive
water content by gravimetric analysis) and distilled-deionizegpectrometry (WDS) using a JEOL JXA-8900L microprobe.
water were added to obtain the desired mole fraction gf@@® Determination of X-ray counts vs. time revealed a dramatic
also to preserve a mineral:fluid proportion of ~1:1 by weight.drop in Na X-rays with time for cancrinite under all investi-

Fluid compositions were prepared and determined usingyated operating conditions. This diffusive loss of Na under the
semi-micro balance (Mettler-Toledo, model AG245) with alectron beam was found to be much more pronounced for
precision of 0.01 mg. Maximum uncertainties in preparatiarancrinite than for the anhydrous phases nepheline and melilite.
of the fluid mixtures amounted to an estimated error of 0.00% accord with the study of hydrous alkali glasses by Morgan
Xco,- The amount of CQOgas in the capsule was measured aftand London (1996), we found that operating the microprobe at
each experiment by piercing the capsule and measuring the nMi&s&V and 2 nA and using counting times of only 3 seconds
loss. The capsule was wrapped with a paper wipe prior to piength a spot size of ~@m (necessitated by the small grain sizes)
ing to capture any expelled,®. Measurement of J@ was minimized the diffusive loss of Na and the concomitant “in-
determined by summing up the amount of water absorbed drgase” of Al, Si, and Ca. The standards used in this study were
the paper, assuming that all water escaped during@@tion albite for Na, diopside for Ca and Si, and kyanite for Al. The
was retained in the paper, and the mass lost by the pierced gmpin sizes (20-5Aam in diameter) permitted the use of con-
sule after heating at 1FC for 15 minutes. The water contentventional epoxy-mount and sample polishing techniques.
of the oxalic acid limited the maximum theoreti¥g), to 0.897. Several samples were also analyzed for their water and car-
The minimumXco, was found to be 0.012 at 80C for an bonate contents by thermo-gravimetric analysis (TG) and in-
intendedXco, of 0 (no oxalic acid added), presumably due ttrared (IR) spectroscopy. Computer-automated TG was
calcite solubility in the aqueous fluid. However, this value igerformed on a Perkin-Elmer TGA7 thermogravimeteriaiN
much higher than the solubility of calcite at the s&¥lecon- a heating rate of Z2/min. The IR analyses were performed on
ditions (Fein and Walther 1987). The enhanced solubility tegamples that were ground to a very small grain sizgifaR
tatively is attributed to a greater extent of carbonate arixed with KBr in the weight ratio of 0.5/360, and pressed
bi-carbonate anion complexing occurring in this more cheniirto a 13 mm diameter pellet using an evacuable die. Care was
cally complex system. taken to minimize contact of the KBr powder or pressed pel-

The Xco, values reported in this study are given mainly blets with moisture in the air by keeping the powder at°110
the input amounts of # and oxalic acid. Variations in theand the pellets in a desiccator. The spectra were collected on a
value ofX.o, caused by mineral reactions (e.g., dehydration &erkin-Elmer 1600 FTIR instrument with a nominal resolution
formation of cancrinite) were calculated to be relatively smabhf 2 cn™. All spectra were referenced to blank KBr pellets.
typically < 0.06, due to the high proportion of fluid compared
to solid in the starting materials. The calculated maximum de-
viation in X, for samples in which reaction 1 ran completelyndividual phases
to the left or to the right is similar to the estimated errors of the Cancrinite was found to have the following optical char-
weighing and piercing technique. There is no obvious correlgeteristics: colorless; refractive indicess 1.500(2) ando =
tion between the sign of the observed deviation and the min522(2); and parallel extinction. Crystals were generally euhedral
eral composition of the run product, nor any other variafles ¢r subhedral and developed as short hexagonal bipyramidal
or intendedXco,). A cumulative value of analytical uncertaintyprisms (Fig. 1). Unlike the positive correlation between index of
in Xco, due to errors in the weighing technique is averaged msfraction and water content for cordierite observed by
#(ZXeo—Xc8:1)/N =£0.019, wher&X 8,.represents the intendedMedenbach et al. (1980), no obvious correlation was observed

RESULTS
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CaO'
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Projection from:
NaAlSiz0g, CO,, H,0
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Na20 P AI203

FIGURE 2.Projection of phase compositions from NaAGj CO,,
and HO onto the ternary diagram MaCaO-ALO;. Open circles
indicate ideal mineral compositions; other symbols are electron
FIGURE 1. Common crystal morphology for synthetic cancrinitemicroprobe analyses of experimentally produced phases (Table 4):
and melilite from run 12, Table 3. BSE image; Abbreviations: canffiangles = cancrinite; squares = nepheline; diamonds = melilite; and
cancrinite, mel = melilite. Scale bar = fufh. X = calcite

here. Strong similarities were found between the XRD patteig within analytical error that there was no Na loss during the
of the cancrinite formed here and the data listed by Edgar (19&8rroprobe analysis. The complete formula for cancrinite can4-
for the synthetic cancrinite “proper” [3(NaAIS)CaCQ]. A 1 was calculated from information provided by electron mi-
unit-cell refinement was performed for a cancrinite synthesizetbprobe, TG, and IR data (see below).
at 802(3)°C, 1.97(5) kbar, an¥.o,(avg) = 0.252(5) (40, Table  The synthetic nepheline has= 1.537(2) and = 1.534(2)
3)yieldinga=12.607(1) Ac = 5.120(1) A, and a cell volume of with first-order gray interference colors for crystal sizes of 10—
705 A3, obtained by indexing 31 observed peaks scanned in @&um in diameter. Microprobe analyses (Table 4, Fig. 2) show
20 interval of 19-65. The refined unit-cell parameters are simia small uptake of Ca by nepheline. Chemical zonation was ob-
lar to those listed by Edgar (1963) for synthetic cancriniterved via variation in interference colors for large crystals of
“proper™”: a = 12.59(2) Ac = 5.17(2) A, and to those given bynepheline (run 65, Table 3).
Hassan and Busseck (1992% 12.590(3) Ac=5.117(1) A for Calcite was found to be almost omnipresent with a variety of
natural cancrinite (Bancroft, Ontario) of similar compositiontextures. Generally its shape and crystallinity change with the
Nas Ca Al 6Sis0,4)(COs), ¢ 1.8HO. Absorption IR spectra were temperature of formation. At lower temperatures (750850
obtained in the range of 1300—4000tamd the absorption bandssmall rounded or rhombic individual calcite grains are predomi-
were found to be consistent with the results of previous IR inate. With increasing temperature, crystals tend to lack defined
vestigations (Flanigen et al. 1971; Moenke 1974; Hermelerdtapes, appearing mostly as interstitial, fine-grained material
al. 1991; Buhl 1991). in aggregates with nepheline and cancrinite, but also coating
Microprobe analysis of cancrinite (Table 4, Fig. 2) wathe Pt capsule or individual crystals of nepheline or cancrinite,
complicated by the unknown amount of molecular water, carr as large, irregular single crystals. Carbonate precipitation
bonate, and possibly hydroxyl. Compositions of synthetituring the quench of the high-temperature charges is inferred
cancrinites, using the microprobe operating conditions digem these textures, but it is not clear whether precipitation
scribed above, essentially approached the composition of ideaturs out of the fluid or out of a carbonate-bearing melt. The
cancrinite. The observed Ca deficiency in most samples (i.a content of calcite is <0.5% (Table 4, Fig. 2). The optical
departure of Ca from 2 cations per 24 oxygen atoms) coulddetection of a clear isotropic glass remains the main evidence
a consequence of vacancies in the large channel as noticedidsd in this study to identify the occurrence of partial melting.
Hassan and Busseck (1992) for natural cancrinite from Bancroft, An Na-rich melilite was present as an additional, spontane-
Ontario. The issue of Na loss during microprobe analysis wassly nucleated phase in most of the runs performed at low
assessed independently by using the thermogravimetric (TG}, (Xco, = 0-0.2). This synthetic phase lies on the gehlenite
analysis performed on sample can4-1. This sample was hedtedAl,SiO;)-soda melilite (NaCaAlgD;) solid-solution join.
up to complete melting (135TC) and was found to have aThe optical properties for melilite ase= 1.633(2)¢ = 1.631(2)
total volatile content of 11.19 wt%. The volatile content {CCGand low birefringence (similar to nepheline). The predominant
and HO) in this sample as deduced from the total sum froamystal appearance was as short to tabular tetragonal prisms
microprobe measurements (avg of 9) was 11.22 wt%, confirmith good basal cleavage (Fig 1). The XRD data for this melilite
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TABLE 4. Electron microprobe analyses of synthetic cancrinite, nepheline, melilite, calcite, and silicate glass

Sample avg Na,O Al,O4 CaOoO Sio, Total Na Al Ca Si Si+ Al Sum
Cancrinite Cation numbers per 24 O atoms for Na, Al, and Si
can4-1 9 17.63 29.32 7.91 33.91 88.78 6.000 6.064 1.489 6.018 12.082 19.570
can5-1 9 17.99 28.44 7.73 33.71 87.87 6.188 5.955 1.473 5.987 11.942 19.603
12 14 16.45 29.38 8.66 35.05 89.55 5.540 6.025 1.615 6.096 12.121 19.277
53 6 15.44 29.74 8.60 34.47 88.26 5.267 6.163 1.621 6.061 12.224 19.112
55 8 14.70 28.96 9.49 33.91 87.06 5.131 6.147 1.832 6.107 12.254 19.217
58 11 15.14 29.73 9.89 34.79 89.55 5.144 6.149 1.860 6.102 12.251 19.255
62 7 15.73 28.68 9.65 33.86 87.91 5.477 6.067 1.859 6.081 12.148 19.484
64 13 14.92 28.93 7.37 33.21 84.42 5.242 6.192 1.468 6.045 12.237 18.947
Nepheline Cations per 4 O atoms
can5-1 1 19.37 34.98 0.87 43.78 99.01 0.888 0.975 0.022 1.036 2.011 2.921
53 21 18.31 33.76 1.42 44.84 98.33 0.842 0.944 0.036 1.064 2.007 2.885
55 20 17.92 35.82 2.65 41.47 97.86 0.835 1.014 0.068 0.996 2.011 2.914
58 7 18.18 35.93 2.71 42.44 99.26 0.835 1.003 0.069 1.005 2.007 2911
62 3 17.72 35.13 2.69 41.11 96.64 0.836 1.008 0.070 1.000 2.008 2914
64 7 18.99 35.74 2.33 40.93 97.99 0.887 1.015 0.060 0.986 2.002 2.950
Melilite Cations per 7 O atoms
can5-1 10 7.22 26.91 29.38 35.95 99.45 0.620 1.405 1.395 1.593 2.999 5.014
can4-1 5 7.06 26.64 29.54 35.71 98.94 0.610 1.400 1.411 1.592 2.992 5.013
12 10 7.11 24.96 27.08 36.43 95.58 0.630 1.347 1.329 1.668 3.015 4.974
26 8 6.58 26.58 30.66 35.28 99.10 0.571 1.399 1.467 1.575 2.974 5.011
Calcite Cations per 1 O atom
55 1 0.47 0.20 51.87 0.17 52.71 0.016 0.004 0.980 0.003 1.003
64 1 0.41 0.17 51.94 0.19 52.71 0.014 0.004 0.981 0.003 1.002

were found to be in good agreement with those listed las contoured based on the identification of the isotropic glass
Louisnathan (1970) for a synthetic soda-melilite and by Edgarruns withXco, < 0.2 and on the assumption that the slope of
(1965) for synthetic gehlenite-soda melilite solid-solutions. Thike solidus should be positiveTrX.o,coordinates in runs with
unit-cell parameters for melilite (concentrated from sampk.o, > 0.2 (Fig. 3).

can4-1, Table 2) were refined as 7.650(1)c = 5.046(1) A o

and a unit-cell volume of 295*fobtained by indexing 16 peaks/Vater content of cancrinite

observed in the@interval from 17-54 Using the XRD tech- We used the IR spectra of the produced cancrinites to quan-
nigue of Edgar (1965), a gehlenite content of 47 wt% was dify their relative water and carbonate contents. The procedure
tained, similar to the value of 51.5 wt% based on microprobensisted of determining the volatile content of a calibration
analyses (avg of 5) of the same sample. Data from micropra@nple of synthetic cancrinite by TG and using the data to cali-
analyses of different melilite samples are listed in Table 4 ahtate the area of the 1634 €nR absorption band for water
plotted in Figure 2.

Investigation of cancrinite stability in T-Xco, Space

The breakdown of cancrinite to nepheline and calcite (reac-
tion 1) was constrained by reversals in the range of 770:®50
andXqo, of 0.8-0.3 at 2 kbar. Starting materials were can2-2,
can3-1, and can5-1 (Table 3, Fig. 3). The results are consistent
with a simple dehydration boundary X, space (e.g., &
Kerrick 1974). The consistency of the results and the lack of
any extra phases lead to the conclusion that this reaction is
indeed a univariant boundary in the four-component system
NaAlISiO,-CaCQ-H,0O-CG, (note compositional degeneracy of
the ideal phases in Fig. 2) at constant total pressure. The com-
positions of cancrinite, nepheline, and calcite, though depart-
ing slightly from ideality, are nearly collinear in the projected
Ca0'-NaO'-Al,O4' system (Fig. 2).

At Xco, ~0.2 and ~950C (runs 63, 64, 65, 68, Table 3), the
presence of ?’ silicate melt ?nd me“hte. Was.deteCt.ed SuE.gg(BSt_!:|(3UFzE 3. Experimental results obtained in this study for reaction
!ng t_hat ref"lcnon_ 1 may Fermmate _at ajn 'nva”ar_]t point (90'”tHn T-Xco, SPace. Solid squares = cancrinite growth; open squares =
in Fig. 3) involving melilite- and.|I_QUId-pr0dl.JCIr_19 reaCtlons'nepheline + calcite growth; crossed open squares = no discernible
Unfortunately, the exact composition of the liquid phase coul@action: open circles = assemblages containing melilite or hatiyne in
not be determined, because heterogeneous quenching occug@ition to cancrinite, nepheline, and/or calcite; solid circles =

in most of the runs, with Ca-rich carbonates coexisting witssemblages in which presence of silicate melt (L) was detected; U =
isotropic silicate glass. A field of coexisting liquid and crystalgvariant point; shaded area = field of liquid and crystals.
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relative to the 1514 crhband for C@-. The details of this pro- non-interfering IR peaks that could be used in a quantitative
cedure are discussed below. analysis of the water content of cancrinite were th@ peak

One sample of synthetic cancrinite (can4-1, Table 2) wat1634 cmtand the C® peak at 1514 crh Determination of
analyzed by TG to determine its water content. TG analyshe water content by measurement of the absolute intensities
were performed both by a computer-automated technique, hedtthe absorption bands requires strict control of instrument
ing over the range of 110-93Q at a rate of 2C/min, and by and sample parameters (e.g., absorption pathlength, sample to
a manual procedure, heating from 110 to 135h a stepwise KBr ratio, particle size, etc.), which is not easily done when
fashion with repeated weighings at each step until a constansing our pressed-pellet technique. If the carbonate content of
weight was reached. The manual procedure was performed aber cancrinite samples is assumed to be constant, then we can
a period of 10 days with an average heating rate of @06 determine the water content by referencing the area of e H
min. The results of these two TG analyses are listed in Tablpé&ak at 1634 crhto the CG peak at 1514 crh The assump-
and shown in Figure 4. The two curves are similar in their overtiin of constant carbonate content of the calibration cancrinites
form; however, the mass loss at any given temperature wasto 540°C (listed in Table 5) and of the unknown cancrinites
noticeably less for the automated analysis (curve 1) compafésted in Table 3) was based on (1) the relatively constant in-
with the manual analysis (curve 2). This discrepancy is ascriltedsity of the C& peak compared to the cancrinite T-O asym-
to the faster heating rate of the automated TG process, whightric stretch at about 1000 cnffor samples lacking
did not allow sufficient time for the volatiles to diffuse out ohepheline) and (2) the retention of Cp to temperatures of
the cancrinite crystals. For quantitative work, we chose the #0-880°C (at 1 atm) for synthetic cancrinite similar to that
sults of the manual TG analysis. studied here (Buhl 1991) and even up to 920-35@&s re-

The interpretation of TG analysis was based on results gbarted by Hassan (1996). The technique known as linear re-
similar study (Hassan 1996) and reconfirmed by our IR analguction, which involves the integration of the peak area for the
sis. The TG analyses of can4-1 were interpreted as follows. A
total of 5.09 £ 0.04) wt% loss at 78%C was assigned to the
release of water molecules (“zeolitic” water), whereas the re-
maining weight loss of ~6.10 wt% occurring up to the tem-
perature of complete melting (~13%0) was assigned to the
release of Cgand of hydroxyl groups. Optical and XRD analy- 2
sis of the heated material confirmed that cancrinite was stable
up to at least 785C and that it decomposed to a mixture of 4
nepheline + hauyne above 830. Combining the observed &
mass losses from the TG analysis with the electron microproge
analysis of sample can4-1 yields 3.69.04) moles of O ©
per mole of cancrinite, leading to the chemical formulg
Nag 0lC 2y 4d Al 6.06515.96024] (CO3)1.4OH)o.06 3.09HO. If one as- g 8
sumes that the framework portion of cancrinite has the ideal
formula of 6Nepheline-2CaG{see Fig. 2), about the same 1 g
zeolitic water content, i.e., 3.13q.04) moles of KD is ob-
tained, within the limits of analytical error. Notice that the mass
loss in the range of 785-138C observed in the TG analysis
is essentially all C@) assigned to Ca as the carbonate anion, 0 200 400 600 800 100012001400
with only a very small amount of hydroxyl anion needed to T (°C)
account for the charge balance. The existence of hydroxyl FIGURE 4. TGA results for sample can4-1. Curve 1 was obtained
groups is documented by the presence of appropiate absorbipa computer-automated procedure whereas curve 2 was obtained by
bands in the IR spectrum of the cancrinite. a manual stepwise heating with repeated weighing at each step (open

Portions of the cancrinite (can4-1) were preserved at Vaﬁ:i[cles) u_ntil constant mass was este_iblished. ‘Heating rate for curve 1
ous stages of TG analysis for IR analysis. Qualitatively, the hS-QZOC/m'n whereas that for curve 2 is 0.0&/min.
spectra of the thermally treated cancrinite samples were con-
sistent with TG results, in that the peak and broad band of fireLE 5. TGA results for sample can4-1
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molecular water (found at 1634 crand between 3400—-3620 Heating rate Samplecode T,°C  Totalmass Ny
cnt?, respectively) gradually decreased and disappeared cdifi{min) loss (wt%)

pletely above 630C, whereas CP peaks at about 1400 and?-06 (manual) cal b 999 3o
1514 cm® remained unchanged up to 880 (Fig. 5). In cas 420 3.76 0.81
multi-phase samples, i.e., run products, the intense 1420 cm ca4 540 4.50 0.34
CQ% vibration of calc:lte.vyas found to interfere with the 1409 (automated) canl 110 0.00 3.09
cnrt CG§ peak of cancrinite. In several cases, the broad band can2 250 0.37 2.86
of water with the two hydroxyl peaks, in the region 3400-3620 Ca”i ggg g;g g-gj
cnr?, was strongly distorted or of very low intensity, especially 2225 420 506 184

for cancrinites equilibrated in the presence of high,. The can6 470 2.69 1.46
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N LI L I of cancrinites plotted iT-X.o, Space. In general, cancrinite
has a higher water content at lower temperatures and higher
Xu,0 Values. Two samples have anomalous values (shown in
parentheses, Fig. 7b) and two other samples with almost iden-
tical location inT-X.o, space have a difference ig,gof about

0.6, similar to the water content calibration errot0f4. Al-
though there is certainly no theoretical reason why the water
ML L L content of cancrinite should be constant along its stability
boundary, it is a simple empirical observation that the water con-
tent is essentially constant within the analytical precision of our
technique (Fig. 7b). Ten experimental points (Table 6), those
lying closest to the stability boundary and witoranging
T=320°C from 0.7 to 1.4, give an average gf4i® = 1.1 with an esti-

PP S mated error o#0.4 for cancrinite at the boundary.
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Thermodynamic analysis

The purpose of the thermodynamic analysis was to demon-
strate the internal consistency of the univariant boundary for
reaction 1 balanced for 1.1,®:

T=420°C Na:Ca Al :Si024(CO5)1 51.1H,0 =

can =

6 NaAISiO, + 1.5 CaC@+ 1.1 HO )

ne + cc +  fluid

and to extract the third-law entropy and enthalpy of formation
for cancrinite. Under the conditions of equilibrium, one must

method to the two sets of TG data in Table 5 yielded the cali- ¢ g

bration curve shown in Figure 6, which conforms to a straight ®cad

T=540°C .
Pl EPETEPEPES TUPITE EVRNI APRPRPI BT R have:
B A T e B .
AG,, =0=AH° - T(AS) +
T T
[, AC,dT ~T[ (AC,/T)dT +
TO TO
" AVS, 0P + 1y, RTINFET +
4 T=880°C J-Po solids H,0 H,0
. S EPEFENETE IFETETITI EPETIENE INUEUTATE I AT ETI I 3)
1300 1400 1500 1600 1700 1800 1900 2000 RTana
wavenumber (cm ')

FIGURE 5. Transmission IR spectra for portions of sample can4-1 3.5 prorrerrrrrrreee T T T T T T e T g
heated at successively higher temperatures. Numbers indicate key I ca1.can’1ﬂ
absorption bands: 1 = cancrinite £6and at 1400 crlj 2 = cancrinite 3 _ can2e ‘
CO% band at 1514 crf1 3 = cancrinite KO band at 1634 crh) and 4 t can :
= cal(;lt_e CG band at 1420 crhresulted from the breakdown of 2.5 [ cande ~ ® ca2]
cancrinite. E 3

2 2 o can5b _

:= u ]

. 1.5 can6 -]

H,O absorption band between 1600-1689'dtangent back- F ¢ ]
ground) and normalization to the intensity of thejQg&ak at C .
1514 cm?, was applied to the IR spectra. Application of this F &ca3l 3

line with a correlation coefficient of 0.92 and a standard error 0 b b b b b b
of 0.4 ny0. c 2 4 6 8 10 12 14
The above procedure was applied to 16 runs listed in Table area of 1634 cm ' water peak

3 and the resultant v_vate_r contents. of the cancrinite are listed in FIGURE 6. Calibration line for determining the water content of
Table 6 and shown in Figure 7. Figure 7a shows a plot,ef Nsynthetic cancrinite formed in this study using the IR absorption band
vs. temperature for experiments performed at an approximatefynolecular water at 1634 cirelative to the carbonate band at 1514
constaniXco, of 0.5 where it can be seen that the water contestir?, as discussed in text. Regression line was forced through the origin.
decreases with increasifigFigure 7b shows the values gf1  Samples canl-can6 and cal-ca4 are listed in Table 5.
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2.4 ¢ T —— T TABLE 6. Cancrinite water content from IR analysis
2.2 [ a o4z ] Sample code T,°C Xeo,* Nhy0
o P45 *47 1 40 802 0.25 1.4
E 42 811 0.53 2.1
1.8 *49 - 44t 750 0.73 1.4
o 45 751 0.53 2.0
g Ter B 46t 850 0.62 0.7
S ek *54 3 47 849 0.55 2.0
49 878 0.49 1.8
1.2 F 56 54t 900 0.54 1.4
551 920 0.49 1.0
TE 55 56t 018 0.49 12
ot v o e 621 942 0.39 1.2
750 800 850 900 950 64 940 0.22 1.8
T (°C) 671 951 0.31 1.2
69t 848 0.65 1.0
701 848 0.63 1.3
74t 799 0.72 0.8

1000 — L * These values are Xco3* from Table 3.
b ' ' ' ' ] t Runs located near the univariant boundary 1.

s00f

g 850 | p 1 i
- Incorporating the above assumptions, one can rearrange Equa-
soo [ 3 tion 3 as follows:
$3.1
eor N ; H'=-AHO +TAS® =AVC (P-R)+n, (RTINfFL +RTINK,
700 L - N 1 Lo (5)
0 0.2 0.4 0.6 0.8 1

Xco2 so that a plot ofi’ vs. T yields a straight line with an intercept
of -AH%and a slope AAS*
FIGURE 7. (a) Variation of the water content of cancrinite with Thermodynamic data for nepheline, calcite, and water were
temperature for experiments performed at an approximately constgflten from Holland and Powell (1998) and tHEIMR, o data
. . 2'
Xco, value of 0.5. Numbers represent run codes, listed in Tabbg 3. ere taken from the polynomial expression given by Powell

Variati f th t tent of inite TAX, . Solid . .
ariation of the water content of cancrinite 0 SPACE. SOU %Qd Holland (1985). For the relatively high temperatures used
diamonds are individual cancrinite-bearing experiments labeled wi

the number of moles of water per 24 oxygen atoms tied to Na, Al, a!ll?dth's S_tUdy (750-966C), it was assumed that the fluid is an
Si. The curve represents the univariant boundary (reaction 1). withgieal mixture of HO and CQ, so thata,,o = Xuyo = 1-Xco,
the limitations given by the resolution of TG-IR technique, cancrinitthe nepheline activity igyep,n= Xpepn= 0.88 (average of 59 mi-
water content along the univariant boundary appears to be constar@traiprobe analyses). The molar volume of cancrinite is 424.62
Nuo = 1.1+0.4 moles. cmé/mol, as determined in this study for can4-1.

The determination off' was performed using twenty ex-

whereAG, AH, AS, AC,, andAV are the Gibbs free energy, perimental results that fall in the vicinity of the univariant
enthalpy, entropy, heat capacity, and volume change of refgeundary, e.g., with little or no evidence of reaction. Three dif-
tion, respectively, i is the molar coefficient of watef is ferentn,o values of 0.7, 1.1, and 1.5 were chosen to reflect the
the fugacity of water at the pressui® and temperaturdj of = 0.4 error on the determination of 8. The resultant H' vs. T
interest, and Kis the equilibrium constant. The standard staf€gressions are shown in Figure 8. The excellent correlation
is that of unit activity for the pure solids at the pressure af@efficient (r=0.993) supports the thermodynamic consistency
temperature of interest, the ideal gas at one bar and temp&f4he experimental data for reaction 2 and the assumption that
ture of interest for water. Values at the reference temperattff Water content of cancrinite along the univariant boundary
(To = 298 K) and pressur®{= 1 bar) are indicated by a Super;ioes not change. For the case b~ 1.1, the straight-line fit
script zero. In this study, neither the heat-capacity expressio@¥es AHof reaction of 74.5 3.5 kJ andAS’ of reaction of
thermal expansivities, nor compressibilities of cancrinite add1-4% 3.1 J/K. Assumption of an uncertainty=.4 in n,
known, so thé\C; terms in reaction 3 were set to zero and tHgads to errors fakH® and AS’ of reaction ot 24 kJ and: 43
value of AV was assumed to be independent of temperatuﬂél(v respectively. The thermochemical properties of cancrinite
Cancrinite of a specific water content and calcite was assunf@d be extracted from the relationships:

to be pure phases. However, the significant Ca content of

nepheline (Table 4) was accounted for by assuming an id&&ld{Nho=1.1) = -AHP + 6 AHQ. + L5AHE + 1.1AHZcam
solution between nepheline and hexagonal anorthite, so that

the equilibrium constant was calculated as: (6a)

Ka = (allg)™= (adaiso, )™= 4) SealMio=1.1) =-AF + 6 + 1.5 + 1.1%eam (6b)
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