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Abstract-The reaction sodalite = /3-nepheline + NaCl (s) was reversed in solid-medium apparatus (923 
K, 7.6-8.0 kbar; 973 K, 7.4-7.6 kbar; 1073 K, 7.8-8.0 kbar; 1173 K, 8.4-8.6 kbar) and the reaction 
sodalite = carnegieite + NaCl (I) was reversed at 1 bar ( 1649- 1652 K). The calculated slope for the first 
reaction is -11 bar/K compared to the experimentally constrained slope above 973 K of +5 bar/K. 
This major discrepancy can be eliminated if the entropy of sodalite (Nas Al, Sis024C12 ) is 6 1.7 J / mol. K 
greater than the measured value of 848.1 f 4.0 J/mol - K at 298.15 K. This entropy contribution is equal 
to that expected from 58% disorder of Al and Si on the tetrahedral sites, but could also be caused by a 
reversible phase change. The experimental reversals between 923 K and 973 K can be fit with a dP/dT 
of -11 bar/K, suggesting that the excess entropy for sodalite is present only above 923 K. A phase 
diagram for the NaA1Si04-NaCl system that is consistent with the measured thermochemical data and 
the experiments between 973 and 1650 K can be generated if the 6 1.7 J/mole K entropy contribution is 
included in the Sqg8 of sodalite. This entropy contribution must be removed below 973 K for the exper- 
iments to fit with calculations. Previously unreported thermodynamic data estimated in this study are 
AG$& for sodalite (- 12697 kJ/mol) and camegieite (NaAlSiO,) (- 1958 kJ/mol), S& of carnegieite 
( 129.6 J/mol - K) and compressibility of NaCll,quld (V& (cm3) = 31.6.[1 - 24.7.10-3. P 
+800-10-6~P2])(TinK;Pinkbar). 

Sodalite is a high-temperature, low-pressure phase, stable well above the solidus in sodic silica-under- 
saturated magmas enriched in NaCl, and its presence constrains NaCl activities in magmas. Estimates 
of minimum NaCl (I) activities in the Mont St-Hilaire sodalite syenites are 0.05 at 1073 K and 0.13 at 
1273 K. Density calculations are consistent with the field observations that sodalite phenocrysts will float 
in a nepheline syenite liquid. This explains the enrichment of sodalite in the upper levels of the sodalite 
syenites at Mont St-Hilaire and elsewhere. 

INTRODUCTION 

THE PRESENCE AND composition of fluids in high-tempera- 
ture, geological environments have a strong effect on the 
physical and chemical properties of solids and melts and will 
in large part determine the final mineral assemblage of rocks 
exposed at the Earth’s surface. Measurement of fluid inclusion 
salinities has been used widely as an indication of fluid salinity 
at the time of crystallization of the host mineral (e.g., ROED- 

DER, 1984); however, these fluids are often trapped or last- 
modified well after crystallization and need not constrain 
conditions extant at the time of the crystallization of the host. 
Phase equilibria have only rarely been used to calculate fluid 
salinities because of a lack of mineral assemblages that buffer 
the activity of NaCl. One of the few rock-forming minerals 
that contains chlorine as an essential component is sodalite 
( Nas A16 S&024C12 ) . It is restricted to rocks undersaturated 
in SiOZ and found most commonly in hdyrothermally altered 
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igneous rocks (DEER et al., 1963; CARMICHAEL et al., 1974), 
although it is occasionally reported as a primary phase in 
alkali layered intrusions (e.g., USSING, 19 12; VLASOV et al., 
1966), in metamorphic rocks (SIMPSON and OTTO, 1960) 
and in meteorites (GROSSMAN and STEELE, 1976; LUMPKIN, 
1980). With accurate thermodynamic data for phases in the 
NaAlSiO,-NaCl system, the activity of NaCl may be calcu- 
lated in sodalite and nepheline-bearing rocks and constrained 
in undersaturated rocks that do not contain sod&e. Available 
thermodynamic data were combined with experimental 
equilibrium reversals for the reaction 

6 NaAlSiO, + 2 NaCl = NasAlsSis02&12 (1) 

in order to calculate the stability field of sodalite-bearing as- 
semblages. 

Comprehensive studies of sodalite stability relations were 
made by Wellman, who determined the decomposition tem- 
peratures of sodalite at low NaCl fugacities (WELLMAN, 

1969a,b) and in dilute aqueous solutions ( WELLMAN, 1970a). 

WELLMAN ( 1970b) also derived activity coefficients for NaCl 
in aqueous solution at elevated temperatures and pressures 
from his experiments. STORMER and CARMICHAEL ( 197 1) 

used the decomposition data Of WELLMAN ( 1969b) to derive 

free energy data for soda&e at elevated temperatures. BARKER 

( 1976) evaluated the relations between sodalite and analcime 
as a function of temperature and salinity, and BINSTED 
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( 198 lb) determined the breakdown temperature of sodalite 
at various pressures, as well as the liquidus relations in the 
system NaA1Si04-SiOr -NaCl-HZ0 at 1 kbar ( BINSTED, 
198 la). In this study the first reversed experiments of reaction 
( 1) at elevated pressure are reported and a thermodynamically 
consistent set of data are derived for the phases in the system 
NaAISiOl-NaCl. 

NOMENCLATURE AND SUMMARY OF PHASES 
IN THE SYSTEM NeAlSiO,-NaCI 

Sodalite is the only known polymorph of Nas A16S&,02.,C12, 
although HAZEN and SHARP ( 1988) observed crystal dete- 
rioration above 30 kbar (298 K) which may be due to a 
reconstructive transition to a high-pressure form. Halite 
( NaCl ( s ) , liquid NaCl ( NaCl ( l) and NaCl ( v ) are the phases 
of NaCl considered in this study. There are at least six known 
phases of NaA1Si04. These include several high-pressure 
phases, three nepheline polymorphs and two carnegieite 
polymorphs. KELLEY et al. (1953) defined the nepheline 
polymorphs as b-nephelite (298-467 K), /3-nephelite (467- 
1 180 K) and y-nephelite ( 1180- 1525 K) . ROBIE ef al. ( 1978 ) 
defined the 467 K transition as the (~$3 transition. In this 
paper, the three phases (with increasing temperature ) are CX- 
/3- and y-nepheline. The two carnegieite polymorphs have 
been defined by KELLEY et ai. ( 1953) as the &camegieite 
(298-980 K) and /3-camegieite (980-1700 K). For consis- 
tency, the low- and high-temperature polymorphs of carne- 
gieite are defined as cY-carnegieite and P-carnegieite, respec- 
tively. 

EXPERIMENTAL PROCEDURE 

Starting materials 

The sodalite used for all experiments was collected from a sodalite- 
syenite body exposed in the DeMix quarry, Mont St-Hilaire, Quebec 
(CURRIE et al., 1986). Its composition was determined with an au- 
tomated Cameca CAMEBAX microprobe at the University of Mich- 
igan (Table 1). Because feldspathoids are especially prone to beam 
damage (e.g., BROU~~E et al., 1969; AUTEFAGE, 1980), operating 
conditions were carefUlly chosen to minimize volatilization. The de- 
gree of volatilization of sodium in halite, sodalite and nepheline was 

s io* 37.09 37.62 36.50 36.99 43.27 43.39 

*w 31.5, 32 99 31.53 31.11 35.99 36.22 
%% 0.32 " d. 0.19 0 II ",d. ".d. 

Cd ",d. ".d. ".d 0.05 ",d. ".d 
Ns,O 24 7, 25.03 26.30 25.84 21.45 21 50 
w 0.10 0.00 0.18 0.16 0.00 0.00 
Cl. 6.87 7 02 7.30 6 44 0.06 0.26 
% 0.08 “.d. “.d 0.39 “,d “d 
-o-c1.s 1.59 1.59 1.65 1.65 0 01 0 06 

Total 99.06 101 07 100.60 100.16 100 75 101 26 

si 5.98 5.90 5.93 5 45 I 01 1.01 
Al 5.99 6.10 6 04 6 O? 0 99 0 99 
Fe" 0.04 ".d. 0 02 0.02 il. II " ‘1 

Ca ",d. ".d. " d. 0 "1 ",d. nd 
Eia ._ 7 77 

0.0; 
I 61 8 30 8.06 0.97 0 91 

K 0 00 0.04 0.03 0.00 0 00 
Cl 1.88 1.87 2.02 1.16 0 00 0 01 

s 0.02 “.d. “.d. 0.12 n d. "d 
0 23.90 23.82 24 15 24 02 3.99 3.99 

nepheline (1373 K, 1 bar) 
a - 9.985(Z), c - 8 322(2) 

nepheline (1073 K. 8 kbar) 
a - 9.978(2). c - 8 >12(2j 

hkl dCobs> d(calc) I 
002 4 16 4 16 75 
201 3 83 3 84 100 
202 2.998 2.998 100 

evaluated at various operating conditions. Short (2 set) successive 
counting periods were made on a single rastered area for an extended 
time period. For the operating conditions of 5 kV accelerating voltage, 
5 nA beam current, with a beam rastered over 3 pm*, there was no 
detectable sodium loss. These operating conditions were used to an- 
alyze for Na, Al, Si, S and Cl; operating conditions were increased 
to 12 kV and 12 nA for analysis of K and Fe. The sodium content 
of sodalite is greater than that of any other ahrminosilicate, so halite 
was used as a standard for both sodium and chlorine. The other 
standards employed were andalusite for Al, albite for Si, potassium 
feldspar for K, acmite for Fe and anhydrite for S. Because of the low 
accelerating voltage and the dominance of light elements, it was critical 
to carbon-coat samples and standards simultaneously. The compo- 
sition of sodalite determined in this study is in agreement with a 
previous analysis ( PETERSON, 1983) of sodalite from the same locality. 
Nevertheless, the calculated site vacancies (Table 1) have a high un- 
certainty due to the susceptibility of sodalite to beam damage. Previous 
sodalite analyses with the electron microprobe also require a large 
vacancy contribution, presumably as a result of volatilization of so- 
dium and chlorine (e.g., AUTEFAGE, 1980). In contrast, wet chemical 
analyses of sodalite (USSING, 1912; VLASOV et al., 1966; Table I ) 
do not require any vacancy contributions. For the purposes of phase 
equilibrium calculations, site vacancies were considered to be artifacts 
of the analytical technique and were ignored. 

The degree of Al-Si disorder of the Mont St-Hilaire sodalite and 
sodahte synthesized at 8 kbar and 1173 K was evaluated by D. A. 
Howell at the University of Illinois using *%i nuclear magnetic res- 
onance spectroscopy. Neither the natural nor synthetic sodalite show 
any evidence of Al-B disorder. 

Cell dimensions for selected sodalites and nephelines of this study 
were determined by J. E. Post at the Smithsonian Institution, with 
a smear mount on a quartz plate using an automated Scintag powder 
diffractometer with Cu-Ka radiation. The measurements were made 
at 1”26’/min with an internal silicon standard (NBS 640-a). AI1 data 
were processed with a least-squares lattice refinement program based 
on a minimum of six reflections (Table 2). The calculated cell pa- 
rameters of the Mont St-Hilaire sodalite are nearly identical to those 
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of PETERsoN (1983) [a = 8.877(2)] for sodahte from the same lo- 
cality. 

Nepheline was synthesized by decomposing the Mont St-Hilaire 
sodahte in a platinum crucible at 1623 K for 7 hours, followed by 
annealing at 1373 K for 13 hours and by reacting sodalite to nepheline 
+ NaCl (s) in a sealed platinum capsule at 1323 K and 20 kbar 
confining pressure. The nepheline synthesized at 1 bar has a slightly 
greater volume than the nephehne synthesized at high pressurn (Table 
2). The dependence of nepheline cell parameters on its thermal history 
has been observed previously (SMITH and TUTTLE, 1957; DONNAY 
et al., 1959; HENDERSON and Roux, 1976, 1977). After a high- 
pressure experiment, the cell parameters of nephehne are independent 
of the initial synthesis technique of the nepheline starting material. 
For most experiments the nepheline prepamd by decomposing sodahte 
at 1 atm was used. The NaCl used in the experiments was Fisher 
Reagent Grade. 

Experimental method 

The stability of sodalite as defined by reaction ( 1) was determined 
at I bar and at elevated pressures. Equal masses of sodahte and 
nepheline with excess NaCl were loaded into platinum sample cap- 
sules, dried at 383 K for 30 minutes and promptly sealed. The excess 
NaCl was added to all sample runs to insure that a(NaC1) = I. 
Starting materials and experimental products were examined optically 
as well as by X-my diffraction and microprobe (Tables 1 and 2). A 
variation of 30% or mom in the integrated intensities in the X-ray 
patterns of sodalite or nepheline comprised a half reversal. Most re- 
actions went to completion. 

One-atmosphere experiments were conducted in a platinum-wound 
vertical quench furnace at the Geophysical Laboratory. The sample 
capsules were hung adjacent to a Ptl&‘t&h10 thermocouple mon- 
itored by a Newport digital thermometer and suspended vertically 
in the furnace. All samples were drop-quenched into water. Variations 
in temperature were less than +3“C at the thermocouple junction; 
the thermocouple was calibrated based on the melting point of gold 
( 1336.15 K). A total of 22 runs were made. 

The high-pressure experiments were conducted in the piston/cyl- 
inder apparatus of SRB at Stony Brook and later at the USGS, Menlo 
Park, with a 2.54 cm diameter NaCl-graphite furnace based on the 
design of JOHANNES ( 1978) as modified by BOHLEN ( 1984). All 
experiments were conducted with the “hot piston-in” method ( MIR- 
WALD et al., 1975; JOHANNES, 1978; BOHLEN, 1984). Temperatures 
were measured with a Pt,oo-Pt&h,O thermocouple abutting the plat- 
inum sample capsule and were monitored by a room-temperature 
compensated digital thermometer. No correction was made for effects 
of pressure on the thermocouple. Temperature variations were less 
than +3”C, and absolute temperature variations across the platinum 
capsule were less than -+5”C (BOHLEN, 1984). Pressures were mea- 
sured with a digital Heise gauge; variations were less than 0.1 kbar. 
A total of 29 runs were made. 

EXPERIMENTAL RESULTS 

One atmosphere 

The 1 atm breakdown temperature of sodalite to camegieite 
(the high-temperature NaA1Si04 polymorph) and NaCl (liq- 
uid) was reversed between 1649- 1652 K (Table 3). These 
data are in good agreement with the experimental detcrrni- 
nations of WELLMAN (1969a) (1657-1667 K) and DEMI- 
DENKO et a/. ( 1983) (> 1623 K), but far higher than those 
of TOMISAKA and EUGSTER ( 1968) ( 1503 f 5 K). 

High pressure 

The breakdown of sodalite to /3-nepheline and halite (re- 
action [l]) was reversed at 923. K (7.6-8.0 kbar), 973 K 
(7.4-7.6 kbar), 1073 K (7.8-8.0 kbar) and 1173 K (8.4-8.6 
kbar) (Table 3 ) . Reaction rates at all temperatures were rel- 
atively rapid, even though ah runs were anhydrous. The NaCl 

Table 3. Critical experimental results for sodalire 
decmposition in the 1 bar verrlcal quench (Vq) furnace 
and at pressures using the piston/cylinder (PC) apparatus. 
(sod - sodalice. cg - carncgieita. ne - nephellne) 

EXpt 11 Temp. Pressure Duration starting Results 
(K) (kbar) (hrr) materials 

“Q-3 1644 0.001 3 sod. cg. NaCl rod. NaCl 
“Q-5 1649 0.001 6 sod, cg. NaCl sod, NaCl 
“q-6 1652 Cl.001 12 sod. cg, N&l cg, NaCl 
PC-964 923 7.6 185 sod. ne. NaCl sod, NaCl 

trace ne 
PC-971 923 8.0 120 sod, ne. NaCl ne. NaCl 

nlinor sod 
PC-26 973 7.4 144 sod. ne. NaCl sod, N&l 
PC-18 973 76 144 sod, ne, NaCl ne, t&ICI 
PC-11 1073 7.8 41 wad. ne, N&l rod, NaCl 
PC-8 1073 8.0 22 sad. ne. NaCl ne. NaCl 

trace sod 
PC-15 1173 8.0 21 sod. ne. N&l sod. NaCl 
PC-16 1173 8.4 23 sod. ne. NaCl sod. N&l 

trace ne 
PC-17 1173 86 23 sod, ne. NaCl ne. NaCl 

trace sod 
PC-7 1173 10.0 22 sod. “e, NaCl “e, N&l 

appears to act as a flux (as well as a reactant) to drive the 
reaction to completion. These reversals can be fit with a uni- 
variant line with a dP/dTof +S bar/K over the temperature 
interval 973-l 173 K. However, the 923 K reversal requires 
a dP/dT of -6 f 6 bar/K between 973 K and 923 K. 

THERMODYNAMIC DATA IN THE 
SYSTEM NaAISiO,-NaCl 

Phases in the system NaAISiOl-NaCl include NaAlSiO, 

polymorphs, halite, liquid NaCl and sodalite. In order to cal- 
culate the complete phase diagram for this system, accurate 
values of entropy (S& and S”,), volume (V&a), thermal ex- 
pansion, compressibility and free energy are needed. 

NaCl 

All of the necessary thermodynamic properties are available 
for NaCl (s) and NaCl (I) except for the compressibility of 
NaCl (/). The compressibility coefficients (m and n in Eqn. 
(4) for NaCl(1) were adjusted to fit the high-pressure exper- 
iments on the melting of NaCl (CLARK, 1959; J~OHLEN, 1984) 
based on the following set of equations: 

P T 
- A6298 

Ibar, 
s 

AVdP - 
s 

ASdT (2) I bar 298 

where 

V(P, T) = V;98[1 +A(T)][l +B(P)]. (3) 

The functions A and B are related to the expansivity (Y and 
compressibility @, respectively, and are represented by the 
following equations (P in kbar; T in K): 

B(P) = -m.10-3.P+ n. lo+. P2 (4) 

and 

A(T) = {ea lo-* +f- 10e3-( T - 273) + g- 10e7 

x(T-273)2+h~10-‘0qT-273)3}/100. (5) 

All thermodynamic data are presented in Table 4. 

NaA ISiO, 

All thermodynamic data for the NaAlSi04 polymorphs 
needed in this study have been measured, except for the low- 
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Table 4. Thermodynamic data Of minerals used in for cnic”la:rd i,q”liihrl.i 

S in J/ml K, AG in W/mol. V in cd T in K, P in kbar 
-- __~-.--___... ___. 

temperature heat capacity of carnegieite (stable above 1525 
K) and the compressibility of camegieite and y-nepheline 
(the nepheline polymorph stable above I 180 K and below 
1525 K; I(ELLEY et ul., 1953). The thermal expansion of y- 
nepheline has been measured (HE~ERSON and Roux, 1976, 
1977), but only over a narrow temperature range. These 
thermodynamic properties were estimated in the following 
ways: 

1. The entropy of carnegieite at 298 K was estimated from 
the following relation (FYFE et al., 1958. p. 34): 

S&fen) = S& (ne) + 2.5 (J/mol.K.cm3) 

X tl’b, (cn) - V&S (=)I (6) 

where cn = a-carnegieite and ne = anepheline (entropy in 
J/mol.K). 

2. The compressibility of /I- and y-nepheline was assumed 
to be equal to that of cr-nepheline. The actual ~mpr~ib~ti~ 
are probably slightly greater than this estimate (COHEN and 
KLEMENT, 1976)) but small errors in this second-order term 
will not significantly alter the calculated equilibria. 

3. The compressibility of carnegieite was assumed to be 
the same as that of isostructural cristobalite. 

4. The thermal expansion of y-nepheline and carnegieite 
were extrapolated linearly to temperatures of 1600 K and 
1700 K, respectively, which may introduce small systematic 
errors. 

NaB Al,, Si602&7~ 

The heat capacity of Mont St-Hilaire sodalite with a com- 
position of Ko.oINa~.~~Al~.~Si~.~6F~.+04023.~8C11 .x( SO~)O.~Z 

(HELFFWH el al., 1986) has been measured with low-tem- 
perature ( 15-350 K) adiabatic calorimetry and high-tem- 
perature (298.15- 1000 K) ~fferential scanning calorimetry 
f HELFFRICH et a/., 1986: KO~C~ADA d a!., 1989). The heat 
capacity of end-member soda&e ( NasA&Si60Z4Clz) was es- 
timated by correcting for the effects of minor element sub- 
stitution and contamination by fluid inclusions. The corrected 
value of S!&-Sg, 848.1 f 4.0 J/mol + K, is intermediate be- 
tween earlier estimates of 8 14 +- 30 J / mol. K ( SEMENOV &J{ 

rd., 1981) and 879 rt 25 J/mol*K (ZOLOTOV i’t al.. 1982). 
The large unce~nty in the earlier estimates may result from 
those earlier heat capacity measurements being made only 
above 77 K. 

AS a result of the high thermal stability of sodalite, data 
for thermal expansion and entropy of sodalite are needed to 
1700 K. Thermal expansion has only a small effect on the 
calculated phase relations, and graphical extrapolation of the 
volume (I’$) of sodalite (measured to 1078 Kf to 1700 K 
should not result in significant errors. However, the effect of 
temperature on the entropy of sodalite will affect its calculated 
stability relations, and extrapolation of the entropy of sodalite 
over a large temperature range cannot be made without the 
risk of introducing serious errors. The procedure outlined 
below was used to extrapolate the entropy of sodalite {mea- 
sured to 1000 K) to 1700 K. 

As a first approximation, the entropy of a solid phase is 
equal to the sum of its components (e.g., FYFE et al.. 1958; 
WOOD and FRASER, 1977; HELGESON el al.. 1978 ). The en- 
tropy of sodalite at high temperature can be approximated 
from the relation 

S”, (sod) -6S’$-(NaAlSiO,)+2S~(NaCl)(s). (7) 

Because Bnepheline is stable only to 1133 K at I bar, entropy 
data above this temperature cannot be measured at 1 bar, 
and the substitution of fi-nepheline for Eqn. ( 7) is not useful 
for determining the entropy of soda&e above 1133 K. Instead, 
the entropy of sodaiite at high temperatures was estimated 
by substituting the entrophy values of y-nepheline, camegieite 
and a fictive NaAlSiO, component (ROBINSON and HAAS, 
1983) into Eqn. (7). The entropy difference (~S~~,~.~~~~) is 
nearly linear between 500 K and 1000 K when the fictive 
NaAlSiO, entropy value is used. The A&j,c_meas was linearly 
extrapolated to 1700 K. The entropy of sodalite above 1000 
K was then estimated by adding the AS,,,,,,, to the sums 
of the entropies of fictive NaA1Si04 and NaCl (s) from Eqn. 
( 3 ) . Entropy data for NaCi (s) are available to 1500 K (CHASE 
et al., 1985 f and were extra~lat~ graphically to 1700 K in 
order to make the above calculation. The uncertainty in the 
entropy of sodalite at 1700 K is estimated to be less than 2% 

SELECTED PHASE EQUILIBBIA IN THE 
SYSTEM NaAlSiO, -SIOz -N&l 

iVaQ 

Melting relations for NaCl have been well constrained as 
a function of pressure and temperature (CLARK, 1959; BOH- 
LEN, 1984). The calculated melting equilibria from the data 
in Table 4 reproduce the melting experiments (Fig. la,b), 
because the compressibility of NaCl liquid was obtained from 
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FIG. 1. Selected stability relations of phases in the system NaAISiOe- 
SiOr-NaCI. Reversals (triangles) as follows: nefp) + NaCl (s) = sod 
(this study); net@) = ne(r) (COHEN and KLEMENT, 1976); NaCI 
(s)=N~CI(~)(BOHLEN, 1984);ne(y)=cg(BowEN, 1912;KELLEY 
et al., 1953; SMITH and TUT~E, 1957); sod = cg + NaCl (I) (this 
study; at 1649-1652 K). (Abbreviations: cg = camegieite, ne 
= nepheline, sod = sodahte). Figure la is generated with the measured 
Sqps of sodalite. The socialite-hearing reactions are constrained by 
the 1 bar, 1649- 1652 K reversal except for the dashed line for reaction 
(9), which is fit to the 923 and 973 K, high-pressure reversal. A phase 
d&ram cannot be generated that is consistent with both sets of ex- 
periments. Figure lb includes an excess entropy term for sodalite of 
61.7 J/mol+K. The generated curves coincide with ail experiments 
above 973 K. The excess entropy cont~bution is only required above 
923 K. 

the experimental curves. The boiling point of NaCl at 1 bar 
is 179 1 K ( ROBIE et al., 1978)) well above the stability of 
sodalite. At pressures below 1 bar, NaCl (s), NaCl (0 or 
NaCl (Y) will coexist with sodalite (e.g., WELLMAN, 1969b). 
The stability fields of NaCl (s), NaCl (I) and NaCl (v) at 
reduced NaCl fugacities f Fig. 2a,b) were calculated from the 
data in Table 4. 

NaAlSiO, is a complex phase with at least six polymorphs. 
The stabilities and structural transformations of these poly- 
morphs have received considerable attention ( BOWEN, 19 12; 
BOWEN and GREIG, 1925; KELLEY et al., 1953; SMITH and 
TUTTLE, 1957; TUTTLE and SMITH, 1958; DONNAY et al., 
1959; ROY and ROY, 1969; COHEN and KLEMENT, 1976; 

HENDERSON and Roux, 1977; HENDERSON and THOMPSON, 
1980). The low-tern~~tu~ polymorph of NaAlSiO., un- 

dergoes two known inversions at 1 bar. The high-temperature 
polymorph, camegieite, has a metastable transition in the 
stability field of nepheline. Additional polymorphism has 
been proposed at ultra-high pressures (synthesized at 180 
kbar and 1273 K, LIU, 1977; 58 kbar and 1673 K, SHANNON 
and BERZINS, 1979 ) , and possibly at moderate temperature 
and pressure (443 K, 2-3 kbar, COHEN and KLEMENT, 1976 ) . 

The lowest temperature transition in nepheline (cr-@) is 
second or higher order (MCCONNELL, 198 I), and occurs over 
a temperature range of at least 4 16-469 K. The higher tem- 
perature nepheline inversion ((3-r) is complex, and may be 
a combination of first- and second-order behavior. The 8-r 
nepheline transition occurs over the temperature interval 
1083-1233K(118OK,KiZLEYeta~., 1953; 1123-1173K, 
TUTTLE and SMITH, 1958; 1083 K, DONNAY et al., 1959; 
1148-1198 K, ROY and ROY, 1969; 1118-1145 K, COHEN 
and KLEMENT, 1976; 1148- 1233 K, HENDERSON and Roux, 
1977 ) . The breakdown of nepheline to carnegieite is slu88ish 
and occurs between 1X21-1525 K. The hip-tem~~ture 
phase, camegieite, is quenchable, although it undergoes a 

600 loo0 1200 1400 1600 I 
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DC. 2. Stability fields of NaCl (s), Nail (I), NaCl (u) and sodalite 
at various NaCl fugacities. Experiments of WELLMAN ( 1969b) are 
for reaction ( 19). The location of the sodalite stability curves is based 
on the reversal from this study ( 1649- 1652 K) for reaction ( 12) at 
the intersection with the NaCl ( 1) = Nail (u) equilibria. Dashed line 
is the metastable extension of sod = cg + NaCl (u) in the nepheline 
stability field. Figure 2a is generated with the measured S$,s of so- 
dalite; Figure 2b includes an excess entropy contribution of 6 1.7 J/ 
mol. K. Abbre~ations as in Fig. 1. 
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metastable, rapid inversion (a-8) between 944-980 K. The 
temperature of this inversion depends on the thermal history 
of the sample (COHEN and KLEMENT, 1976). Only the p-r 
nepheline inversion and the y-nepheline-carnegieite reaction 
directly affect the stability field of sodalite in the P-T range 

of this study. The entropy contributions of the low-temper- 
ature nepheline inversion and the a-0 carnegieite transition 
are included in the entropy values of the stable phases at 
higher temperature. 

in the NaAlSiO-NaCl system, constrained by the nepheline- 
camegieite and sodahte decomposition equilibria is generated 
when the S& of carnegieite (Table 4) is assumed to be I .7 
J/mole K ( 1.3%) greater than the calculated value of I 27.9 
J/mole K from Eqn. (6). Under these conditions the dP/ 

c/T for the nepheline-carnegieite transition is 72 bar/K. 

NaA fSi0, - Nac’f 

COHEN and KLEMENT ( 1976) determined the temperature 
of the P-7 nepheline transition at pressures of 1 bar to 5 kbar ; 
it occurs at approximately 1133 K at 1 bar and has a dP/dT 

of 42 bar/K. At temperatures up to 1200 K the 0-y transition 
can be fit with available thermodynamic data. With increasing 
temperature, the calculated dP/dT decreases and eventually 
becomes negative, so that P-nepheline is apparently again 
stable at 1 bar (- 1450 K) (Fig. la). This unusual result 
occurs because the entropy of fi-nepheline, graphically 
extrapolated into the y-nepheline stability field, becomes 
greater than that of y-nepheline. If the measured heat capacity 
and integrated entropy data for /3- and y-nepheline are correct. 
then the computed stability of P-nepheline must lie both be- 
low and above that of y-nepheline at I bar. The same apparent 
relationship is encountered across other mixed-order phase 
transitions, such as a-quartz/P-quartz. The explanation for 
these unlikely stability relations is likely associated with either 
I ) errors in the extrapolation of the entropy of @-nepheline 
into the y-nepheline stability field at 1 bar, or 2) errors in 
the extrapolation of 1 bar entropy values to higher pressures. 

In order to calculate the stability of sodalite, the decom- 
Position of sodalite by reaction ( 1) must be further subdivided 
into a series of reactions based on the stable phases for 
NaAlSiO, and YaCl. With increasing temperature, these re- 
actions are as follows: 

6 NaAISi04 + 2 NaCl = NaaA16Si602&lZ 

nepheline (/3) NaCl (s) sodalite 
(9) 

6 NaAlSiO, + 2 NaCl = Nas A16Si6024C12 

nepheline (8) NaCl (I) sodalite 
f 10) 

6 NaAlSiO, i- 2 NaCl = NasAlbSi,024C12 

nepheline ( y ) NaCl (I) sodalite 
(II) 

6 NaA1Si04 + 2 NaCl = NasAlsSi602JC12 , 

carnegieite NaCl (I) sodalite 
(12) 

The thermodynamics of second- and higher-order transi- 
tions become complex as conventional thermodynamic re- 
lationships become indeterminate (e.g., THOMPSON and 
PERKINS, 198 1). It is possible that heat capacity contributions 
associated with the transition, which occur over a 100-200°C 
temperature interval below the actual transition. are being 
measured. If this effect is not taken into account, the PS 
associated with the phase transition will be smeared out over 
a large temperature interval, and will appear too small. The 
effects of pressure on these complex transitions is not known. 
but the enthalpy and entropy changes across transitions in 
simple salts are reduced with increasing pressure ( WESTRUM. 
1974). In the present calculations, the effect of pressure on 
entropy is accounted for by the relationship 

The slope for reaction (9), calculated from the available 
thermodynamic data for the phases @-nepheline, NaCl (s) 
and sodalite, is -11.0 bar/K between 973 and I 173 K, but 
the slope required to fit the experimental reversals is +5 bar/ 
K in this temperature interval. The slope constrained by the 
923 K and 973 K reversals is 6 + 6 bar/K, consistent with 
the calculated slope for reaction (9). The discrepancy above 
973 K is greater than the sum of the uncertainties in the 
entropy and volume data of sodalite, P-nepheline and NaCl 
(s). A fit to the high-pressure experimental reversals can be 
obtained if the entropy of sodalite is increased by 6 1.7 J / 
mol. K (7.3%) above 973 K. This entropy contribution could 
be due to configurational disorder, nonstoichiometry or a 
phase transition. Possible entropy contributions to nepheline 
or NaCl must be ruled out, because these adjustments would 
increase, rather than decrease, the misfit between calculated 
and experimental slopes of reaction (9). 

(&s/dP)r = --Lyl’, (8) 

where (Y = thermal expansion. However, this expression may 
not adequately account for other unknown pressure effects 
associated with complex high-order polymorphic transitions. 
In this study, the P-7 nepheline transition was fit by forcing 
the extrapolated 1 bar entropy values of P-nepheline in the 
y-nepheline field to be less than those measured for y-nephe- 
line. 

The entropy contribution from complete configurational 
disorder between Al and Si over two tetrahedral sites is 12 R 
In 2, or 69.15 J/mol.K, where R = 8.3143 J/mol*K. The 
predicted value of 6 I .7 J /mol. K requires 58% disorder over 
12 sites (where 100% = complete disorder). Other entropy 
contributions resulting from nonstoichiometry are possible, 
but extreme nonideality would be required to account for 
the large entropy contribution required to fit the experimental 
reversals. 

The transition temperature for the nepheline-camegieite Excess entropy predicted for sodalite from the experimen- 

inversion is well documented at 1 bar but has not been de- tally determined slope of reaction (9) is not in agreement 

termined at higher pressures. The calculated dP/dT of this with other data on Cl-bearing sodalites. Structure refinements 

reaction (70 bar/K) determined with available thermody- (LONS and SCHULZ, 1967; PETERSON, 1983) and infrared 

namic data is poorly constrained because of the small AI’ studies (HENDERSON and TAYLOR, 1979) of sodalite are 

and AS for this reaction and the uncertainties in the high- consistent with total or near-total order of Al-St A 29Si nuclear 

temperature thermodynamic data for y-nepheline and car- magnetic resonance study on the Mont St-Hilaire sodalite 

negieite. However, a consistent set of thermodynamic data equilibrated at 1123 K/6 kbar was performed by D. A. Howell 
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in the Laboratory of Dr. J. R. Kirkpatrick at the University 
of Illinois, Urbana, and it shows no signs of Al-S1 disorder 
(D. Howell, pets. commun.). This natural sample was held 
at elevated pressure and temperature, but was not synthesized 
from nepheline + NaCl. It is possible that sodalite rapidly 
synthesized from NaCl and nepheline may be disordered, as 
is ultramarine when pyrolitically synthesized from kaolin, 
sodium carbonate and sulfur (~INOWSKI et al., 1987). Be- 
cause there is a one to one ratio of tetrahedral Al and Si in 
sodalite, any disorder of Al-S1 would violate the “aluminum 
avoidance principle” ( LOELVEN~TEIN, 1954). Yet ultramar- 
ine, which has the sodalite structure with sulfur as the cavity 
anion, exhibits total Al-S1 disorder ( KLINOWSKI et al., 1987), 
iodine sodalite (NaB( Ale S&024)12) appears to have partial 
Al-Si disorder ( BEAGLEY et al., 1982 ) and there is some sug- 
gestion of disorder in synthetic Rb-rich sodalite above 973 
K ( HASSAN and GRUNDY, 1984). Al-Si disorder could be 
responsible for the experimentally determined dP/ dT for re- 
action (9) above 973 K as well. The cell parameters of sodalite 
quenched from high temperatures are greater than the natural 
material (Table 2)) consistent with this hypothesis. Moreover, 
the onset of disordering, -973 K, roughly agrees with the 
temperatures at which GOLDSMITH and JENKINS ( 1985) 
found Al-Si redistribution associated with the low- to high- 
albite transition (930 K). This transition, which involves Al- 
Si diffusion between vertex-connected tetrahedra, is facilitated 
by pressure, which may account for the lack of calorimetric 
evidence for the transition below 1000 K, the limit of the 
calorimetric data. 

An alternative explanation for the discrepancy between 
the experimentally and thermodynamically determined sta- 
bility fields for sodalite-bearing assemblages is that sodalite 
undergoes a reversible phase transition at elevated pressure 
and temperature. If this is the case, and the thermodynamic 
properties of this new phase are sufficiently different from 
sodalite, a consistent fit of the thermodynamic data to the 
reversals could be made without requiring configurational 
disorder. 

The calculated stability relations of sodalite-bearing as- 
semblages generated by an internally consistent set of ther- 
modynamic data must pass through the reversals for Eqns. 
(9 ) and ( 12). It is not possible to derive a phase diagram for 
the system NaAlSi04-NaCl (Fig. la) using the measured 
thermodynamic database that is consistent with the experi- 
mental reversals from this study. However, agreement can 
be achieved if the entropy of sodalite above 923 K is increased 
by 6 1.7 J/ mol. K and the $98 of camegieite is 1.7 J / mol. K 
greater than the estimate from Eqn. (6) (Fig. 1 b). 

Aluminosilicate solid-solution in NaCl liquid 

The experimentally determined NaCl ([)-bearing univar- 
iant equilibria will differ from the calculated ones if NaCl (I) 
is significantly diluted by solid-solution with dissolved alu- 
minosilicate. In order to determine the degree of solid-solution 
of aluminum and silicon in NaCl (I), large sodalite crystals 
were equilibrated with NaCl at 162 1 K for 19 hours in a 
sealed platinum capsule. The sample was quenched, the so- 
dalite crystals were removed, and the salt was analyzed for 
Al and Si with the Jobin Yvon JY70 Type II inductively 

coupled plasma-atomic emission spectrometer at the Geo- 
physical Laboratory. Silicon is undetectable and aluminum 
has a concentration of <30 ppm. The effects of these small 
concentrations of Al and Si in NaCl on the calculated phase 
equilibria may be ignored. 

Expanding the NaAlSi04-NaCI system to include Si02 adds 
the phases jadeite, albite and quartz along the NaAlSiOd- 
Si02 join. The formation of jadeite (NEWTON and KENNEDY, 
1968; BOETTCHER and WYLLIE, 1968) by the equilibrium 

2 NaAISizOe = NaAlSi04 + NaAISisOB (13) 

jadeite nepheline albite 

can be combined with equilibrium (9) to generate 

12 NaAlSi20b + 2 NaCl 

jadeite halite 

= NasA16Si60&12 + 6 NaAISijOs. ( 14) 

sodalite albite 

The formation of albite (HAYS and BELL, 1973) by the re- 
action 

NaAISisOs = NaAlSi20b + SiOZ (15) 

albite jadeite quartz 

can be combined with equilibrium (14) to generate two 
quartz-sodalite bearing reactions: 

6 NaAlSi*Oe + 2 NaCl = NaBA16Si602&12 + 6 SiOl ( 16) 

jadeite halite sodalite quartz 

and 

6 NaAISi,Os + 2 NaCl = NasA16Si6024C12 + 12 Si02 ( 17) 

albite halite sodalite quartz. 

The pressure and temperature at which reactions (9) and 
( 13) intersect is dependent on the presumed high-pressure/ 
temperature entropy of sodalite. If the slope of reaction (9) 
changes from +5 bar/K to - 11 bar/K between 973 and 923 
K, then the invariant point defined by reaction (9) and ( 13) 
occurs at 773 K and 10 kbar. If the excess entropy contri- 
bution to sodalite is included down to 298 K, the invariant 
point defined by reactions (9) and ( 13) occurs at 573 K and 
5.5 kbar. In either case, the mutual stability of sodalite and 
jadeite will be reduced further if NaCl activity is less than 1. 
The stability field of quartz + sodalite, limited by reactions 
( 16) and ( 17), lies at temperatures below 298 K. The equi- 
librium coexistence of natural sodalite and quartz or sodalite 
and jadeite has never been reported to our knowledge. 

Comparison with previous work 

WELLMAN ( 1969b ) determined the decomposition tem- 
perature of sodalite to y-nepheline + NaCl (II). The data are 
shown in Fig. 2a and b along with the calculated equilibrium 
for the breakdown of sodalite by the equilibria 

6 NaAlSiO., + 2 NaCl = NasA&Si60&12 (18) 

y-nepheline NaCl (v) sodalite 
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and 

6 NaAlSiO, i- 2 NaCl = NasAlsSis024C12 (19) 

carnegieite NaCl (u) sodalite. 

The decomposition data of WELLMAN ( 1969b) are most 
closely matched by the calculated equilibrium for reaction 
( 19) excluding the excess entropy contribution to sodalite 
(Fig. 2a). Wellman was unable to reverse his decomposition 
reactions at low f( NaCl) to form sodalite from halite and 
nepheline. Therefore, the experiments of Wellman represent 
“half reversals”, and are equally consistent with all calculated 
sodalite-bearing equilibria in Fig. 2a and b. 

The data Of WELLMAN ( 1969b) are more closely matched 
by the metastable extension of reaction ( 19) than by reaction 
( 18 ), and they suggest that sodalite decomposes metastably 
to carnegieite in the y-nepheline stability field at pressures 
less than 1 bar (Fig. 2a,b). This assumption was tested by 
simulating the experimental conditions Of WELLMAN ( 1969b) 
for sodalite decomposition at low f( NaCl ) . Sodalite, loaded 
in an open platinum capsule in the end of a long evacuated 
silica tube, was placed into a horizontal furnace with a con- 
stant-temperature region in the center and a region of 
smoothly decreasing temperature toward the end. The so- 
dalite-bearing end was positioned in the constant temperature 
region at 1250 K. The temperature at the cool end of the 
tube was lowered in 30 minute intervals by sliding the end 
of the tube away from the hot spot of the furnace until halite 
could be seen precipitating at the cool end. An X-ray deter- 
mination of the reaction products confirmed that carnegieite 
is produced metastably under these conditions. 

STORMER and CARMICHAEL ( 197 1) calculated the free en- 
ergy of sodalite at elevated temperatures assuming that the 
decomposition temperatures ( WELLMAN, 1969b) represent 
equilibrium conditions for reaction ( 18 ) rather than reaction 
( 19). In our study, the free energy of sodalite was calculated 
from the 973 K, 7.5 + 0.1 kbar reversal for reaction (9) 
extrapolated to 1 bar at constant temperature using the equa- 
tion 

s P 

AG’, - AG”, = AVdP. 
I bar 

(20) 

The free energy of sodalite at 1 bar was then calculated over 
a broad range of temperature by summing the entropy con- 
tributions of the elements as a function of temperature both 
with and without the excess entropy contribution for soda&. 
At 1000 K, the free energy estimate of STORMER and CAR- 
MICHAEL ( 197 1) is more negative, and at 1400 K, the estimate 
of Stormer and Carmichael is less negative than the present 
estimates (Table 5). This discrepancy is produced by their 
use of thermodynamic data for nepheline rather than car- 
negieite. The free energy of sodalite at 973 K, based on the 
enthalpy data of KOMADA et al. ( 1989 ) , is slightly more neg- 
ative than the present estimate (Table 5 ) and corresponds to 
an equilibrium pressure of 20 kbar at 973 K for reaction (9). 
The very different calculated stability field of sodalite based 
on the enthalpy data of KOMADA et al. ( 1989) illustrates the 
sensitivity of solid-solid reactions to even small differences 
in free energy estimates. 

GEOLOGICAL APPLICATIONS 

NaCI activities in undersaturated magmas 

Sodalite is stable over a broad temperature range, and its 

presence can be used to constrain the activity of NaCl in a 
nepheline-bearing magma. Sodalite is found as euhedral phe- 
nocrysts at Mont St-Hilaire, with a coarsely crystalline 
groundmass of perthitic potassium feldspar, aegirine, nephe- 
line and minor niobium-rich astrophyllite with late-stage al- 
bite. Additional late, minor phases, identified with BSE and 
EDA on the electron microprobe, include serandite, kuplet- 
skite, ferroan sphalerite, thorite, elpidite, catapleiite, a mineral 
of the bastnaesite-synchysite group, thorite and a rare-earth 
calcium phosphate (cheralite?) . In order to calculate activities 
of NaCl in the Mont St-Hilaire syenite, estimates of the tem- 
perature, pressure and nepheline activity during sodalite 
crystallization must be made. 

Pressure estimates for the Mont St-Hilaire complex are 
approximately 1 kbar, based on stratigraphic relationships 
( CURRIE et al., 1986 ). No direct temperature estimates have 
been made on the sodalite-bearing syenites from Mont St- 
Hilaire. However, crystallization experiments of a sodalite- 
bearing naujaite from Ilimaussaq, Greenland ( PIOTROWSKI 
and EDGAR, 1970) show that sodalite is the first phase to 
crystallize ( 1460 K at 1 atm, 1168 K at I kbar water pressure), 
and melting experiments in the system NaAlSiO.+-SiO,-NaCl- 
HZ0 at 1 kbar indicate that temperatures greater than 1073 
K are required to generate a liquid in the presence of sodalite 
(BARKER, 1976 ) . Homogenization temperatures of fluid in- 
clusions in nepheline from the sodalite-naujaite from Ili- 
maussaq are 1123- 13 13 K ( SOBOLEV et al., 1970). All of 
these data, based on similar rock types, are consistent with 
high crystallization temperatures in the range of 1073- 1300 
K for sodalite-bearing rocks. 

The nepheline activity in the Mont St-H&tire sodalite 
syenite was set equal to the measured ratio of Na/( Na + K) 
= 0.83 in the nepheline. This is based on the assumptions 
that nepheline composition-activity relations are ideal over 
the solid solution interval NaA1Si04-Nao.,~Ko,25A1Si04 and 
that the measured nepheline composition at Mont St-Hilaire 
has not changed following crystallization. Minimum NaCl 
activities of the melt are 0.05 at 1073 K and 0.13 at 1273 K. 
As the magma cooled, a highly saline fluid would be evolved 
(cf. KILINC and BURNHAM, 1972), and NaCl, which is 
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strongly partitioned into the aqueous phase, would be re- 
moved from the silicate melt. Evidence of this NaCl-rich 
aqueous fluid is preserved in fluid inclusions with halite 
daughter salts and salinities of 30 wt% (F. M. Haynes, pets. 
commun.) . 

During the crystallization of a syenitic magma, the NaCl 
concentration of the magma and any corresponding fluid 
phase will change. Crystallization of albite from an albite- 
rich, NaCl-HzO-bearing liquid will lead to an increasing con- 
centration of NaCl and HZ0 in the liquid until a HZO-NaCl- 
rich fluid (or vapor) develops (KOSTER VAN GROOS and 
WYLLIE, 1969). In the case of an undersaturated bulk com- 
position with a sufficiently high NaCl content, sodalite will 
be the first phase to crystallize (BARKER, 1976), leading to 
a depletion in the NaCl content of the residual magma. This 
will continue until nepheline begins to crystallize. As long as 
both sodalite and nepheline are present and in equilibrium, 
the NaCl activity of the magma will be buffered by reactions 
(9- 12). The NaCl activity can be calculated from the sodalite- 
nepheline buffer, but the fluid salinities during the early stages 
of crystallization may only be determined if accurate activity- 
salinity relationships at elevated pressure and temperatures 
are known or if primary fluid inclusions in sodalite formed 
and are preserved. Unfortunately, the fluid inclusions in the 
Mont St-Hilaire sodalite are secondary, and no comparison 
of the fluid salinities from these inclusions and NaCl activities 
at the temperature of sodalite growth can be made. 

Sodalite as an NaCl buffer in experiments at high pressure 
and temperatures 

Because sodalite is stable at very high temperatures, it may 
be used as a buffer in experimental studies of siliceous melts. 
A wide miscibility gap exists between NaCl-rich liquids and 
silicate liquids (e.g., KOSTER VAN GROOS and WYLLIE, 
1969). The NaCl activities will be equal in a melt coexisting 
with a NaCl-saturated aqueous solution, so unit melt activities 
can be achieved by saturation of NaCl in the aqueous solution. 
If sodalite phenocrysts were present in a siliceous melt co- 
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T(K) 0.00 0 00 4.26 0.00 0.00 2.52 0.00 0 00 1.48 

1000 2.2, 2.49 2.56 2 34 2.60 2.70 2.54 2.68 2.71 2.62 
1200 2.21 2.46 2.5, 2.26 2.55 2.65 2.47 2 6, 2.67 2.55 
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existing with a NaCl-saturated aqueous fluid, the activity of 
NaAISiOl will be buffered by reaction ( 1) and can be uniquely 
determined from the thermodynamic data in Table 4. This 
buffer may prove useful in studies of species activity in ap- 
propriate silicate liquids. 

Buoyancy of sodalite in magmas 

As a result of its large open framework structure, the density 
of sodalite is very low. Sodalite is found as phenocrysts in 
the upper levels of the Mont St-Hilaire syenite, in the Ili- 
maussaq sodalite-syenites, South Greenland ( USSING, 19 12; 
SORENSEN, 1958 ) and in the Lovozero intrusion, Kola Pen- 
insula, West Soviet Union ( VLASOV et al., 1966). The strat- 
ification of the sodalite-bearing layers at Ilimaussaq has been 
attributed to sodalite flotation ( USSING, 19 12, p. 352). Studies 
of liquid and crystal densities will permit evaluation of crystal 
flotation under a variety of conditions (e.g., BOTTINGA and 
WEILL, 1970; CAMPBELL et al., 1978; STOLPER et al., 1981; 
IRVINE, 1987). Sodalite buoyancy could explain the strati- 
fication in these large alkali intrusions and also the local re- 
verse zonation (downward enrichment) of silica in the Ili- 
maussaq and Lovozero intrusions. In order to test this hy- 
pothesis, the density of both the sodalite and the magma 
must be known under the conditions of sodalite crystalliza- 
tion, and the viscosity of the magma must be estimated to 
calculate rates of sodalite removal by flotation. 

Direct density measurements were made on 5 g of Mont 
St-Hilaire sodalite in a Berman balance with toluene as the 
immersion fluid. The measured density, 2.276( 5) g/cm3, is 
identical to the calculated value of 2.276 from a molecular 
weight of 959.7 g/mol from the sodalite analysis of the Mont 
St-Hilaire sodalite (Table 1) and a unit cell volume of 42 1.56 
cm 3/ mol (Table 2). The density of sodalite can be calculated 
at elevated temperatures by combining the high-temperature 
volume data of HENDERSON and TAYLOR ( 1978) with the 
room temperature density determination. In order to deter- 
mine the density of the melt coexisting with sodalite, the 
composition of the melt must be estimated. The melt com- 

Table 8. Viscosity estimates with varying 
Water CDnfents following She.,, (1972). data 
in log,,(poise). 

T (K) HSH Ilimaussaq I.ovozero 

water content (WC. )) 
00 4.26 0.0 2.52 0.0 1.48 

1000 10.51 6.51 7.06 5.39 8.66 7.4, 
1200 7.91 4.69 5.1, 3.79 6.41 5.46 
1400 6.05 3.39 3.75 2.64 4.81 4.02 
1600 4.65 2.41 2.72 1.19 3.61 2.95 
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FIG. 3. Rising velocities of soda&e phenccxysts (3 mm grain radius) 
in coexisting melt calculated from stokes iaw. Density data fro& 
Table 7; viscosity data from Tabie 8. Solid lines = anhydrous melt, 
dashed lines = wet melt. ISQ = Il~ma~, LOV = Lovozero, MSH 
= Mont St-Hi&e. 

position coexisting with the sodalite phenocrysts is assumed 
to be the same as the groundmass bulk composition. The 
groundmass composition was estimated by subtracting the 
appropriate sodalite ~om~nents in proportion to the total 
amount of chlorine in the analysis. The water content of the 
magma was bracketed between 0 wt% and the water content 
from the chemical analysis after the removal of the sodalite 
component. Melt densities are calculated from the models 
of BO?TINGA ef al ( 1982) and LANGE and CARMICHAEL 
( 1987 ) . The partial molar volume data for HZ0 are from the 
model of BURNHAM and DAVIS ( 197 1) for the albite-water 
system assuming 3 wt% water in the melt. Magma viscosities 
are determined from the viscosity data of SHAW ( 1972). 

Whole-rock and calculated groundmass compositions for 
Mont St-H&ire, Ilimaussaq and Lovozero are presented in 
Table 6. The extremely high Cl content of the Mont St-H&ire 
analysis leads to a quartz normative calcufated groundmass 
composition. This high chlorine content of the Mont St Hi- 
laire whole rock sample and the purilied sodalite was checked 
by standard wet chemical methods. Samples were finely 
ground, heated to 500°C for 10 minutes to decrepitate any 
fluid inclusions and washed in deionized water. Repetitive 
analyses yield 7.62 & 0.18 and 4.64 +- 0.10 wt% Cl for the 
sodalite and whole rock, respectively. The measured chlorine 
content for the sodalite is 0.3 wt% above the 7.3 wt% maxi- 
mum for a stoichiometric sample. If 0.3 wt% Cl is subtracted 
from both the sodalite and the whole-rock sample, then a 
stoichiometric soda& and a nepheline normative ground- 
mass composition result. All further calculations were made 
assuming 4.3 wt% chlorine for the groundmass composition 
of the Mont St-Hilaire sample. Calculated maximum water 
contents of 1.5-3.4 wt% Hz0 from Mont St-Hilaire, Ili- 
maussaq and Lovozero are in agreement with estimates of 
KOSTER VAN GROOS and WYLIE ( I969 f and CARMICHAEL 
et ai. ( 1974) for m~imum water contents of similar magma 
chemistries. 

Soda&e and melt densities from 1000 to 1600 K are pre- 
sented in Table 7 for varying water contents. Viscosity esti- 
mates for these melts over the same temperature range are 

presented in Table 8. Above 1200 K, buoyancy velocities 
calculated from Stokes law are, in nearly all cases, rapid 
enough to allow significant reverse cumulation to occur over 
a period of approximately 1000 years (Fig. 3 ) 

Although sodalite-bearing syenites are rare. their unique 
chemistry itlustrates different properties that occur in igneous 
processes. The driving force for sodalite buoyancy highIights 
the importance of crystal settling (and flotation) in large 
magma chambers and its importance in magma genesis of 
alkaline rocks. 
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