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Abstract-The heat capacity of cryolite (Na3AlF,) has been measured from 7 to 1000 K by low-temperature 
adiabatic and high-temperature differential scanning calorimetry. Low-temperature data were obtained on 
material from the same hand specimen in the calorimetric laboratories of the University of Michigan and 
U.S. Geological Survey. The results obtained are in good agreement, and yield average values for the entropy 
of cryolite of: 

S?% = 238.5 J/mol K 

S$- S& = 145.114 In TS 193.009: 10e3T- 10.366* lOSIT - 872.89 J/mol K (273-836.5 K) 

=T-= 9.9 J/m01 K 

S$-S&= 198.414ln ~+73.203*10~3~-63.814~10s/~2- 1113.11 J/mot K(836.5-1153 K} 

with the transition tempemture between (Y- and @ryolite taken at 836.5 K. 
These data have been combined with data in the literature to calculate phase equilibria for the system 

Na-Fe-Al-Si-O-F. The resultant phase diagrams allow constraints to be placed on the j-02, fF2, uSiOl and 
T conditions of formation for assemblages in alkalic rocks. A sample application suggests that log/Oz is 
approximately - 19.2, lo&SF2 is -3 1.9 to -33.2, and aSi is -I .06 at assumed P/T conditions of loo0 K, 
1 bar for the villiaumite-bearing Ilimaussaq intrusion in southwestern Greenland. 

INTRODUCTION 

CRYOLITE (Na3AIFs) is a relatively rare mineral ofgreat 
importance to the aluminum industry. While Ivigtut, 
Greenland is perhaps the best known crydite locality, 
BAILEY (1980) Iists 2 1 occurrences of cryolite world- 
wide. Despite its importance, however, the values for 
the thermodynamic parameters of cryolite are uncer- 
tain. 

Discordant calorimetric enthalpy values for cryolite 
are given by ALBRIGHT (1956), O’BRIEN and KELLEY 
(1957), and HOLM and G&NVOLD (1973). FRANK 
(1961) suggested that the temperature scale used by 
O’Brien and Kelley was in error and corrected the ex- 
perimental enthalpy values for that error. However, 
DOUGLAS and DITMARS ( 1967) suggested that the cor- 
rections made by Frank were invalid. STULL and 
PROPHET (197 If, ROBIE et al. f 1979) and CHASE et al. 
(1985) attempted to reconcile the discordance in the 
experimental data for the transitions and temperatures 
oftransitions in their tabulations of the thermodynamic 
data for cryolite, but they left the enthalpy values of 
O’Brien and Kelley substantially unchanged. There- 
fore, the enthalpy data used to derive the thermody- 

* Contribution No. 440 of the Mineralogical Laboratory, 
Department of Geological Sciences, and the Department of 
Chemistry, The University of Michigan. 

namic data for cryolite in the common reference 
sources for geochemists (STULL and PROPHET, 1971; 
ROBIE et al., 1979) are inconsistent with data derived 
&om other experimental procedures (e.g., LANDON and 
WBBELOHDE, 1957). Resolution of this discrepancy is 
important both for the ~uminum industry and for 
geochemists who are interested in problems involving 
fluorine-rich granites and hydrothermal systems. 

We have measured the heat capacity of a natural 
sample of cryolite from Ivigtut, Greenland using two 
adiabatic calorimeters between 5 and 350 K and a dif- 
ferential scanning calorimeter (DSC) between 340 and 
1000 K. These results are used to resolve the discordant 
enthalpy data, to provide revised values of the ther- 
mophysical constants for cryolite, and to calculate 
phase equilibria appropriate to cryolite deposits and 
nepheline-bung gneisses. 

SAMPLE DE~RI~ON 

The sample consisted of a single block of pure cryolite from 
Ivigtut, Greenland approximately 11 X 4 X 4 cm in size, ob- 
tained from the mineralogical collections of the Department 
of Geological Sciences at the University of Michigan. Ex- 
amination of the specimen in thin-section showed that the 
material was complexly twinned but revealed no other mineral 
phases. Abundant fluid inclusions, however, were found. 
Scanning electron microscope (SEM) studies of these inclu- 
sions showed that some contain crystals of chiolite (Na&l&.,). 
These crystals are too small, and too few in number for their 
effects on the measured heat capacity to be significant, but 
the effect of the fluid had to be considered. 
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Attempts were made to analyze the sample using the ARL- 
EMX electron microprobe at the University of Michigan. 
Unfortunately, even at accelerating vohages as tow as 7 kV 
and sample currents of 2 nA the sample was found to volatilize 
under the beam. Examination of the energy dispersive (FDA) 
spectrum, however, revealed only the presence of Na, Al. 
and F. 

For cryogenic m~suremen~ at the University of Michigan 
a single 39.5402 g block of cryolite was slotted to provide a 
recess for the off-center heating well of the calorimeter. For 
m~uremen~ at the U.S. Geological Survey, however, a block 
of cryolite was lightly crashed, and material less than 105 
microns was removed. The sample contained particles that 
ranged upward to about 0.125 cm3. The bulk of the sample 
mass was contained in particles larger than 1480 microns. 
The sampIe (38.507 1 g) was loaded into the calorimeter, which 
was then evacuated. The combined processes of crushing and 
pumping a vacuum on the sample helped remove some of 
the water from the fluid inclusions contained in the original 
block of cryolite. 

EXPERIMENTAL METHODS 

Low-temperature adiabatic calorimetry was performed on 
our cryohte sample in two separate calorimeters, one in E. F. 
Westrum, Jr’s laboratory at the University of Michigan (UM}, 
and one in R. A. Robie and 8. S. Hemingway’s laboratory at 
the U.S. Geological Survey (USGS) in Reston, Virgina, al- 
lowing an interlaboratory comparison to be made. All mea- 
surements of temperature, time, potential, resistance, and mass 
are referred to ~ibmtions or standards of the National Bureau 
of Standards. The USGS uses the lPTS-68 temperature scale 
and the University of Michigan uses the fPTS-48 scale. 

Measurements at the UM were made in the Mark II calo- 
rimetric cryostat using a capsule-type resistance thermometer 
(laboratory designation A-5) and a gold-plated, oxygen-free, 
high conductivity (OFHC) copper calorimeter (laboratory 
designation W-6 1). The generai nature of the cryostat and the 
use of the qu~i-a~abatic technique have been described else- 
where (WBTRUM, 1984; WESTRUM et al., 1968). 

Low-temperature beat capacity measurements were made 
at the USGS using the inte~i~ent heating method under 
quasi-adiabatic conditions (ROBE and HEMINGWAY, 1972), 
and using the fully automated calorimeter described by HEM- 
INGWAY et ai. (1984). The gold plated OFHC copper calorim- 
eter was sealed with a metal O-ring (Roem et al., 1976) under 
pure helium gas at a pressure of 5 kPa. The heat capacity of 
the sample was 4 1 percent of the total at 10 K, 50 percent at 
50 K, 51 percent at 100 K, 56 percent at 200 K, 58 percent 
at 300 K, and 58 percent at 375 K. 

The high-temperature heat capacity of cryolite was mea- 
sured between 340 and 1000 K at the USGS using the differ- 
ential scanning calorimeter (DSC) apparatus and procedures 
described by HEMINGWAY et a/. (198 1). Temperatures were 
calibrated against the NBSICTA standard reference materials 
758 and 759 using 844 K for the cr-@ transition in quartz and 
427 K for the melting point of indium metal (extrapolated 
onset temperature, see MCADIE ef al., 1972). The sample 
weighed 42.822 mg. One large chip (2 X 4 X 3 mm} and 
several smaller chips comprised the sample. 

EXPE~~ENTAL RESULTS 

Low-temperature adiabatic results 

The experimental low-temperature heat capacity 
values from both laboratories are presented in order 
of measurement in Tables 1 and 2. These data are 
given in terms of joules, an ice point of 273.15 K, and 
a gram formula weight for cryolite of 209.9413 g. A 
small adjustment for curvature (~0.1 percent) has been 

made in some regions for the difference between CP 
= ~d~~~dT~~ and the experimental values of AH/AT 
based on finite temperature increments, which can 

usually be inferred from the tabulated adjacent mean 
temperatures. 

In the USC% sample, a thermal anomaly, arising 
from the melting of fluid inclusions, was first observed 
in the heat-capacity calculated for cryohte at 27 I .04 
K. A repeat series (Series 4, Table 2) of heat capacity 
measurements was made with a small temperature in- 
crement (about 0.5 K) between 268 and 271 K. The 
small anomaly was centered near 268.2 K. The amount 
of water present was estimated as I .3 * 1 0m4 g of water 
per gram of cryolite from the excess heat capacity and 
the enthalpy of fusion of water taken from Rosre et 
al. (1979). This quantity of water would contribute 
0.03% excess entropy to the entropy of cryolite at 
298.15 K with no correction for the enthalpy of fusion 
of pure water, or 0.02% when the data were smoothed 
through the small thermal fusion anomaly as was the 
practice in this study. No further corrections were made 
for the fluid inclusions because the error arising from 
the contributions is an order of magnitude less than 
the uncertainty of 0.3% in the entropy of cryolite at 
298.15 K. The same phenomenon was observed in the 
UM sample, but a greater fraction of the original fluid 
inclusions was retained because a massive block sample 
was used. Calculations suggested that the UM sample 
contained 3.0* 10m4 g of water per gram of sample. 
Corrections were therefore applied to the measured 
heat capacity of cryolite for the heat capacity of ice 
below the melting transition and of water above it. 

The smoothed, corrected heat capacity values ob- 
tained by integrating the UM data are given in Table 
3. These values were taken from a smooth curve ob- 
tained by using least-squares methods to fit polynomial 
functions through the experimental data and extrap 
olating below 6 K using the Debye limiting law. 

The USGS expe~mental heat capacities were 
smoothed using the cubic spline procedures described 
by ROBIE er al. (1982). The results are given in Table 
3. The experimental results for temperatures below 30 
K were plotted as C,,/T vs. T’ and extrapolated 
smoothly to 0 K. The results for temperatures between 
20 and 30 K were smoothly joined with the results of 
the spline function. The graphical data were manually 
integrated to 25 K. The spline function was integrated 
from 25 to 350 K. 

These values are estimated to have a probable error 
of0.08% above 25 K, and i% at 12 K, which increases 
to approximately 6% at 5 K. The the~~ynamic 
functions are considered to have a probable error of 
less than 0.1% between 100 and 350 K. Additional 
digits beyond those significant are given in Table 3 for 
internal consistency and to permit interpolation and 
differentiation. The entropies and Gibbs energies have 
not been adjusted for contributions from nuclear spin 
and isotope mixing and hence are practical values for 
use in chemical the~odynamic calculations. 

The two new sets of cryogenic data reported in this 
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~sble 1: zxpariwmtsl bmr-temperature heat capscity daterainations on cryolite. 
Univesoity of nichigan values. 

T C T C T C T C 
P P P P 

K J/fmol Kf K &'(a101 K) K J/fmOl 10 K J/k01 K) 

series I 

6.67 0.1580 
8.20 0.1995 
6.97 0.2411 
9.52 0.2503 
9.99 0.2594 
10.46 0.3084 
10.96 0.3517 
11.45 0.4265 
11.96 0.5022 
12.50 0.6078 
13.06 0.7208 
13.64 0.8663 
14.25 1.038 
14.66 1.252 
15.54 1.487 
16.23 1.772 
16.95 2.099 
17.72 2.463 
18.51 2.911 
19.34 3.380 
20.20 3.930 
21.11 4.554 
23.11 6.040 
24.21 7.004 
25.31 7.971 
26.47 9.021 
27.69 10.22 
28.96 11.50 
30.30 12.90 
31.71 14.44 
33.18 16.09 
34.73 17.89 
36.35 19.81 
38.05 21.92 
39.85 24.08 
41.70 26.43 
43.70 28.96 
45.78 31.64 
47.96 34.52 
SO.25 37.57 
52.65 40.77 

55.17 44.07 
57.67 47.43 
60.29 51.01 
63.20 54.98 
66.26 59.05 
69.46 63.21 
72.86 67.43 
76.10 71.77 
83.74 81.52 
87.65 85.05 
92.17 91.64 
96.73 96.83 
101.54 102.1 
106.50 107.4 
111.48 112.6 
116.47 117.7 
121.48 122.7 
126.50 127.5 
131.55 132.1 
136.60 136.6 
141.65 140.8 
145.71 144.9 
151.79 149.0 
156.86 152.8 
161.95 156.6 
167.05 160.0 
172.15 163.4 
177.26 166.5 
182.37 169.7 
187.49 172.9 
192.61 175.8 
197.74 178.7 
202.68 181.2 
206.01 163.9 
213.15 186.4 
218.29 186.7 
223.43 191.1 
228.56 193.5 
233.72 195.6 
236.87 197.7 
244.03 199.9 
249.18 201.8 
254.34 203.6 

259.50 205.5 
264.65 207.9 
269.77 213.2 
274.93 211.3 
280.20 212.1 
285.94 214.3 
292.14 215.7 
298.33 217.8 
304.53 219.3 
310.73 221.0 
316.93 222.7 
323.13 224.4 
329.34 225.9 
335.02 227.1 
340.20 228.3 
345.37 229.5 

series II 

265.40 209.9 
265.72 207.4 
266.06 207.1 
266.39 208.3 
266.71 208.3 
267.04 207.9 
267.36 210.3 
267.70 210.6 
268.02 210.2 
268.35 205.3 
268.67 207.0 
269.00 206.9 
269.32 208.9 
269.65 208.7 
269.97 208.9 
270.30 209.3 
270.63 208.6 
270.95 209.4 
271.28 209.6 
271.60 210.8 
272.26 214.5 
272.58 211.6 
272.90 210.7 
213.23 209.4 

273.55 209.6 
273.88 209.6 
274.20 209.8 

series III 

265.28 206.0 
265.61 207.1 
265.94 206.5 
266.26 207.8 
266.59 209.8 
266.91 208.1 
267.24 208.0 
267.57 210.4 
267.89 210.1 
268.22 208.9 
266.54 209.3 
268.87 209.7 
269.19 210.7 
269.52 210.3 
269.84 212.2 
270.16 211.2 
270.49 213.2 
270.81 213.2 
271.13 213.8 
271.44 214.2 
271.77 213.9 
272.09 213.7 
272.41 213.7 
272.90 210.8 
273.05 210.4 
273.38 210.0 
273.70 210.2 
274.02 210.9 
274.35 209.9 
274.67 210.9 
274.9s 209.7 

paper and the earlier U.S. Bureau of Mines (USBM) 
data are compared in Table 3. It is evident that the 
data agree within the combined experimental uncer- 
tainties over most of the temperature range. The 
agreement is somewhat poorer at lower temperatures 
as expected because of the use of different temperature 
scales. The agreement between both data sets and the 
earlier USBM data is also poorer at the lower limit of 
the USBM data set. Derived thermodynamic functions, 
in particular the entropy values (cf: Table 7) are nev- 
ertheless well within the estimated error limits for all 
three sets of data. 

The experiment high-temperature specific heats for 
cryolite are listed in Table 4, and smoothed values for 
the thermodynamic functions are given in Table 5. 
Each series represents a continuous scan or experi- 
mental setup. Series 7 and 12 were taken at 5 K/min. 
and at I.25 Klmin., respectively, to better delineate 
the a-/3 transition in cryolite observed at 836.5 K. Our 
results compare favorably with the enthalpy data of 
O’BRIEN and KJZLLEY (1957), which were selected by 
STULL and PROPHET (197 I), ROBIE et al. (1979) and 

CH.GE et al. (1985) in their evaluations of the ther- 
modynamic data for cryohte. Other results are sum- 
marized by KELLEY (1960). 

STULL and PROPHET (197 1) summarized the tem- 
peratures reported for the (~-8 transition in cryolite and 
selected 838 K at the transition temperature. Our value 
(836.5) is in good agreement with the findings Of TAN- 
DON and UBBELOHDE (1957), MAJUMDAR and ROY 
( 1965), ROTH and BERTRAM ( 1979) and CHASE et al. 

(1985). 
Our experimental specific-heat data were fit to 

equations of the type suggested by HAAS and FISHER 
(1976). Specific heats below the cr-@ transition were fit 
by Eqn. (1): 

C,= 17.231 - 1.6236* IO-*T+8.4396* 10-6T2 

- 237.00T-“~s + 1.4331* 105T-2 (280 to 836.5 K) 

(1) 

with an average deviation of 0.6%. For data taken above 
the a-@ transition, Eqn. (2) 

C,= 1.1274+2.2857* 10-4T (836.5 to 1000 K) 

(2) 
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Table 2. Experlsental low teaperature heat-capacity 
derminaCions on cryolite. U.S. Geological Survey values. 

Series 1 

301.47 217.7 

306.03 219.0 

311.50 220.1 

316.02 221.2 

321.21 226.6 

326.40 224.3 

331.58 225.3 

336.75 226.2 

341.91 227.2 

347.06 228.5 

352.20 229.5 

357.79 230.6 

363.86 231.7 

369.94 232.8 

376.00 234.1 

series I* 

46.40 32.09 

51.28 38.28 

55.45 43.86 

60.53 50.69 

66.67 58.98 

72.73 67.13 

78.90 75.30 

83.06 83.16 

91.16 90.55 

97.23 97.46 

103.23 104.0 

109.18 110.3 

114.81 116.1 

120.14 121.3 

125.44 126.5 

130.69 131.3 

135.92 135.9 

series II 

141.12 140.3 

146.29 144.5 

151.44 148.5 

156.58 152.4 

161.69 156.1 

166.78 159.6 

i71.85 162.9 

176.91 166.1 

Series III 

182.02 169.5 

187.25 172.6 

192.39 175.4 

197.54 178.1 

202.89 181.0 

208.25 183.7 

213.60 186.3 

218.93 188.8 

224.26 191.2 

229.62 193.4 

235.01 195.7 

240.41 198.1 

250.68 201.8 

755.r18 203.6 

260.58 205.5 

265.72 20-J.* 

271.04 210.9 

276.36 210.9 

281.69 212.3 

286.96 213.9 

292.20 215.5 

297.42 217.3 

302.62 218.5 

307.79 219.5 

Series I” 

268.24 238.6 

268.69 209.7 

269.10 209.4 

269.53 209.2 

269.99 208.1 

270.47 208.2 

270.94 209.2 

Series v 

298.64 217.1 

302.96 218.5 

307.90 219.4 

Series VI 

8.09 0.0977 

8.77 0.1383 

9.77 0.2271 

10.90 0.3511 

12.07 0.5295 

X3.40 0.8137 

14.86 1.233 

16.46 1.847 

18.20 2.137 

20.31 3.978 

22.60 5.616 

25.16 7.759 

28.03 10.47 

31.24 13.83 

34.84 17.94 

38.84 22.97 

43.32 28.36 

48.34 34.42 

53.90 41.87 

59.98 43.94 

66.29 58.43 

fits the data with an average deviation 0.8%. Both 
equations yield values for the specific heat of cryolite 
in J/(g K). 

The enthalpy of the A+ transition may be calculated 
from the difference between the measured heat capac- 
ities and the two equations given above. Our estimate 
of the enthalpy of the 0-p transition in cryolite is 8.78 
+ 1.2 kJ. This value compares favorably with published 
values of O’BRIEN and KELLEY (1957; 9.04 kJ) and 
STULL and PROPHET (1971; 8.24 -t 1.67 kJ). but is 
somewhat smaller than the value of 9.5 * 1.7 kJ re- 
ported by CHASE et al. ( 1985). Each value is dependent 
upon the equations used in the respective studies to 
smooth the experimental data. 

The (w-/i transition of pure cryolite represents a fixed 
physical point, regardless of the apparent temperatures 

reported. There has, however, been a great deal ofdis- 
cussion in the literature on the temperature and en- 
thalpy of this transition. O‘BRIEN and KELLER’ ( 1957) 

report a value of 845 K for the (Y-L~ transition in cryolite, 
and their calculated enthalpy value for &cryolitc at 
the transition temperature differs from that calculated 
here by 0.16%. less than the uncertainty in either 
data set. 

The enth~py value reported by ALBRIGHT ( 1956) 
is about 0.2% larger than our value. However, he did 
not independently define the temperatures for the N- 
/3 and melting transitions, but chose them to be con- 
sistent with the values given by STEWARD and 
ROOKSBY ( 1953) and used in the Aluminum Research 
Laboratory (ROLIN, 1952), and did not explain how 
his data were adjusted to these values. The temperature 
assigned to the cu-@ transition by Steward and Rooksby 
was based upon X-ray data from a 19 cm diameter 
UNICAM high temperature powder camera. The un- 
certainty in the temperature is not known. 

FRANK (196 I) noted the difference between the LY- 
p transition and fusion tem~ratures for cryolite re- 
ported by O’BRIEN and KELLEY ( 1957) and ALBRIGHT 
(1956). Frank concluded that the temperature scale 
used by O’Brien and Kelley was in error by 21 K at 
1300 K. and suggested that a correction be made to 
the data of O’Brien and Kelley based upon a linearly 
increasing temperature error of 0 K at 298.15 K and 

series I 

340.2 225.1 

360.2 229.3 

380.1 233.9 

400.1 238.1 
420.0 241.0 

440.0 243.3 

459.9 245.8 

479.9 248.6 

499.8 251.1 

519.8 253.8 

539.7 256.5 

548.7 257.6 

Series II 

420.0 239.8 

4*0.0 242.9 

459.9 245.4 

479.9 248.4 

499.8 251.9 

519.8 254.0 

539.7 257.6 

548.7 254.3 

series III 

519.8 253.6 

539.7 256.1 
559.7 257.8 

579.6 260.5 
599.6 263.3 
619.5 267.0 
639.5 270.0 

648.5 273.6 

series I" 

459.9 246-V 
479.9 247.7 

549.7 256.8 

659.4 273.1 

673.4 275.* 

699.3 279.6 

719.3 283.4 

,39.3 289.1 

748.2 292.7 

series vi 

769.2 298.3 

779.2 305.7 

789.1 311.1 

798.1 315.1 

series "II 

809.1 317.2 

811.1 318.5 

813.1 320.6 

835.1 323.1 

817.1 326.7 

819.1 329.0 

821.1 333.6 

823.1 338.2 

825.0 343.9 

827.0 349.8 

8ZY.0 357.1 
831.0 367.0 

843.0 284.3 

845.0 283.2 
847.0 281.5 

848.0 280.9 

Series VIII 

947.8 280.1 

Seriee IX 

947.8 280.7 

SeIies x 

848.(1 283.0 

Series XI 

833.0 503.4 
833.5 604.8 

834.0 802.6 
B34.5 1448.2 

835.0 2765.1 

835.5 3936.2 

836.0 1375.0 

836.5 4426.8 

837.0 591.4 

837.5 307.8 

838.0 297.9 

838.5 300.0 

839.0 288.5 

839.5 292.2 

840.0 285.3 

Series XIII 

868.9 280.3 

878.9 280.7 

888.9 280.5 

897.9 280.3 

Serle.5 XI" 

997.5 281.5 
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Table 5. smwthed superambient thermodnamic functions for 

cryolite at selected temperatures 

T c SO-SO 
P T 0 

(H;-H;~,+/T -(G;-t1;9~l/T AG;(f.eW 

If ~/(mol n w(mol K) J/(mol Xl J/(nlOl K, kJ/mol 

298.15 217.4 238.5 0.000 238.5 -3144.92 
300 217.8 239.8 1.342 238.5 -3143.92 
350 228.8 274.2 33.037 241.2 -3116.42 
400 238.8 305.5 58.161 247.3 -3088.43 

450 246.1 334.0 78.661 255.4 -3060.08 

500 251.6 360.3 95.692 264.6 -3031.84 

550 256.5 384.5 110.09 274.4 -3003.74 

600 262.3 407.0 122.52 284.5 -2975.80 
650 270.1 428.3 133.56 294.8 -2948.05 

700 281.1 448.7 143.68 305.0 -2920.49 

750 296.1 468.6 153.32 315.3 -2893.14 

800 316.0 488.3 162.84 325.5 -2866.02 
836.5 333.9 502.9 169.90 332.9 -2846.36 

836.5 276.8 512.7 179.80 332.9 -2846.36 

850 277.5 517.1 181.35 335.8 -2839.27 

900 279.9 533.1 186.75 346.3 -2813.09 
950 282.3 548.3 191.72 356.5 -2796.86 

1000 284.7 562.8 196.31 366.5 -2760.38 
1050 287.1 576.7 200.57 376.2 -2734.04 

1100 289.5 590.2 204.56 385.6 -2,0,.84 

1150 291.9 603.1 208.30 394.8 -2681.78 
1153 292.0 603.8 208.52 395.3 -2680.22 

1153 300.4 605.6 210.34 395.3 -2680.22 
1200 300.4 617.6 213.87 403.7 -2649.70 

1250 300.4 629.9 217.33 412.5 -2611.60 
1290 300.4 639.3 219.91 419.4 -2578.98 

1290 394.7 727.3 308.09 419.4 -2578.98 
1300 394.7 730.5 308.76 421.8 -2574.56 

1350 394.7 745.4 311.94 433.5 -2541.35 
1400 394.7 759.8 314.89 444.9 -2508.49 

2 1 K at 1300 K. He corrected values for cryolite, AlFs 
and NaF on this basis. J~OUGLAS and DITMARS (1967) 
questioned the corrections proposed by FRANK ( 196 1 ), 
and stated that their results for the enthalpy of AlF, 
compared more favorably with the original values re- 
ported by O’BRIEN and KELLEY (1957) than with the 
corrected values given by FRANK (196 1). STULL and 
PROPHET (197 1) and ROBIE et al. (1979) followed the 
suggestions of Douglas and Ditmars and did not correct 
the enthalpy data of O’Brien and Kelley for either AlF3 
or cryolite. 

Our results for cryolite, combined with our analysis 
of the transition temperatures for cryolite, suggest that 
the temperature scale used by O’BRIEN and KELLEY 
(1957) was in error. DOUGLAS and DITMARS (1967) 
based their conclusion regarding the temperature scale 
used by O’Brien and Kelley upon the temperatures 
cited for the a-B transition in AlF, and on a comparison 
of the heat capacities calculated from each of the en- 
thalpy data sets. 

The (~$3 transition in AlF3 has a measured enthalpy 
of transition of about 560 J/mol (DOUGLAS and DIT- 
MARS, 1967). O’BRIEN and KELLEY (1957) placed the 
transition at 727 K based upon enthalpy measurements 
at 724.9 and 728.1 K. Douglas and Ditmars found the 
a-/3 transition in their sample occurred gradually be- 
tween 723 and 726 K. Correcting for impurities yielded 
a transition temperature of 728 K for pure AIF,. The 
sample studied by O’Brien and Kelley had a similar 
chemical composition and yielded a similar tempera- 
ture for the cu-@ transition in AlF3. This conformity 
may be somewhat fortuitous as DOUGLAS and DIT- 
MARS (1967) showed that once the sample has been 

converted to &AlFs, it may be cooled at least 6 K 
without undergoing a transition back to a-AlFs. 
Therefore, the value obtained by O’Brien and Kelley 
at 728.1 K for the @-AIF, phase may not represent the 
temperature limit assumed in calculating the transition 
temperature, because O’Brien and Kelley were unaware 
of the hysteresis in that transition. The data of O’Brien 
and Kelley limit the transition to between 724.9 and 
734 K on their temperature scale. 

The values for the temperature of the transition re- 
ported by O’BRIEN and KELLEY (1957) and DOUGLAS 
and DITMARS (1967) are substantially different from 
the value calculated by FRANK ( 196 1). The measured 
enthalpy data as a function of temperature are also 
different. Using the data of DOUGLAS and DITMARS 
(1967) as the reference data set, the results of O’Brien 
and Kelley are less than the reference set by -0.15% 
at 400 K, and -0.8% at 1400 K. The data given by 
FRANK (196 1) are about 0.8% higher than the reference 
set at 400 K and rise gradually to 1.6% greater at 1400 
K. Clearly, the slope of the data set of Douglas and 
Ditmars is different than that of the other two data 
sets. 

Given these results, we suggest that the temperature 
scale used by O’BRIEN and KELLEY (1957) is in error, 
but by a lesser amount than that estimated by FRANK 
(196 1). The (Y-P transition in cryolite is a better ref- 
erence point for the temperature scales than is the (Y- 
/3 transition in AlF, because of the hysteresis problem 
in AIF,. The value observed in our data set yields an 
estimated error with respect to our temperature scale 
of +5.5 K in the O’BRIEN and KELLEY (1957) tem- 
perature scale at 850 K and an error of + 10 K at 1300 
K assuming the correction increases linearly with the 
temperature from 0 at 298.15 K. This interpretation 
moves the transition temperature of O’Brien and Kel- 
ley from 845 K to 842 K based upon the observed 
pretransition effect reported by O’Brien and Kelley at 
839.9 K and the observed half-width of the heat ca- 
pacity anomaly observed here (2 K). The corrected 
enthalpy at 1300 K differs from the values obtained 
by HOLM and G~~NVOLD ( 1973) by 0.16%. In all cases 
the uncorrected data of O’Brien and Kelley are signif- 
icantly different from the results presented in other 
studies. As the corrections provide a better agreement 
this suggests that the correction is reasonable. 

The size of the temperature correction is consistent 
with the findings of MCADIE et al. (1972) who reported 
transition temperatures for ten materials for the Stan- 
dards Committee of the International Confederation 
on Thermal Analysis. MCADIE et al. found that the 
standard deviations, based upon the mean values from 
the 34 participating laboratories, were 5 to 8 K for 
transitions at temperatures between 400 and 1250 K. 
As the data of MCADIE et al. (1972) clearly indicate 
that temperature scales (calibrated or uncalibrated) can 
deviate significantly, any evaluation of experimental 
data from several sources must provide for an analysis 
of relative differences in the temperature scales. The 
thermodynamic properties of cryolite (Table 7) are 
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Table 6. Comparison of reported and adjusted temperatures 
(in Kelvins) for several transitions in cryolice. 

Transition Typ and Substance 

cryollte NaF AlF3 

Sata SOULCB u-e Fusion Fusion a-R (1) 

O'Brian and Kelley (21 (19571 845 1300 1285 727 

Adjusted (3) 836.5 1*9c 1272 723 

landon and "bbelohde (1957, 838 1287 l270 - 

Albright (1956) 873 1279 -- - 

Brjwcstad et al. 11960) 833 1281 1267 - 

Phillips et al. (1955a,bt 1282 1267 _ 

Xolin (1960) 1282 I.278 - 

Clark (1959) __ 1265 " 

najuadar and Roy (19651 835 __ _- - 

ROLL and Bertratn (1929) 83s -_ -- - 

!,ouqlas and Ditlnars (19671 - -- -- 723 

This Study 836.5 -- -- - 

(1) Tfmsition temperature without correction far impurities 

(me mugLa.8 and Ditmars. 1967) 
(2) "ncozmcted Published results 
(3) Results corrected by us far temperature error discussed 

in the text. 

baaed upon a temperature scale defined primarily by 
the melting point for indium and the Ly-B transition in 
quartz, both as defined by the Inte~ational Confitd- 
eration for Thermal Analysis and by the U.S. National 
Bureau of Standards (see MCADIE et al., 1972) and 
released as standard reference materials 758 and 760. 
Any change in the accepted temperatures for these 
transitions will alter the thermodynamic properties for 
cryolite. 

We have made several comparisons of the corrected 
data in support of the arguments for correcting the 
temperature scale of O’BRIEN and KELLEY (1957). 
Comparisons of the temperatures for several transi- 
tions, reported in the work of O’Brien and Kelley, with 
data from the literature are given in Table 6. We are 
aware that impurities within a sample may alter the 
temperature of a transition. However, the evidence 
presented in this study strongly suggests that differences 
resulting from sample impurities are not the major 
source of the discordances among the enthalpy data 
of O’BRIEN and KELLEY (1957), ALBRIGHT (1956) and 
DOUGLAS and DITMARS ( 1967). 

The calorimeter used by O’BRIEN and KELLEY 
( 1957) was described by KELLEY ef ai. ( 1946). There 
have been relatively few high-quality measurements in 
recent years that may be compared with results from 
their calorimetric system. KELLEY et al. reported en- 
thalpy data for silica glass that compare favorably with 

the recent data of RICLIET et al. ( 1982) at 1300 K, but 
have a different slope in the temperature range 1000 
to 1500 K. Nonetheless. it appears that if the results 
of O’Brien and Kelley for cryolite and AlF, are in error 
it may be limited to a systematic problem in that data 
set alone. 

The therm~ynamic properties of cryohte are listed 
in Table 5. The entropy at 298.15 K (238.5 J/(mol K)) 
is calculated from the average of the Michigan and 
U.S.G.S. low-temperature results. The heat capacity 
data reported in this study provide the basis for the 
thermodynamic properties listed between 298.15 and 
1000 K. The thermodynamic properties listed at tem- 
peratures above 115 3 K are based upon the tempera- 
ture corrected values (discussed above) reported by 
O’BRIEN and KELLEY (1957). Fitted equations are 
given in Table 8 and in an earlier section of this paper. 
For these purposes, the two sets of data provided by 
LANDON and UBBELOHDE ( 1957) will be accepted as 
defining a premelting transition at about I 153 K. The 
temperature of fusion of cryolite is taken as 1290 K 
from the corrected results of O’BRIEN and KELLEY 
(1957). 

The enthalpy and entropy of the (Y-P transition in 
cryolite calculated from the data in Table 8 are 8.775 
kJ/mol and 10.5 J/(mol K), respectively, at 836.5 K. 
The P-7 cryolite transition at 1153 K has an enthalpy 
and entropy of transition of 2.098 kJ/moI and 1.8 J/ 
(mol K). The enthalpy and entropy of fusion at 1290 
K are f 13.75 kJ/mol and 88.2 J/(mol K). These results 
are significantly different from those given by STULL 
and PROPHET (197 I), ROBIE et al. (19791 and CHASE 
et af. (1985) who derived enthalpies about one percent 
lower at the higher temperatures. The major source 
for this discrepancy is the treatment given to the data 
of O’BRIEN and KELLEY ( 1957). 

PHASE EQUIIJBRIA IN THE 
SYSTEM Ns-Fe-Al&i-O-F 

The heat capacity data for cryolite presented above 
may be used to constrain phase relations for the system 
Na-Fe-Al&-O-F. This system is useful for beaning 
the conditions of formation of several natural rock 

Table 7. Comparison of moothed thernmphysicel properties of cryolite 

at law-temperatures. 

T 

(K) 

‘T - ‘0 lHT - HOI/T 

J/ml U) .l/hwl KJ 

U.S.G.S. 0. Mich Adopted V.S.B.". U.S.G.S. ". nich Adopted 

This Study Ring (1957) This Study 

50 15.87 16.01 15.9* -- 11.56 11.67 11.62 
100 61.42 61.88 61.65 -- 40.49 40.76 40.63 
158 111.6 112.1 111.8 -- 68.77 68.95 68.86 
ZOO 158.7 lf9.2 159.0 -- 92.78 92.89 92.60 
250 201.3 201.8 201.6 -- 112.1 112.6 112.5 
298.15 238.2 238.9 238.5 238 + 2 128.2 128.3 128.2 

- 350 274.0 274.8 274.4 -- 142.3 142.6 142.4 
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types, and forms a basis from which a more complete 
diagram involving Ca, K and H may be derived. 
Twenty-seven selected phases are consid.ered: cryolite 
(Cy), chiolite (Ci), villiaumite (Vl), quartz (Qz), albite 
(Ab), nepheline (Ne), natrosilite (Ns), cciiundum (CO), 
Na2Si03 (sodium metasilicate, Nm), sillimanite (Sl), 
andalusite (And), fluortopaz (Tp), AlF3, SiF&), SiF&), 
SiF*(g), SiF(g), hematite (Hm), magnetite (Mt), fayalite 
(Fa), wiistite (Wu), iron (Fe), almandine (Alm), her- 
cynite (Hc), FeF;, FeS, and acmite (AC, aegirine: see 
Table 9). Many other phases have been excluded, in- 
cluding malladrite (Na*SiF~) and iron-cordierite 
(FeZAl&OIs), for which no adequate thermodynamic 
data exist, jadeite, which is only stable at high pressures, 
and various synthetic compounds unknown as min- 
erals. In the absence of cordierite, its place is taken by 
the assemblage hercynitequartz. In addition, possible 
slid-~lution~ such as q SiZO4 in nepheline, FeA1204 
in magnetite and NaAISizOh in aegirine, have been ig- 
nored. All calculations have been performed at tem- 
peratures where andalusite is the stable aluminosilicate 
polymorpli. Calculations using sillimanite, however, 
show that the choice of polymorph makes little differ- 
ence in the temperature range inv~igat~ here (600- 
1050 K). As the pressure effects on most of the reactions 
discussed here are small, these diagrams should be 
qualitatively correct at somewhat higher pressures. 

Data for the calculations presented here were derived 
from standard compilations with the exception of cry- 
olite, high albite, lluortopaz, hercynite, and acmite 
(Table 9). The heat capacity and Gibbs’ energy of cry- 
olite were calculated from our measured entropy and 
the enthalpy data tabulated by ROBIE et al. (1979). 
The molar volume for the high temperature polymorph 
of cryolite was derived from unpublished data on the 
molar volume of cryolite as a function of temperature 
provided by D. R. Peacor of the University of Michi- 
gan. The Gibbs’ energy of albite was calculated from 
the entropy data of HASELTON et al. (1983) and the 
enthalpy data of ROBIE et al. (1979). High temperature 
entropy data for hercynite were obtained from our own 
unpublish~ DSC results. The entropy of hercynite at 
STP and its Gibbs energy were fitted to the experi- 
mental reversals Of BOHLEN et al. ( 1986) on the reaction 

3 Hercynite + 5 Quartz 

= Almandine + 2 Sillimanite (3) 

using the data for ~mandine, quartz and sillimanite 
given by ANOVITZ and ESSENE (1987). The heat ca- 

pacity data for acmite (Ko et al., 1977) were combined 
with solution calorimetry data (BENNINGTON, 198 1) 
to yield AC;98 = -2410.42 kJ/mole for acmite. The 
heat capacity of chiolite is taken from STUVE and FER- 
RANTE (1980), and its Gibbs energy is taken from 
JANAF (CHASE et d., 1985) which is based on the 
solid electrolyte measurements of DEWING ( 1970). 

The system Na-Al-Si-O-F 

Stable equilibria in the system Na-Fe-Al-%-O-F are 
calculated at 1000 K and 1 bar (Fig. 1). Because of the 
complexity of this and other phase diagrams presented 
below it was not possible to label all reactions directly 
on the figures, but they are listed in Table 10. Not 
shown in Fig. I is the reaction 

4 Na-metasilicate + 2 Corundum + 2 F2 

= 4 Nepheline + 4 Villiaumite + OZ (4) 

which lies atfF* values too low to be shown. 
Phases in the system Na-Al-%-O-F may be repre- 

sented in composition space as a right triangular prism 
(Fig. 2) following KOGARKO (1966). Only that portion 
of this space containing solid phases considered here 
is shown. Tie lines connect phases which coexist at 1 
bar and 1000 K, and outline stable solid phase assem- 
blages allowed by Fig. 1. By projecting this diagram 
through O2 (or F2) Na-Al-Si triangles are obtained that 
represent the sequence of reactions with changingfOu’ 
fF2 (Fig. 3). 

Several phase incompatibilities are evident in Fig. 
3. Chiolite is stable only at very high fluorine fugacities 
and is not stable with natrosilite (Na&05), Na-me- 
tasilicate (Na,SiO,), nepheline, andalusite, villiaumite, 
or albite. On the basis of a schematic derivation of 
phase equilibria in this system, BURT ( 1979) states that 
fluortopaz is incompatible with nepheline or villiaum- 
ite, which is supported by our calculations. Natrosilite 
(NazSizOs) is known from only one locality, Lovozero 
on the Kola peninsula of the USSR (TIMOSHENKOV 
et al., 1975), and Na2Si03 is unknown as a mineral. 
The stabilities of these phases are p~sumably limited 
in nature both by their high solubilities and their de- 
composition at very low fluorine fugacities. 

Cryolite is stable over a wide range of fO,/‘FZ con- 
ditions, but it has a more limited stability in the pres- 
ence of quartz, fluortopaz, corundum, or albite. Cry- 
olite is absent from most unde~turated alkalic rocks. 
Kogarko suggests that the assemblage ~bit~nepheline- 

Table 8. Heat-capacity equations for crystalline and liquid cryolita 

Phase Temperature Range c 
P 

(K) J/(BOl a) 

a- cryelite 270 - 836.5 3617.59 - 3.40859(T) + 1.77182 x 10 -31T12 

- 4.97563 x 104(T)-*'S + 3.0087 x 107(T) 
-2 

B- cryo1ite 836.5 - 1153 236.69 + 4.7986 x 10 -2 
(T) 

y- cryolite 1153 - 1290 300.41 

liquid cryolite 1290 - 1400 394.68 
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Table 9. Thermodynamic data for selected phases in the system Na-Fe-Al-Sl-O-H. 

Phase Formula Abb. Volume SO<298 K) A B c i, \G0(298 K) S0"CC.S 

cm' J/Cm01 Ki kJ/mol 

a -Cryolite 
B -cryo1ite 
Chiolite 

Villiaumite 

High Albite 

Nepheline 

Natrosilite 

Na-metasilicate 

FlUOrtopaz 

AlF3 

AlF3 

SiF,iq) 

SiF,(g) 

SiF (4) 

SiFtg) 

Quartz 

Corundum 

Andalusite 

sillimanite 

Iron 

Magnetite 

Hematite 

wustite 

Fayalite 

FeF2(C) 

FeP3tcf 
Hereynlte 

Acntite 

Na3AlF6 

Na3AlF 

Na Al P 

Nd 
1 314 

NaAlSi 08 

NaAISi 4 d 

;;2;;6'5 

A12Si031 

Al z 
42 

ALP3 

.9iF3 

SiF* 

SiF' 

SiF2 

a-q 
B-CY 

Cl 

Vl 

Ab 

Ne? 

NS 

NH 

T? 
AlF3 

Alf3 

Sip4 

SiF, 

SiF 

Sir* 

QZ 
CO 

AlId 

Sl 

Fe 

Mt. 

nm 

wu 

Fa 

PeF2 

FW3 

tic 

AC 

70.81 

72.31 

154.03 

14.98 

105.43 

54.16 

71.69 

46.49 

51.61 

26.15 

26.21 

22.69 

25.57 

51.56 

50.02 

7.09 

44.52 

30.27 

12.09 

46.39 

22.02 

31.50 

40.75 

64.60 

238.45 145.1140 193.0095 

238.45 198.4141 73.2027 

483.54 510.7367 87.2356 

51.21 38.7239 21.0355 

225.70 278.6331 41.8797 

124.35 144.7547 32.5419 

166.05 159.2248 104.4691 

113.85 120.7854 50.9771 

105.*0 177.6215 55.4555 

66.48 47.0943 84.5549 

66.48 129.7659 -12.6624 

282.76 95.5887 6.8937 

282.38 77.5126 3.4096 

256.58 55.0714 1.9016 

225.79 35.9427 1.2383 

41.46 73.4890 0.7849 

50.92 116.3382 11.9809 

91.49 175.3450 21.9060 

95.80 169.4389 28.9046 

27.28 -0.7391 48.1793 

146.15 318.6083 -80.1150 

87.48 95.7822 -79.1900 

57.57 44.9390 11.2072 

152.13 156.6201 35.0661 

86.99 75.4189 7.5574 

38.32 77.8722 4.3345 

121.34 125.9425 65.3457 

148.20 214.7666 45.1046 

-10.3661 -872.89 

-63.8138 -1113.11 

36.8953 -2977.52 

-1.7476 -224.98 
42.7479 -1647.98 

14.0394 -850.31 

13.2125 -953.52 

9.7194 -7lP.58 

21.0522 -1052.50 

-3.0221 -290.15 

79.3601. -778.74 

9.8496 -558.64 

9.6373 -453.45 

5.6695 
1.9461 

15.3766 

19.5146 

27.7269 
25.6209 

-6.3572 

84.6452 

5.4342 

-1.5885 

15.6201 

4.9125 

6.4819 

7.8140 

28.3368 

-320.70 

-207.34 

-436.14 

-588.29 

-1036.69 

-1002.81 

3.04 

-1885.38 

-572.02 

-257.69 

-320.44 

-437.47 

-452.26 

-746.09 

-1268.82 

-3152.17 

-3145.54 

-7200.35 

-545.08 

-3706.30 

-1977.48 

-2324.16 

-1467.33 

-2910.66 

-1431.07 

-1426.28 

-1572.71 

-1073.22 

-598.28 

-51.56 

-856.29 
-1572.58 

-2444.56 

-2440.74 

0 

-1012.90 

-745.27 

-245.15 

-1380.22 

-663.17 

-972.29 

-1838.58 

-2410.42 

1.2,3,4,11 

1,*,3 

1,5,6,7,8,11 

2,9,11 

2.10 

12,ll 

13,il 

14 

2.9 

2,9,15,16 

11 

11 

11 

11 

2 

17.18 

17,18 

19 

19 

19 

19 

19 

11,22 

11.23 

20,21,24 

_ 
TheKnOdynamiC properties used in these calculations. 13) Grund and Pizy (1952), 14) Barton (1982). Barton 2 

11 This study 2) Robie et al. t1979), 3) Peacor al., 11982). 15) Douglass and Ditmacs (1967). 16) 

xv"::L% Ii! 1" 

arbitraxlychosen to fit entropy Skinner (19661, 171 Anovitz et al. (1987 1, 181 Robie 

, 5) Stuve and Fsrrante (19801, 6) and Hemingway (19811, 19) Rogn&n et al. (19821, 20) -- 
Clausen (1936). 7) Brosset (1938). 8) Dewioy 119701, 9) Ko et al. (19771. 211 Bennington (19811, 22) JCPDS. -- 
CODATA (19771, 10) Haselton et al. (1983), 11) Chase g Card NO. 18-638, 231 Ebert (1931). 24) Hemingway -- 
". (1985), 12) Timoshenkov et al. (19751, -- (uopb.1 
0 0 ST - $2V8 n AlnT t B 10-3T + C 105,'T2 + D 

villiaumite must be stable instead of the cryolite-bear- villiaumite in nepheiine syenites (Lovozero, USSR: 
ing assemblage (Cy-AbNe and Cy-Ab-Vl) on the basis VLASOV fi al., 1966; Ilimaussaq, Greentand: BONBAM 
of the occurrence of the assemblage nepheiine-a~bite- and FERGUSON, 1962; Iles de Los, French Guinea: 

tOGlO f F2 

FIG. f. Phase equilibria in the system Na-Fe-Al-%-O-F infOz-f‘F2 space at IO00 K and i bar. Reactions 
involving SiF, and AlF3 are calculated assuming the fugacities of these fluids to be I. 
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02 (SiO& 

FiG. 2. Coexisting solid phases in the system Na-Al-Si-O- 
F at 1000 K, 1 bar, shown in the composition space AIFS- 
NaF-Si02-A102,J-Na0,, 

LACROIX, 1908). She notes, however, that the Gibbs’ 
energy of reaction (5) 

2 Cryolite + Albite + 4 HZ0 

= 3 Nepheline + 4 Villiaumite + 8 HF (5) 

is positive at 1 bar, 6OO”C, and that cryolite-albite 
bearing assemblages are therefore more stable than the 
nepheline-~lliaumite bearing ones more commonly 
reported. This argument ignores the effects of variable 
fluid compositions on mineral stabihties in this system. 
In our water-free system, reaction (5) is represented by 

2 Cryolite + Albite + 2 O2 

= 3 Nepheline + 4 Villiaumite + 4 Fz . (6) 

Reaction (6) implies that the nepheline-albite-vil- 
liaumite assemblage noted by Kogarko is stabilized by 
oxygen fugacities too high or fluorine fugacities too 
low to stabilize cryolite (Figs. I, 3). 

The calculations also suggest that the albitequartz- 
sillimanite~olite (or vil~aum~te) assembhrge o~ca- 
sionally used as an experimental HF buffer must be 
metastable (BURT, 1979; Fig. 3; BURT and LONDON, 
1982). In addition, not shown on our diagrams are the 
metastable reactions: 

2 Albite + 2 FZ 

= 2 Vi~~umite + Fluortopaz -t 5 Quartz + 0~ (7) 

and 

5 Albite + 8 Fz 

= Chiolite -I- Fluortopaz -?- 14 Quartz + 4 02 (8) 

both of which occur at f’F2 values above the stable 
reaction 

3 Albite + 4 I”? 

= Cryolite + Fluortopaz -+- 8 Quartz f 2 OZ. (9) 

Because reaction (7) is metastable relative to reaction 
(9) and occurs at conditions where fluortopaz is stable 
instead of sillimanite (or andalusite), Burt’s conclusion 
that the albitequartz-sillimanite-villiaumite assem- 
blage is me&stable must be correct, as the exchange 
of sillimanite for fluo~opaz in reaction (7) can only 
generate a reaction which is itself metastable with re- 
spect to both reactions (7) and (9). 

STORMER and CARMICHAEL (1970) and BURT 
(1979) have suggested on the basis of natural assem- 
blages that reaction (9) controls the upper stability of 
albite, and this suggestion is also supported by our cal- 
culations. ThefF; difference between reactions (8) and 
(9) is, however, only 0.1 log units at 1000 K and 1 bar. 
Relatively large uncertainties remain in Gibbs’ energies 
of cryolite, chiolite, and villiaumite (24.2, +4.6, kO.7 
kJ respectively, ROBIE et al., 1979). These differences 
are large enough to shift the equilibria in favor of re- 
action (8). If reaction (8) is indeed stable, reaction (10) 

FIG. 3. Projections from excess F2 and O2 into Si-Al-Na 
space, showing the changes in assemblages with incmasing 
fFz at 1000 K and 1 bar. The sequence of compatibility tri- 
angles represents the successive equilibrium fluoridation of 
oxides and silicates. 
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5 Cryolite + 2 Fluortopaz + 4 Fz 

=3Chiolite+2Quartz+20z (10) 

is metastable and 

7 Cryolite + 3 Fluortopaz + 4 FZ 

and 

= 4 Chiolite + Albite + 2 02 ( 11) 

Cryolite + 2 Albite + 4 Fr 

= Chiolite + 6 Quartz + 2 O2 ( 12) 

become stable reactions at fPz values below the 
breakdown of albite. 

The relative scarcity of chiolite (BAILEY, 1980) may 
be explained in terms of the high fluorine fugacities 
necessary for its stabilization at geologically reasonable 
f Or conditions. At the f Fz conditions where chiolite 
becomes stable most fluorine-free silicates have already 
become unstable. Indeed, SiF4 fugacities may be high 
enough (see below) that remaining silicates will begin 
to vaporize. 

Our calculations suggest that the assemblage vil- 
liaumite + quartz has a wide stability field (Figs. 1,3). 
On the basis of natural assemblages, however, 
STORMER and CARMICHAEL (1970) suggest that vil- 
liaumite and quartz are incompatible. Stormer and 
Carmichael noted that the stability of villiaumite may 
be related to the presence of iron-bearing phases. 
Though their reaction (1) (villiaumite f albite + mag- 
netite = acmite + nepheline) appears to be metastable, 
the presence of magnetite limits the stability of vil- 
liaumite with either nepheline or albite tofOZ values 
below the stability limit of cryolite plus quartz at for 
values below the QFM buffer. This assemblage strongly 
restricts, but does not eliminate the stability field of 
villiaumite plus quartz at 1050 K and 1 bar. 

STORMER and CARMICHAEL (1970) suggested that 
the antipathy between villiaumite and quartz may be 
due to reaction with plagioclase: 

2 Villiaumite + 4 Quartz 

+ Anorthite = 2 Albite + Fluorite 
+Plagiocla*e~.~ 

(13) 

Figure 4 (their Fig. 2) shows this reaction using our 
data, plotting -log u(Si02) as a function of plagioclase 
composition. The plagioclase activity model of NEW- 
TON et al. (1980) were used in this calculation. Reduced 
silica activity or reduced anorthite content in plagio- 
clase favors the stability of villiaumi~ (STORMER and 
CARMICHAEL, 1970). The instability of villiaumite plus 
quartz in natural Ca-bearing system is thus explained, 
as only a small anorthite component in the plagioclase 
is necessary to destabilize the assemblage villiaumite- 
quartz. 

In the system Na-AM&O-F all oxidation and re- 
duction is related to the exchange of oxygen and flu- 
orine. As the oxygenftluotine charge ratio is fixed at 
2: 1, all exchange reactions in this system will have two 
fluorine molecules for every oxygen molecule in the 
reaction. The slopes of all reactions are therefore par- 

0 

25 . 

T: IOOOK 

t 

50 
P= 

0” 75 
G I\ 1 

10 9 .8 7 6 5 4 .3 .2 ,I 
XI8 

FIG. 4. Reaction (13) at 1000 K and 1 bar plotted as a 
function of the activity of plagioelase and the activity of quartz. 
This diagram is a rwalculated version of Fig. 2 in STORMER 
and CARMICHAEL ( 1970). 

allel in log f O&og f Fz space and the fugacities of 
these two fluid ~rn~nen~ are not independent. BURT 
( 1972) has proposed that both fluorine and oxygen may 
be represented by the exchange operator FzO-i which 
permits consideration of another independent variable 
on a single two-dimensional diagram. This operator 
may be defined as 

2F20-,=2F2-Oz. (14) 

This equation may be added to any reaction of interest. 
For instance, adding reactions (8) and ( 14) yields 

5 Albite + 8 Fro_ g 

= Chidite + Fluortopaz + 14 Quartz ( 15) 

for which 

log K = -8 log SF20-, = 8 log (SFz/(fOz)0.5). (16) 

The calculated value of logfFzO_, is therefore equal 
to logfF2 at 1ogfOz = 0. 

Figure 5 shows reactions in the system Na-Al-Si-O- 
F as a function of temperature andfFzO_, , This dia- 
gram has been plotted relative to the reaction 

2 Corundum + 6 FZ = 4 AlF, + 3 O2 (17) 

(cj ANOVITZ et al., 1985) in order to allow greater 
clarity in its plantation. The effects of temperature 
are quite marked Plotted reactions have similar 
fF2O_i/T’ slopes except for the quartz - SiFa(g) and 
fluortopaz - AlF, - SiF4(g) reactions, which have dif- 
ferent slopes due to the participation of additional fluid 
species. 

Silicon-fluoride fugacities 

In quartz-bearing rocks, the fugacities of the fluid 
species SiF,(g), SiF&), SiF2(g) and SiF(g) may be 
readily calculated. Figure 1 shows the limit of stability 
of quartz at logfSiF4 = 0 using 
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The system Na-Fe-Al-Si-0-f’ 

The addition of iron to Na-AI-Si-O-F allows consid- 
eration of additional reactions with iron silicates and 
iron oxides including hematite, magnetite. fayalite. 
wiistite, iron, almandine, hercynite and acmite (Fig. 
1). Indifferent reactions from the Fe-free system have 
been omitted. As the calculations (Fig. 6) show that 
acmite is not stable at 1 bar and 1000 K, no diagram 
of its stabihty is presented. The calculations of METZ 
et al. (I 983) show that almandine becomes metastabte 
relative to sillimanite, fayahte, and quartz below ap- 
proximately 2 kbar, and aimandine may therefore be 
ignored in calculations of phase equilibria at 1 bar. 

700 800 900 
T (K) 

In this system it is no longer possible to use the F,Q_, 
operator to display gas fugacities as a function of tem- 
perature on one diagram, because oxidation and re- 
duction are no longer solely a function of the exchange 
of oxygen and fluorine. The ratio of F2 to O2 is no 
longer constrained to be 2: 1 because iron may be ox- 
idized or reduced in a reaction. The stability of end- 
member acmite is limited to high JO, and low .f F2 
(Fig. 6). STORMER and CARMICHAEL ( 1970) suggested 
several reactions involving acmite and cryohte. in- 
chiding: 

FIG. 5. Effects of temperature on reactions in the system 
Na-AI-%-O-F, plotting A log fF20_, (A log (fF2/(j”02)o.5)) 
as a function of temperature at 1 bar relative to the reaction 
of A120, to AIF, atfAlF, = 1, 

12 Acmite -I- 3 Cryolite = 18 Viiliaumite 

+ 4 Magnetite f 3 Albite + 15 Quartz + OZ (22) 

and 

6 Acmite + 3 Albite + 9 Fz = 3 Cryolite 

i-2 I Quartz + 2 Magnetite + 5 02. (23) 

Quartz + 2 FZ = SiF&) + 02, tog,, K = 38.7 

(1000 K, 1 bar). (18) 

The fugacity of SiF, in equilib~um with quartz may 
be calculated given values for ,fFz and for .fO,. The 
reactions: 

2 Quartz + 3 FZ = 2 SiFj f 2 0,: log,, K = 32.6 

(IOOOK, 1 bar) (19) 

1 Quartz f FZ = SiFz + O2 ; 

and 

log,,, K = -5.8 

( 1000 K, 1 bar) (20) 

2Quartz+Fz=2SiF+2Oz; log,, K = -63.4 

(1000 K, 1 bar) (2 I) 

yield the fugacities of the other silicon-fluoride species 
in equilibrium with quartz. As expected, these calcu- 
lations show that SiF, is the most important of the 
silicon fluoride species at f0, and f Fr values of geo- 
logical interest. Indeed, at the highfF&Or implied 
by the presence of cryolite, significant Si may be trans- 
ported in the vapor phase as SiF,&g). I bar pressure. 

p 
I AbMt 

FO Nm 

Fa Ne 

CIll” -8 1 I I I II J 
@ 700 800 900 1000 - ,._L 

1 IKI 

FIG. 6. Reactions independent ofJ‘F, in the iron-bearing 
system plotted as a function of A logf02 relative to the he- 
matite/magnetite buffer and temperature. Calculations are for 
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However, reaction (23) is metastable with respect to The phase relations involving fayaiite and the iron 
the reactions limiting the stability of acmite (Fig. 6). oxides at Iower oxygen fugacities are complex (Fig. l), 
Reaction (22) is invariant at fixed pressure and tem- but the reactions are symmetrical about the wi.istite 

perature, and metastable with respect to the hematite/ field. Individual reactions involving iron-bearing phases 
magnetite buffer. Acmite is reduced by the reaction are related above and below this field by reaction (26): 

12 Acmite = 6 Natrosilite + 4 Magnetite 

+ 12 Quartz+02. (24) 

This result is somewhat surprising in light of the ex- 
periments of ERNST (1962) in which acmite is inferred 
to be a stable phase atfOz conditions below the QFM 
buffer at approximately 750%. The experimental error 
in the calorimetric data for acmite (BENNINGTON, 
1981; k3.0 kJ/mol) is too small to account for this 
discrepancy. Figure 6 shows the lower stability of ac- 
mite as a function of temperature plotted relative to 
the hematite/magnetite buffer (cf: ANOVITZ et al., 
1985). Our calculations show that acmite is stable to 

j-01 conditions below the QFM buffer only for T 
< 570°C. Reaction (23), which involves natrosilite, is 
not likely to control the stability of acmite in nature. 
However, it does represent an absolute limit to acmite 
stability and suggests that the ex~~men~lly derived 
equilibria of ERNST (1962) are met&able or contain 
unreported solid-solutions. Reaction (25) 

Magnetite = 3 Fe + 2 OZ. (26) 

Thus, discussions for magnetite-bearing reactions apply 
equally well for reactions in the iron field, and the iron- 
bearing reactions are not further discussed. 

In the absence of quartz, the presence of corundum, 
andalusite, natrosilite, or albite severely restricts the 
stability of magnetite at 1 bar, 1000 K by the reactions: 

2 Magnetite + 6 Corundum = 6 Hercynite + 02, (27) 

2 Magnetite + 6 Andalusite 

= 6 Hercynite + 6 Quartz + 02, (28) 

2 Magnetite + 3 Natrosilite 

and 

= 3 Fayalite + Na-metasilicate + OXI (29) 

4 Magnetite + 3 Albite 

4 Acmite + 3 Nepheline 

= 3 Albite + 2 Hematite + 2 Na-metasilicate (25) 

places an upper temperature limit on natural samples 
with the assemblage pyroxene + nepheline assuming 
that the effects of pressure and solid-solutions are taken 
into account (Fig. 7). 

= 6 Fayalite + 3 Nepheline + 2 OZ. (30) 

Reaction (30) restricts the stability of fayalite-nepheline 
to conditions below the QFM buffer in quartz-under- 
saturated rocks (Figs. 1, 6). While marked, the effect 
of temperature on reactions (27)-(30) is similar to that 
for the QFM buffer (Fig. 6). With the exception of 
reaction (28), the only changes in these reactions result 
from their intersections with reactions involving ac- 
mite. At 955 K, I bar, reaction (28) intersects 

I / I ’ I 

T(KI 

FIG. 7. Reactions limiting the stability of acmite which are 
independent of both oxygen and fluorine fugacity shown as 
a function of pressure and temperature. 

2 Hercynite + 3 Quartz 

= Fayalite + 2 Andalusite. (3 1) 

At temperatures below this invariant point the reaction 

2 Magnetite + 2 Andalusite 

= 2 Fayalite + 2 Hercynite -t 02 (32) 

limits the lower stability of andalusite + magnetite. 
While these reactions are metastable with respect to 
others involving anhydrous Fe-cordierite, calculations 
of the stable equilibria cannot be conducted until ac- 
curate data are available for iron-cordierite. 

Reactions in the system Na-Fe-Al-S-O-F are im- 
portant for limiting the conditions of formation of 
many rocks. Below QFM the stabilities of both albite 
and nepheline are limited in the presence of iron-bear- 
ing phases to fluorine fugacities several orders of mag- 
nitude below those at which these phases break down 
at higher oxygen fugacities. For instance, in the pres- 
ence of magnetite, the stability of albite is limited by 
reaction (30) in the fluorine-free system, and reactions 
(58), (611, and (63) in the fluorine/oxygen system at 
fluorine fugacities well below those defined by reaction 
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(9). Similarly, the stabilities of chiolite, fluortopaz, and 
cryolite are limited to more fluorine-rich conditions at 
oxygen fugacities below QFM than in the iron-free 
system. 

Phase relations in the system Na-Fe-Al-Si-O-F may 
be used to constrain the P, T, log for, and 108 fF2 
conditions in a number of metamorphic and igneous 
environments. These include metamorphosed nephe- 
line syenites, saturated and unde~tumt~ alkaline in- 
trusives (this paper), fayalite granites (BOHLEN and Es- 
SENE, 1978) and topaz rhyolites (BURT, 1979). Cal- 
culations in this system may also constrain the fluorine 
fugacities of any rock in which a mineral or assemblage 
in the fluorine-free system (e.g., sillimanite or anda- 
lusite) is stable at the expense of its fluorine counter 
(e.g., fluortopaz). 

We will use the phase equilibria presented above to 
discuss two examples, the Ivigtut cryolite deposit and 
the Ilimaussaq alkaline intrusive complex of south- 
western Greenland. All analyses referenced in this dis- 
cussion are listed in Table 11. The Ivigtut body and 
the Ilimaussaq alkaline intrusion form part of the 1.1 
to 1.3 Ga. Gardar intrusive series of southern Green- 
land (UPTON, 1974). At Ivigtut, the cryolite ore caps 
a narrow alkaline granite intrusion and is itself capped 
by a chilled porphyritic microgranitic roof which may 
have helped to trap the fluorine (BAILEY, 1980). De- 
scriptions of the geology of this body are given by BAL- 
DAUF ( I9 lo), B&XILD (1953), PAULY ( 1960, 19741, 
BERTHEL~EN (1962), BERTHELSEN and HENRIKSEN 
(1975), BLAXLAND ( 1976), and BAILEY (1980). The 
cryolite ore body consisted of several “shells” of dif- 
fering mineralogy. The main ore body was the siderite- 
cryolite shell which also contained a few percent quartz, 
sphalerite, galena, chalcopyrite, pyrite, pyrrhotite, and 
fluorite. In addition, PAULY (1960) lists nineteen other 
minerals which have been identified in this unit. 

Underlying the siderite-cryolite shell to the west was 

the fluorite-cryolite shell which also contained topaz, 
muscovite, weberite, jarlite and chiolite. This was in 
turn underlain by a shell consisting of fluorite, topaz, 
muscovite, and quartz. To the east a shell consisting 
of siderite and quartz underlay the siderite-cryolite ore. 

Assuming that the minerals listed above represent 
equilibrium assemblages, limits may be placed on the 
log (fFz/‘Ot’) conditions of the cryolite deposition 
in several of the shells. The assemblage cryolite-quartz 
constrains the siderite-cryolite shell to log JFZ[f‘Oh).5 
conditions above the reaction 

Cryolite + 3 Quartz + Or 

= 2 Vilhaumite + Albite + 2 FZ (33) 

and below the volatilization of quartz (reaction 18). 
The assemblage cryolite-topaz-chiolite restricts the 
log (f Fz/f Of”) conditions of the ~uo~te~~oljte shell 
by the breakdown of chiolite to cryolite and corundum: 

3 Chiolite f 3 Or 

= 5 Cryolite + 2 Corundum + 6 F2 (34) 

and by reaction (lo), which involves the ~uo~~t~on 
of cryolite and topaz to chiolite and quartz. At 1000 
K reactions (10) and (33) restrict A log (fFr/SOp”) in 
the fluorite-cryolite shell to within 0.55 log units 
(Fig. 1). 

The Ilimaussaq intrusion represents a series of rocks 
crystallized from a highly unde~t~t~ peralkaline 
magma. LARSEN (1976) considered that most, if not 
all of the rock layers present formed as cumulates. Two 
layers within this body, sodalite foyalite and naujaite 
contain apatite, magnetite, fayalite, hedenbergite, alkali 
feldspar, nepheline, sodalite and eudialyte, which Lar- 
sen considered to be a liquidus (appro~mately 800°C) 
assemblage. Aegirine also appears in these rocks as an 
intercumulous phase which is interpreted to have 
formed at or near the solidus at approximately 500°C 
(LARSEN, 1976). In addition, BONDAM and FERCXBON 
(1962) reported the occurrence of villiaumite in the 

gable 11. Mineral formulae from the fiimaussaq Intrusion, Greenland. 

Rock Naujaite sodalite Foyalite 

Mineral' oliv Ht Kep Se Hd AC Vl OliV "t Rsp Ne Hd AC 

Si -- 

;$ 

1.00 3.00 0.99 1.95 1.98 -- 1.00 -- 3.00 0.99 1.95 1.98 

I: II 0 1_ 99 1 I_ 00 6 I_ 04 0.02 0.02 -- -_ -- -- -- __ 0.99 -- 1.00 -_ 0.04 i_ 0.02 0.02 

Ti -_ 0.65 -- -- 0.0* 0.00 -- -- 0.65 -- -- 0.01 0.04 

Sr3+ II 0.70 -- 0.01 -- 0.01 -- 0.01 0.14 0.97 __ __ -- __ -- 

5+,2+ 

0.70 __ 0.01 __ 0.01 -- 0.00 0.11 0.84 -- 

1.91 1.65 -- -- 0.82 -- -- 1.89 1.65 -- -- 0.84 0.07 

nn 0.07 -_ -- -- 0.03 0.00 -- 0.08 _" -- _- 0.03 0.01 

H9 0.00 -- -- 0.00 0.02 -- -- 0.01 -- -- 0.00 0.04 -- 

Ca 0.02 -- -- 0.01 0.85 0.01 -- 0.02 __ -- -- 0.90 0.10 

Na __ __ 0.31 0.74 0.14 0.99 1.00 -- -- 0.31 0.74 0.08 0.93 

II __ __ 0.69 0.29 _- __ __ _- __ 0.69 0.25 -- -- 
P -- __ __ -- -- -- 1.00 -_ __ _- -- -_ -- 

0 4.00 3.00 8.00 4.00 6.00 6.00 -- 4.00 3.00 8.00 4.00 6.00 6.00 

olivina, magnetite and pyroxene anslymas from Larsen (19761. feldspar and nepheli~ 

from currie et al. (19751, villiaumite analysis from Sondam and Perguson (1962). 
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naujaite, although it is unclear whether it formed as 
part of the crystallization sequence or during a later 
subsolidus event. 

The assemblage feldspar-magnetite-fayalite-nephe- 
line fixes fOz by reaction (30). At 1000 K, 1 bar the 
calculated logfq values for the sodalite foyalite and 
the naujaite are - 19.2 and - 19.3, respectively, when 
corrected for solid-solutions using the models of SPEN- 
CER and LINDSLEY ( 198 1) for magnetite, and NEWTON 
et al. ( 1980) for albite, and assuming ideal mixing for 
nepheline and fayalite. 

The QFM buffer allows additions instants to be 
placed on the conditions of c~stal~~tion of the Ili- 
maussaq intrusion. LARSEN (1976) noted that given 
the absence of quartz and the presence of magnetite 
and fayalite, oxygen fugacities at Ilimaussaq were 
probably reduced well below QFM. This analysis is 
supported by our calculations which place the fugacity 
of oxygen approximately 3.2 log units below QFM at 
1000 K. AsfOz is known from reaction (29), however, 
calculation of the QFM buffer may be used to find the 
activity of SiOz in these rocks. For the average for 
this calculation yields log,0 aSi = - 1.1. If we assume 
that the reported ~lliaumite ~uilibmt~ with albite 
and nepheline, limits may be placed on the f F2 in the 
naujaite. The assemblage nepheline-~lliaumite limits 
the maximumfFz by reaction (6), while reaction (35) 

Nepheline + 2 Na-metasilicate + 2 F2 

= Albite + 4 Villiaumite + O2 (35) 

allows calculation of a minimum fluorine fugacity for 
the assemblage albite-villiaumite. Using the average 
f0, calculated above, -33.0 i, logfF, zz -31.8 at 
1000 K. 

Fluorine fugacities are important sensors of the local 
en~onmen~ in a wide variety of alkaline rocks. The 
mineral assemblages found in the system Na-Fe-Al-Si- 
O-F will define or constrainfOz ,fF2 and temperature 
in other alkalic intrusives, metapelites, and A-type 
granites. These reactions may also be useful for limiting 
fluorine and oxygen fugacities in rocks which contain 
no fluorine-bearing phases. In addition, the thermo- 
dynamic data and the phase equilibria derived from 
them serve as a basis from which reactions in more 
complex systems (e.g., Na-K-Ca-Fe-Al-Si-O-F-H) may 
be calculated. 
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