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Low-temperature heat capacities for sillimanite, fibrolite, and both fine-grained and
coarse-grained quartz have been measured. Superambient heat capacities have been mea-
sured for four sillimanite, two andalusite, one kyanite, and two fibrolite samples. The
following equations are recommended for the temperature dependence of the heat capac-
ities of kyanite, andalusite, sillimanite, and fibrolite:

Cg (kyanite)

:  279.435 _ j .124 x 10_32 _ 2.2g936 x 1037tr_05 _ 2.0556 x t06T_2
(valid 298.15-2000 K, average deviation 0.17o/o)

CB (andalusite)

:  277.306 -  6.588 x l0-3?" -  2.26560 x 1037-05 -  l .9 l4 l  x  106T-2
(valid 298.15-2000 K, average deviation 0.24o/o)

Cg (sillimanite)

:290.190 _ 6.900 x 10_32 _ 2.39937 x l03f_05 _ t .3 j5 j3 x  t06T 2

(valid 298.15-2000 K, average deviation 0.52o/o)

Cg (fibrolite)

:417.596 -  70.2335 x 10-32_ 5.00119 x 103? 05 + 1.45450 x t06T 2

(valid 298.15-800 K, average deviation 0.25o/o)

CB (fibrolite)

:306.108 -  9.99098 x l0-3f  -  3 .48957 x 1037 05 + 7.81586 x 106T 2

(valid 800-2000 K, average deviation 0.160/o).

The heat capacity functions have been combined with thermal expansion (fibrolite and
sillimanite reported here), enthalpy of solution, and phase equilibrium data in order to
construct a phase diagram for the AlrSiOs polymorphs. The recommended thermodynamic
properties of entropy and enthalpy of formation aI 298.15 K consistent with the phase
diagram are 95.40 + 0.52 J/mol.K and -2586.1 + 3 kJ/mol for sillimanite,95.43 +
0.55 J/mol'K and -2586.1 + 3 kJlmol for f ibrolite, 82.80 + 0.50 J/mol.K and -2593.8
+ 3 kJ/mol for kyanite, and 91.39 ! 0.52 J/mol.K and -2589.9 + 3 kJlmol for anda-
lusite. These values have been derived by minimizing the differences between the exper-
imentally measured and calculated properties. The triple point was located at 3.87 + 0.3
kbar and 784 + 20 K.

Anomalous thermal response of a fibrolite sample near room temperature is interpreted
as a slow structural change in fibrolite. The heat effect would appear small for the com-
pleted transition; however, failure of fibrolite to transform could result in larger measured
heat capacities for the sample at temperatures above room temperature than those mea-
sured for the transformed sample. This may explain why the heat capacities reported by
Salje (1986) for fibrolite are about 2o/olarger than those reported here.

Lack ofa demonstrated excess heat capacity for novaculite at low temperatures suggests
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that aggregates of cemented or intergrown small crystals do not have the same degree of
surface lattice distortion and degrees offreedom for surface atoms and consequently have
smaller surface energies than powders of the same mineral. The chemically similar qvartz
grains and quartz cement of the novaculite represent one limit on the excess properties
that fine-grained geologic materials may exhibit.

INrnonucrrox

The AlrSiO, polymorphs, kyanite, andalusite, and sil-
limanite, constitute a fundamental system for a quanti-
tative petrogenetic grid for metamorphic petrology. How-
ever, the univariant equilibria ofthis system are located
by only a few experimental phase-reversal brackets and
by recent thermochemical data. The equilibrium bound-
aries selected in recent studies represent the best esti-
mates of the locations and slopes, but the choices are not
unique (Day and Kumin, 1980).

A "fibrolite effect" was postulated by Holdaway (1971)
to explain the observed difference between phase equilib-
ria results he obtained for the AlrSiOs polymorphs and
those ofRichardson et al. (1968a, 1968b, 1969). Fibro-
lite, a fine-grained acicular variety of sillimanite, was
considered by Holdaway (197l) to have formed metasta-
bly through rapid crystallization that resulted in possible
Al-Si disorder and possible excess silica. The sillimanite
sample used by Richardson et al. (1968a, 1968b, 1969)
was considered by Holdaway (1971) to be less stable than
coarse-grained sillimanite because it contained fibrolite.
However, Cameron and Ashworth (1972) found no evi-
dence for Al-Si disorder from electron diffraction and in-
frared spectroscopic studies ofa sample they considered
to be a typical fibrolite, and they concluded that both
fibrolite and sillimanite are ordered. Salje (1986) has re-
vived the concept ofa fibrolite efect that, ifshown to be
correct, would greatly modifu our understanding of the
phase diagram for the AlrSiO5 polymorphs.

The entropy and volume changes ofthe reactions be-
tween the polymorphs (Clapeyron equation) may be used
as additional constraints on the slopes of the reaction
boundaries estimated from phase equilibrium data. Re-
cent measurements of the low-temperature heat capaci-
ties of kyanite (Minas Gerais, Brazil), andalusite (Espirito
Santo, Brazil), and sillimanite (Reinbolt Hills, Antarcti-
ca) by Robie and Hemingway (1984) were used to cal-
culate revised values for the entropies ofthese phases and
to make slight modifications to the AlrSiO, phase dia-
gram. Salje (1986) has concluded that the entropy for
sillimanite reported by Robie and Hemingway (198a) is
too low. Salje (1986) calculated the entropy of sillimanite
using the method of Salje and Werneke (1982) and com-
bined this value with new differential scanning calori-
metric heat capacity measurements for superambient
temperatures for sillimanite and fibrolite to calculate re-
vised boundaries for the andalusite + sillimanite and an-
dalusite + fibrolite equilibria.

We have obtained gem quality sillimanite (Sri Lanka)
and an excellent fibrolite (Lewiston, Idaho) to reevaluate

the sillimanite heat capacities reported by Robie and
Hemingway (1984) and the hypothesis and calculations
of Salje (1986). The low-temperature heat capacities for
these samples are reported in this study. Additionally, we
have measured the heat capacities by differential scan-
ning calorimetry (DSC) between 340 and 1000 K of sil-
limanite from Sri Lanka, Antarctica, Benson Mines (New
York), and Brandywine Springs (Delaware); of fibrolite
from Lewiston (Idaho) and South Australia; of andalusite
from Espirito Santo (Brazil) and Standish (Maine); and
kyanite from Minas Gerais (Brazil).

Differences in the apparent stability of fibrolite and sil-
limanite have been attributed to surface energy contri-
butions arising from the small crystallites in fibrolite
(Cameron and Ashworth, 1972; Salje, 1986; Kerrick,
1987). Using HF solution calorimetry, Hemingway and
Robie (1977) have shown that surface energy contribu-
tions to the enthalpy of solution of quartz can be mea-
sured for powders of quartz grains <2 pm in size. Gi-
auque and Archibald (1937) have shown that powders of
fine-grained crystals show excess heat capacity at subam-
bient temperatures and have attributed the excess heat
capacity to surface energy contributions. Salje (1986) has
shown that sillimanite ground to a fine particle size will
exhibit excess heat capacity at superambient tempera-
tures. It is not clear whether small crystallites cemented
together or intergrown, as would be the case for geologic
materials in general and fibrolite in this case, would show
the same magnitude of contribution to the thermody-
namic properties arising from surface energy that free
powders of the same material would show. Consequently,
we have chosen to model this problem using Arkansas
novaculite that contains quartz crystallites of <2 pmthat
are cemented with quartz. Low-temperature heat capac-
ity measurements of Arkansas novaculite and Brazilian
quartzarc reported here and are compared with heat ca-
pacity measurements of quartz obtained from the litera-
ture.

M,l,rnnrlr-s

Sillimanite. Gem quality sillimanite from Sri Lanka
was kindly provided by Carl Francis, Curator, Harvard
University Mineral Museum. The calorimetric sample
mass was 31.8267 g corrected for buoyancy. The average
of microprobe analyses of four crystals is AlrO, 63.08,
SiO, 36.68, MgO 0.06, KrO 0.00, TiOr 0.00, VrOs 0.02,
CrrO, 0.02, MnO 0.02, and FerO, 0.26 wto/o as compared
with AlrO3 62.93 and SiO, 37.07 wto/o for AlrSiOr. The
sample chemistry was also determined by J. B. Bodkin



and N. H. Suhr of the Mineral Constitution Laboratory
at the Pennsylvania State University using quantitative
spectrochemical analysis. Their analysis (number 89-67)
gives AlrO, 62.41, SiO2 37.10, MgO 0.055, CaO 0.11,
K,O 0.017, NarO <0.01, TiOr 0.008, YrO, 0.01, BeO
0.027, FerOr 0.20 wto/0, and HrO- and HrO* looked for
but not found. The sample was analyzed by modern X-
ray diffraction and NMR methods at the Pennsylvania
State University (Kerrick, 1990).

Fibrolite. Fibrolite from Lewiston, Idaho, was also an-
alyzed by quantitative spectrochemical analysis at the
Mineral Constitution Laboratory ofthe Pennsylvania Slate
University. The resulting analysis gives A1rO.61.5, SiO,
37.9, MgO 0.03, CaO 0.12, KrO 0.47, Na,O 0.11, TiO,
<0.01, and FerO, O.l4 wto/o. The analysis for HrO is HrO-
0.11 and HrO* 0.61. The impurities (largely in the form
of muscovite and quartz) were not homogeneously dis-
tributed, so the HrO analysis may have a large sampling
error. The calorimetric sample mass was 30.0013 g cor-
rected for buoyancy. A second sample from South Aus-
tralia was obtained for comparison with the Lewiston
sample. No chemical analysis of this sample was made.
The fibrolite samples were analyzed by modern X-ray
diffraction, optical and electron microscopy, and NMR
methods at the Pennsylvania State University (Kerrick,
I 990).

Samples for diferential scanning calorimetric study were
obtained from the materials discussed above and from
portions of samples used in other studies: sillimanite or
fibrolite from Robie and Hemingway (1984, Antarctica),
Richardson et al. (1968a, 1968b, 1969; Brandywine
Springs, Delaware), and Skinner et al. (1961, Benson
Mines, New York); andalusite from Robie and Heming-
way ( I 984, Espirito Santo, Brazil) and Skinner et al. ( I 96 I ,
Standish, Maine); and kyanite from Robie and Heming-
way (1984, Minas Gerais, Brazil). DSC samples weighed
from 29 to 42mg The Sri Lanka, Antarctica, and Espiri-
to Santo and Minas Gerais, Brazil, samples consisted of
one to three coarse crystals. The remaining samples were
powders.

Novaculite. Arkansas novaculite obtained from the
Whetstone quarry was analyzed by quantitative and qual-
itative spectrochemical analysis at the Pennsylvania State
University. Trace (<0.0170) amounts of B, Fe, Mg, Ca,
and Ti were detected. NrO, is 0.ll wto/0. No other im-
purities were detected in this nearly pure SiOr. The ca-
lorimetric sample mass was 28.4817 g corrected for buoy-
ancy.

Brazilian quartz. A crystal of water-clear quartz was
crushed and sieved to * l8 mesh. The sample was washed
with dilute HCl. No chemical analysis of the sample was
made. The calorimetric sample mass was 39.466 g cor-
rected for buoyancy.

The formula weights are based upon the 1975 values
for the atomic weights (Commission on Atomic Weights,
1976). The formula werght for pure stoichiometric kya-
nite, andalusite, fibrolite, and sillimanite is 162.047 g and
for novaculite and quartz is 60.085 g.
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TABLE 1. Experimental low-temperature molar heat capacities
of natural sillimanite (Sri Lanka, molar mass : 1 62.047
s)
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Heat
Temp. capacity

K J/mol .K

Heat
Temp. capacity

K J/mol .K

Heat
Temp. capacity

K J/mol .K

Series 1
300.37 124.3
305.17 125.8
310.47 127.5
315.80 129.0
321.',t7 130.3
326.54 131 .8
331 .88 132.9
337.21 134.7
u2.53 136.3
347.88 137.5

Series 2
8.70 0.0078
9.91 0.0130

10.98 0.0048
12.21 0.0263
13.66 0.0508
15.20 0.0847
16.91 0.1393
18.80 0.2210
20.88 0.3419
23.21 0.5084
25.79 0.7616
28.68 1.156
31 .91 1.744
35.54 2.572
39.63 3.504
44.18 5.122
49.24 6.946
54.93 9.394

Series 3
60.03 11 .41
64.73 13.43
69.32 15.63
74.30 18.11
80.10 21.09
85.78 24.14
91.51 27.36
97.24 30.65

102.87 33.88
108.43 37.07
113.92 40.25
119.33 43.36
124.68 46.48
129.97 49.52
135.20 52.44
140.38 55.43
145.53 58.27
150.64 61 .05
155.71 63.78
160.74 66.51
165.75 69.15
170.72 71.72

Series 4
176.00 74.34
181 .57 77 .19
186.98 79.90
192.44 82.54

Series 4
197.80 85.10
203.14 87.56
208.49 89.93
213.84 92.38
219.22 94.73
224.66 96.99
230.16 99.31
235.75 101 .5
241.39 103.9
247 .07 106.0
252.78 108.1
258.51 110.2
264.24 112.3
270.00 114.4

Series 5
261 .92 111.2

Series 6
257.18 109.8
263.05 11 1 .9
268.92 113.9
274.80 116.0
280.75 118.1
286.68 120.2
292.60 122.2
298.50 124.0
304.39 125.8
310.26 127.3

Appl.RArus AND ExPERTMENTAL

HEAT-CAPACITY RESULTS

Low-temperature heat capacities were measured using
the intermittent heating method under quasi-adiabatic
conditions. The cryostat and general experimental pro-
cedures are described by Robie and Hemingway (1972),
the provisional temperature scales by Robie et al. (1978),
and the electrical measurement system by Hemingway et
al. (198a). Samples were sealed in the calorimeter under
a small pressure of pure He gas (about 5 kPa).

Heat capacities were measured between 7 and 350 K
for samples of the Sri Lanka sillimanite, kwiston fibro-
lite, and Arkansas novaculite and between 50 and 315 K
for Brazilian quartz. The tabulated heat capacities are
given in Tables l-4 in chronological order and have been
corrected for curvature (e.g., Robie and Hemingway,
1972). No corrections were made for deviations of the
sample compositions from the ideal compositions AlrSiO,
or SiOr.

Low-temperature heat capacities were smoothed using
cubic spline smoothing procedures (Robie et al., 1982).
For temperatures below 30 K (excluding the Brazilian
quartz) the smoothed heat capacities and the experimen-
tal values were plotted as 4/T vs. ? and extrapolated
to 0 K. Smoothed values of the heat capacities and ther-
modynamic properties were calculated from the spline
equations and extrapolations for Sri Lanka sillimanite,
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TABLE 2. Experimental low-temperature molar heat capacities
of natural fibrolite (Lewiston, molar mass : 162.047

s)
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Tlgle 3. Experimental low-temperature molar heat capacities
of Arkansas novaculite (quartz, molar mass : 60.085
s)

Heat
Temp. capacity

K J/mol.K

Heat
Temp. capacity

K J/mol K

Heat
Temp. capacity

K J/mol .K

Heat
Temp. capacity

K J/mol K

Heat Heat
Temp. capacity Temp. capacity

K J/mol .K K J/mol 'K

Series 1
335.64 136.5
340.15 137.6
344.95 139.1

Selies 2
8.94 0.0521

10.16 0.0529
11.21 0.0731
12.41 0.0827
13.89 0.1049
15.45 0.1354
17 .17  0 .1909
19.07 0.2801
2 ' t .15  0 .4114
23.47 0.6064
26.07 0.9006
28.97 1.338
32.22 1.992
35 86 2.904
39.95 4.074
44.52 5.610
49.62 7.440
55.30 9.739
61.34 12.58

Series 3
67 .72 15.52
73.57 18.50
78.47 21.05
83.74 23.86
89.42 27.03
94.93 30.21

Series 3
100.39 33.36
105.76 36.44
11 1 .04 39.49
116.24 42.47
121.36 45.43
126.42 48.39
131.44 51 .28
136.39 54.07
141 .30 56.92
146.17 59.64
151.00 62.29
155.81 64.89
160.58 67.40
165.33 69.98
170.05 72.50
174.76 74.92
179.45 77.22
184.12 79.54
188.79 81.76

Series 4't90.27 82.54
194.99 84.78
199.70 86.90
204.47 89.23
208.99 91.50
213.52 93.26
218.06 95.20
222.61 97.30
227.20 99.21
231.82 101 .1
236.50 103.0

Series 4
241 21 105.0
245.97 107.1
250.77 108.8
255.60 1 10.6
260,44 112.4
265.33 114.2
270.25 116.0
275.15 117.8
280.03 1 19.6
284.90 121.2
289.76 122.9
294.59 124.3
299.40 126.1
304.20 127.7
308.98 129.1

Series 5
314.34 130.3
319.25 132.3
323.97 133.9
328.69 135.6
333.32 136.8
337.92 137.9

Series 6
342.81 139.2
347.76 140.6
352.47 141.6
357.20 143.0
361.79 144.1
366.36 145.4
370.91 146.6

Series 1
346.35 49.12

Series 2
s2.20 6.309
57.56 7.354
62.19 8.256
67.37 9.275
73.53 10.49
79.48 1 1.64
85.40 12.81
91 .31 14.00
97.18  15 .18

102.95 16.27
108.63 1 7.39
114.23 18.44
1 19.78 19 50
125.27 20.51
130.71 21 .50
136.10 22.49
141.45 23.42
146.75 24.38
152.02 25.29

Series 3
152.78 25.47
157.98 26.40
162.83 27.16
167 .72 27.95
't72.53 28.74
177.32 29.41
1 82.08 30.13
186.84 30.98
191 .60 31 .62
196.36 32.26
201 .10 32.89

Series 3
205.84 33.64
210.60 34.17
215.37 34.84
220j8 35.49
225.04 35.99
229.98 36.68
235.00 37.37
240.08 38.05
245.20 38.49
250.34 39.19
255.51 39.75
260.68 40.30
265.89 40.99
271.11  41  .58
276.31 42.13
281.51 42.81
286.70 43.33
291.87 43.85
297.03 44.24
302.18 45.1 1
307.32 45.66
312.46 45.96

Seiies 4
317.25 46.40
322.37 47.03
327.30 47.49
332.23 47.94
337.28 48.44
342.32 48.75
347.35 49.37
352.40 49.70

Series 5
311.93 45.69

Series 4
302.80 45.05
308.48 45.65
314.34 46.22
320.21 46.74
326.22 47.36

Series 7
301.98 44.97
307.62 45.54
313.40 46.13
319.19 46.70
325.12 47.24

Series I
297.44 44.4'l
303.09 45.04
308.87 45.69

Series I
8.O2 0.0157
8.96 0.0121
9.91 0.0189

11.09 0.0489
12.47 0.0944
13.91 0.1523
15.52 0.2497
17.28 0.3836
19.21 0.5687
21.39 0.8122
23.83 1j26
26.55 't.521

29.60 2.005
33.01 2.609
36.83 3.329
41.14 4.135
45.97 5.082
51 .35 6.1 14
57.31 7.279

Lewiston fibrolite, and Arkansas novaculite and are listed
in Tables 5-7.

The entropy changes, ,9-S3, at 298.15 K are 95.77 +

0.29,97.65 !  0 .29,  and 41.51 + 0.15 J/mol 'K for  s i l l i -
manite, fibrolite, and novaculite, respectively. Our value
for the entropy of the Sri Lanka sillimanite is essentially
identical to the value of 95.79 + 0.14 J/mol'K reported
by Robie and Hemingway (1984) for a sillimanite sample
from Reinbolt Hills, Antarctica. Also our value for the
entropy ofnovaculite is essentially identical to the entro-
py of quartz of 41.46 + 0. I 3 J/mol. K reported by Wes-
trum (unpublished data cited in Stull and Prophet, 1971)
and that of 41.43 + 0.03 J/mol'K from Gurevich and
Khlyustov (1979). The entropy change .$*.''-,$o calcu-
lated from our measurements on Brazilian quartz differs
by 0.02 J/mol'K from the equivalent value calculated
from the heat capacities of the novaculite sample.
Smoothed values for Brazilian quartz measured in this
study differ by from 0.3 to -0.3ol0 from the smoothed
values for novaculite.

The observed entropy for fibrolite may be corrected for
impurities by assuming that the principle of additivity
holds and that I mol of the natural fibrolite sample is
composed of AlrSiOr, 0.0167 of muscovite, 0.0009 of
hematite, and 0.0274 of quartz. Muscovite is estimated
from total alkali and alkaline earth cations. The corrected

TABLE 4. Experimental low-temperature molar heat capacities
of natural quartz (Brazil, molar mass : 60.085 g)

Heat
Temp. capacity

K J/mol.K

Heat Heat
Temp. capacity Temp. capacity

K J/mol.K K J/mol 'K

Series I
51.84 6.256
56.64 7.185
60.74 7.990
65.29 8.873
70.64 9.930
75.82 10.95
80.97 11.97
86.04 ',t2.97

91 .09 13.98
96.12 14.96

1 01 .08 15.93
1 06.97 16.89
1 10.80 17 .83
1 15.38 18.74
120.31 19.63
124.99 20.51
129.04 21.36
134.25 22.20
138.83 23.00

Series 1
143.37 23.81
147.89 24.63
152.37 25.37
1 56.83 26.10
161.27 26.83
165.68 27.55
170.08 28.24
174.45 28.92
178.81 29.60
183.16 30.27
187.50 30.93
191 .84 31 .56
196.17 32.17
200.50 32.81
204.84 33.45
209.19 34.05
213.56 34.63
217.97 35.19
222.42 35.78

Series 1
226.96 36.36
231.60 36.94
236.33 37.55

Series 2
240.74 38.05
245.40 38.66
250.43 39.25
256.02 39.90
261.80 40.57
267.60 41.25
273.40 41.94
279.18 42.58
284.95 43.20
290.71 43.85
296.46 44.47
302.23 45.05
307.98 45.63
313.71 46.20
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Trele 5. Molar thermodynamic properties for sillimanite (Sri Trele 6. Molar thermodynamic properties for fibrolite (Lewis-
Lanka) ton, ldaho)

Heat
Temp. (f) capacity

Kelvin CoP

Enthalpy Gibbs
Entropy function .energy
59 - SB (Ho, - HSltT function

J/mol.K -Go, - HillT

Enthalpy Gibbs
Entropy function 9nergy
So, - SR Ho, _ HgllT tunction

ilroi r 
-' -(69 - HB)lr

Temp. (r)
Kelvin

Heat
capacity

c8

Nofe: The results are not corrected for chemical deviations from stoi-
chiometric Af,SiO5. Molar mass : 162.047 S.

c

1 0
1 5
20
25
30
35
40
45
5U
60

80
90

100
1 1 0
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
273.15
298.15

0.002
0.015
0.084
0.298
0.756
1.380
2.423
3.665
5.367
7.283

11 .43
15.96
21.O4
25.60
32.20
37.98
43.77
49.51
55.1 7
60.71
66.10
71.34
76.42
81.35
86.09
90.65
95.03
99.22

103.2
107.1
1  10 .8
114.4
1  17 .9
121.2
124.3
127.3
130.1
132.8
135.5
1  15 .5
123.7

0.001
0.005
0.020
0.069
0.178
0.358
0.645
1.046
1.573
2.236
3.928
6.021
8.479

1't.27
14.36
17.70
2'1.25
24.98
28.86
32.85
36.94
4't.'t1
45.33
49.60
53.89
58.20
62.52
66.84
71.15
75.44
79.71
83.96
88.18
92.38
96.54

100.7
104.7
108.8't12.8
85.29
95.77

0.005
0.038
0.126
0.335
0.769
1.532
2.667
4.094
5.753
7.606

11.87
16.67
21.87
27.37
33.07
38.86
44.66
50.43
56.12
61.70
67.13
72.39
77.48
82.40
87.14
91.72
96.14

100.4
104.5
108.5
1  12 .3
1  15 .9
1 19.5
122.9
126.2
129.3
132.4
135.4
138.2
141.0
143.8
146.6
117.1
125.6

0.002
0.012
0.042
0.102
0.218
0.420
0.737
1.1  83
1.759
2.460
4.213
6.397
8.958

1 1 . 8 5
15.03
18.45
22.08
25.88
29.83
33.89
38.05
42.28
46.56
s0.88
55.23
59.59
63.96
68.33
72.69
77.04
81.37
85.67
89.95
94.21
98.43

102.6
106.8
1  10 .9
1 15.0
1  19 .0
123.0
127.0
87.O2
97.65

0.000 0.000
0.003 0.002
0.016 0.004
0.056 0.013
0.144 0.034
0.286 0.072
0.514 0 .132
0.826 0.220
1.233 0.340
1.741 0.495
3.007 0.920
4.526 1.495
6.268 2.211
8.210 3.059

10.32 4.032
12.57 5.121
14.93 6.315
17.37 7.607
19.87 8.985
22.41 10.44
24.97 11.97
27.55 13.56
30.12 15.21
32.69 16.91
35.24 18.65
37.77 20.43
40.28 22.24
42.75 24.09
45.19 25.96
47.58 27.85
49.94 29.77
52.26 31.69
54.54 33.64
56.79 35.59
58.99 37.55
61 .14 39.52
63.25 41.50
65.32 43.47
67.34 45.45
52.99 32.30
58.58 37.19

0.001 0.000
0.009 0.003
0.031 0.011
0.076 0.025
0.167 0.051
0.325 0.094
0.575 0.162
0.923 0.261
1.365 0.394
1.895 0.565
3.192 1.020
4.770 1.628
6.578 2.380
8.580 3.269

10.74 4.284
13.04 5.414
15.43 6.650
17.90 7.983
20.43 9.401
22.99 10.90
25.58 '12.46

28.18 14.09
30.78 15.78
33.37 17.51
35.94 19.29
38.49 21.10
41.01 22.95
43.50 24.83
45.96 26.73
48.38 28.66
50.76 30.60
53.11 32.56
55.42 34.54
57.69 36.52
59.91 38.51
62.10 40.51
64.25 42.52
66.36 44.53
68.43 46.54
70.47 48.56
72.47 50.57
74.43 52.58
53.84 33.18
59.50 38.15

c

1 0
1 5
20
25
30
35
40
45
50
60
70
80
90

100
1 1 0
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
273.15
298.15

value for S$-,$ of fibrolite at 298.15 K is 95.93 + 0.55
J/mol.K. Corrections for these impurities are reasonable
because most of the correction results from the adjust-
ment for muscovite, a trace of which was observed in an
X-ray pattern of the sample. The uncertainties here and
elsewhere in the paper have been expanded to include the
estimated uncertainty in the chemical analyses. We con-
sider that most or all such deviations result from analyt-
ical error.

A comparison can be made of the heat capacity and
entropy data for the Sri Ianka and Reinbolt Hills silli-
manite samples. The heat capacities from the two data
sets are in good agreement except at temperatures less
than 50 K, where the heat capacities reported for the
Reinbolt Hills sillimanite show a significant excess heat
capacity. Robie and Hemingway (1984) suggested that
the heat capacities measured in this temperature region
are in excess because the Reinbolt Hills sillimanite con-

Note: The results are not corrected for chemical deviations from stoi-
chiometric AlrSiOs. Molar mass : 162.047 g/mol.

tains about l.2o/o of FerOr; such small concentrations of
Fe in minerals usually produce Schottky contributions
(Gopal, 1966) to the heat capacities measured below about
50 K. Between 130 and 340 K heat capacities for the
Reinbolt Hills sillimanite systematically average 0.27o/o
less than those of the Sri lanka sillimanite. Approxi-
mately half the observed difference may be accounted for
by correcting the Reinbolt Hills sillimanite heat capaci-
ties for the Fe impurity. Correcting the entropy reported
by Robie and Hemingway (1984) for FerO, @einbolt Hills
sillimanite, see Grew, 1980, p. 44) yields 95.85 t 0.55
J/mol.K at 298.15 K. Correcting the entropy of the Sri
Lanka sillimanite for deviations of the sample chemistry
from Al,SiO, yields 95.90 + 0.52 J/mol.K.

Debye temperatures, d3, may be calculated from heat
capacities measured at less than 03/50 or less than about
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TABLE 7. Molar thermodynamic properties for Arkansas novac-
ulite (quartz)
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Temp. (r)
Kelvin

Heat
capacity

v 6

Enthalpy Gibbs
Entropy function energy
s", - s8 (H+- HillT function

J/mol.K -Gor - HSllT

tures calculated for the two sillimanite samples from low-
temperature heat capacities and that calculated from the
elastic constants for sillimanite is as good as can be ex-
pected for natural samples.

DSC measurements were made using the procedures
described by Hemingway et al. (1981). Measurements were
made continuously and in overlapping segments between
340 and 680 K. At higher temperatures, measurements
were made only at selected temperatures. DSC heat ca-
pacities for the four sillimanite, two fibrolite, two anda-
lusite, and one kyanite samples are listed in Table 8. For
temperatures above 1000 I! the heat capacities have been
estimated based upon a coresponding states model with
reference to mean heat capacities calculated from the data
of Pankratz and Kelley (1964). The DSC data for silli-
manite, kyanite, and andalusite have not been corrected
for deviations of the sample chemistry from AlrSiOr. The
uncertainty of the DSC method is considered to be about
lol0, significantly larger than the estimated effect of devi-
ations in sample chemistry.

DSC heat capacities for the two andalusite samples were
equivalent within the uncertainty of DSC method. The
heat capacities from the two data sets (including estimat-
ed values) were combined with the smoothed heat capac-
ities reported by Robie and Hemingway (1984) for the
Espirito Santo andalusite and fitted with the following
equation (Haas and Fisher, 1976) with an average devi-
ation of 0.24o/o.

CB (andalusite)

: 277 .306  -  6 .588  x  10 -32

- 2.26560 x 1037F-os - l.9l4l x 106T 2

(valid from 298.15 to 2000 K).

DSC heat capacities (and estimated values) for kyanite
were combined with the smoothed heat capacities re-
ported by Robie and Hemingway (1984) for the Minas
Gerais kyanite sample and fitted to the following equa-
tion with an average deviation of 0. 17010.

C$ (kyanite)

: 2 7 9 . 4 3 5 - 7 . 1 2 4  x  1 0 - 3 7

- 2.28936 x l03Z-o5 - 2.0556 x 106T-2
(valid from 298.15 to 2000 K).

DSC heat capacities for sillimanite are not as smooth
as those for kyanite and andalusite. The data sets (in-
cluding estimated values) were smoothed individually and
together as one data set. The average deviations of the
data sets from the smooth analytical curyes varied from
about 0.45 to 0.52o/o. Local deviations from the smooth
curve in excess of lolo were seen in the data sets for each
sillimanite and fibrolite sample. Although the differences
observed may represent real differences in the heat ca-
pacities of the samples (arising from differences in sample
chemistry), the smooth analytical expressions are not sta-
tistically different. Therefore, the data for the four silli-

1 0
1 5
20
25
30
35
40
45
50
60
70
80
90

100
1 1 0'120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
273.15
298.15

0.001
0.028
0.216
0.655
1.289
2.077
2.972
3.917
4.885
5.861
7.823
9.789

1 1 . 7 6
13.74
15.71
17.64
19.53
21.38
23.19
24.96
26.68
28.31
29.87
31.36
32.78
34.13
35.44
36.70
37.93
2 0  l e

40.30
41.45
42.57
43.67
44.73
45.76
46.75
47.70
48.63
49.54
41.80
44.54

0.000
0.006
0.044
0.160
0.371
0.674
1.060
1 .518
2.036
2.601
3.843
5.196
6.632
8.131
9.681

11.27
12.89
14.52
16.1  7
17.83
19.50
21.17
22.83
24.48
26.13
27.76
29.38
30.98
32.57
34.14
35.70
37.24
38.77
40.29
41.78
43.27
44.74
46.19
47.63
49.05
37.73
41.51

0.000
0.005
0.036
0.131
0.296
0.525
0.810
1.139
1.501
1.888
2.714
3.584
4.483
5.401
6.334
7.274
8.217
9.159

10.10
1 1 . 0 3
1 1 . 9 5
12.87
13.77
14.66
15.53
16.38
17.22
18.04
18.84
19.63
20.40
21 .16
21.90
22.64
23.36
24.06
24.76
25.44
26.10
26.76
21.40
23.22

0.000
0.001
0.007
0.029
0.075
0.1 48
0.250
0.379
0.534
0.712
1j29
1.612
2.149
2.730
3.347
3.995
4.668
5.363
6.076
6.805
7.546
8.298
9.059
9.828

10.60
11 .38
12.16
12.94
13.73
14.51
15.30
16.08
16.87
17.65
18.43
19.21
19.98
20.75
21.52
22.29
16.33
18.28

Notei The results are not corrected for chemical deviations from stoi-
chiometric SiOr. Molar mass : 60.085 g/mol.

20 K. The resulting Debye temperatures are 900 + 50
and 750 + 50 K for the Sri Lanka sillimanite and kw-
iston fibrolite data, respectively. Robie and Hemingway
(1984) calculated Debye temperatures for the Reinbolt
Hills sillimanite of 730 t 50 and 800 K, respectively,
from their low-temperature heat capacities and from the
single-crystal elastic constants of Vaughan and Weidner
(1978). The smaller Debye temperature calculated for the
Reinbolt Hills sillimanite is consistent with the contri-
bution of an Fe impurity to the heat capacity as discussed
by Robie and Hemingway (1984). Debye temperatures
calculated from low-temperature heat capacities are ex-
tremely sensitive to both impurities and to the total heat
capacity of the sample measured. The presence of Fe, for
example, can cause an excess heat capacity contribution
of the order of l00o/o in heat capacities below 15 K.
Therefore, the agreement betwoen the Debye tempera-
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TABLE 8. Experimental molar heat capacities of fibrolite, sillimanite, andalusite, and kyanite from DSC measurements in the tem-
perature interval 340 to 1000 K

Fibrolite Sillimanite Andalusite Kyanite

Temp. Lewiston
South

Australia Sri Lanka Antarctica
Benson Brandywine
Mine Springs

Espirito
Santo Standish

Minas
Gerais

J/mol .K

349.0
359.1
369.1
379.2
389.3
399.3
409.4
419.5
429.5
439.6
449.6
459.7
469.8
479.8
489.9
499.0
500.0
510.0
520.1
530.2
540.2
549.3
550.3
560.4
570.4
580.5
590.6
599.6
600.6
610.7
620.8
630.8
640.9
651.0
661.0
671.1
680.1
700.3
750.6
760.7
800.9
851.0
899.7
996.2

137.5
140,1
142.6
145.0
147.2
149.4
151  . 2
153.1
155.0
156.7
158.3
159.9
161 .3
162.6
164.2

165.1
166.2
167.3
168.3
169.4
170.0
170.2
171.4
172.1
173.5
174.6
175.5
175 .8
175 .9
177 .1
177.8
178.5
180.0
180.4
181  . 0
182.4

137.1
139.4
141.6
143.6
145.3
147.6
149.4
1 5 1 . 1
153.1
154.7
156.3
157.9
159.6
160.9
162.6
163.8
163.2
164.5
165.1
166.9
168.1

169.0
170.0
171 .6
172.8
174.5
175.3

179.6
183.9

138.5
140.2
142.4
144.4
146.4
148.3
150.2
1 52.1
153.9
155.5
157.0
158.7
160.3
161.6
163.4

164.6
165.9
167.2
169.0
169.8
170.9
170.9
172.2
173.0
174.2
175.4
175.7
175.1
176.4
177.6't78.0

178.9
179.7
180.7
180.9
1 8 1 . 1

185.9
188.7

192.8
196.1

136.1
138.5
140.9
143.5
145.7
147.9
150.0
151  . 7
153.6
155.3
156.7
158.6
1 F O  O

1 6 1 . 1
162.5

163.7
164.8
166.2
167.6
168.6
169.7
170.4
171.O
171.8
173.2
174.O
174.5
174.0
174.6
175.0
't't 4 '?

176.2
177 .1
177.8
178.5
179.0

136.8
138.9
141 .0
143.2
145.0
147.O
148.7
150.5
152.1
154.1
155.6
157.1
158.4
160 .1
161  . 4

162 .8
164.4
166.4
167 .6
169.3
170.2
170.7
'171.4

172.1
173.5
174.2
174.6
't73.4

174.6
175.1
176.2
176.5
177.7
178.7
179.4
179.6

185.4
187.0

191  . 6
195.7

138.0
140.1
142.2
144.4
146.4
148.0
149.9
151 .7
153.2
154.9
156.6
158.0
159.4
160.9
162.4

164.0
165.9
167.1
168.5
169.9
17'1.2
170.3
171.4
172.0
173.4
174.0
175.'l
173.9
175.2
175.4
176.0
176.4
176.9
177.5
178.3
179.4

137.3
139.7
142.2
144.6
146.6
148.7
150.8
152.6
154.5
156.2
157.7
159.5
160.9
162.3
163.8

165.0
166.4
167.4
168.6
169.6
170.5
171.2
172.2
173.3
174.4
174.7
175.1
175.7
177.4
178.1
178.9
179.8
180.8
181 .6
181.9
182.6

185.7
188.8

192.3'197.7

138.2
140.6
143.0
145.4
147.7
149.6
151 .4
153.3
154.8
156.8
158.2
159.8
161 .0
162.4
164.1

165.3
166.8
167.9
169.1
170.4
171 .1
170.7
172.2
172.7
173.8
174.8
175.8
175.8
176.1
177.0
177.8
178.4
178.8
179.5
180.9
181  . 6

185.8
187.9

192.4
197.4

136.9
139.6
142.O
144.7
146.8
149.0
151.2
153.0
155.0
156.7
158.3
159.9
161.6
163.1
164.4

165.5
166.9
167.8
169.0
170.0
170.8
171.2
172.3
173.0
174.4
175.0
175.7
175.9
176.9
177.7
178.4
179.4
180.6
181 .6
182.2
182.8

186.9
189.1

193.6
197.7

185.5
188.6

186.6
191 .1 1 89.9
193.9 193.3

183.0
184.8

189.3
194.5

183.3
185.8

192.0
196.7

Note; The results are not corrected for chemical deviations from stoichiometric AlrSiO5. Molar mass : 162.047 g.

manite samples were combined with the heat capacities
of the fibrolite sample (for temperatures less than 850 K)
and fitted with the following equation with an average
deviation of 0.52o/o.

C$ (sillimanite)

: 2 8 0 . 1 9 0 - 6 . 9 0 0 x  1 0 - 3 2

- 2.39937 x l03Z os - 1.37573 x 106T 2

(valid from 298.15 to 2000 K).

The DSC heat capacities for the fibrolite were corrected
for deviations of sample chemistry from AlrSiOs using
the plan outlined earlier and data from Robie et al. (1979).
At temperatures above 800 K, the slope of the heat ca-
pacity data was not consistent with that at lower temper-

atures, therefore, the data (including estimated values)
were fitted in two segments. The resulting equations are

C9 (fibrolite)

: 417.596 - 70.2335 x 10-32

-  5.00119 x l03f-05 + 1.45450 x 106T-2
(valid 298.15-800 K, average deviation 0.25oh)

CB (fibrolite)

: 306.108 - 9.99098 x 10-37"

_ 3.49957 x 1037tr -05 + 7.91596 x 106I-2
(valid 800-2000 K, average deviation 0.160/A.
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TABLE 9. Molar thermodynamic properties for fibrolite

Temp. (r)
Kelvin

Heat capacity
v ;

Entropy Enthalpy function
s", - s8 (H+ - H%)IT

J/mol .K

Formation from the elementsGibbs energy
function

-(Gor - H%ilT
Enthalpy Gibbs free energy

kJ/mol

298.15
300
350
400
450
500
550
600
650
700
750
800
850
900

950
1 000
1 100
1 200
1300
1400
1 500
1 600

1 700
1 800

123.380
123.943
137.563
148.534
157.415
164.637
170.524
175.323't79.224
182.374
184.889
1 86.863
188.742
190.446

192.060
193.583
196.363
198.81 1
200.961
202.846
204.495
205.936

207.1 93
208.287

95.430
96.1 95

1 16.362
135.473
153.499
170.471
186.448
201.499
215.691
229.093
241.764
253.763
265.1 51
275.988

286.328
296.219
314.803
331.996
347.996
362.959
377.O11
390.256

402.780
414.654

0.000
0.763

19.368
34.852
47.994
59.310
69.162
77.815
85.471
92.285
98.378

1 03.849
1 08.790
1 13.280

117.384
1 21 .156
127.870
133.682
138.776
143.287
147.314
1 50.933

154.207
157.1 81

95.430
95.432
96.994

100.621
105.504
1 1 1 . 1 6 1
117.286
1 23.683
130.220
1 36.808
143.387
149.914
156.361
162.708

1 68.944
1 75.062
1 86.933
198.314
209.220
219.672
229.698
239.323

248.573
257.473

-2586.06
-2586.08
-2586 51
-2586.94
-2586.68
-2586.41
-2585.78
-2585.14
-2584.34
-2583.54
-2582.74
-2581.95
-2581.23
-2580.51

-2439.08
-2438.16
-2413.43
-2388.69
-2363.94
-2339.18
-2314.51
-2289.84
-2265.29
-2240.74
-2216.31
-2191 .88
-2167.54
-2143.21

-2601.45
-2600.60
-2598.90
-2597.04
-2595.10
-2593.1 0
-2590.98
-2588.81

-2118.48
-2093.15
-2042.50
- 1991 .97
- 1941 .61
-1891.47
-1841.42
- 1791 .53

-1741.35
-1688.72

-2637.O7
-2634.52

/Vofe.'Short dashed lines indicate transitions in the reference elements.

The DSC data were not combined with the low-temper-
ature data because there appears to be a small transition
in fibrolite near room temperature (see discussion below).

Smoothed values of the thermodynamic properties of
fibrolite, sillimanite, andalusite, and kyanite derived from
these equations are listed in Tables 9-12. The heat con-
tents calculated from the data recommended in this re-
port are about 30/o larger at 1600 K for andalusite and
sillimanite and about 1.60/o larger for kyanite than the
equivalent values reported by Kelley (1960). The smooth
heat content data reported by Kelley (1960) are based on
drop calorimetric data that were obtained prior to 1930.
These data have not been used directly because average
heat capacities calculated from the heat content data at
temperatures greater than 800 K appear to flatten abnor-
mally and, in the case of sillimanite, pass through a max-
imum and minimum. The results are systematically larg-
er than the experimental heat contents reported by
Pankratz and Kelley (1964) and the tabulated heat con-
tents reported by Robie et al. (1979) that were based on
the results of Pankratz and Kelley (1964). At 1000 K, the
heat contents for sillimanite and andalusite are about lolo
larger and for kyanite about 0.50/o larger. The calculated
heat contents for sillimanite reported here are also about
0.50/o larger than those derived from the equations given
by Salje (1986) at 1000 K but are in excellent agreement
at 700 K the upper limit of Salje's (1986) experimental
data.

Trmmr,ll- ExPANsroN oF
SILLIMANITE AND FIBROLITE

The unit-cell parameters of sillimanite (Sri Lanka) and
fibrolite (Lewiston) were measured at 298.15 K by the

Guinier-Higg method from powder patterns made with
monochromatized CuKa, radiation (I : 1.540 562 A).
Bragg angles were measured (43 lines for each sample)
and scaled by a quadratic function determined by an in-
ternal standard (Si, NBS SRM640, q : 5.43075 A;. fne
following unit-cell edges and volumes were determined:

A , A b , A  c , A V, A'

sillimanite 7.4845(10) 7.6713(ll) 5.7686(7) 331.21(5)
(Sri tanka)

fibrolite 7.4830(7) 7.67s4(r0) 5.7685(5) 33r.32(4).
(Lewiston)

The unit-cell parameters aglee closely with those previ-
ously determined for sillimanite by Cameron (1976), but
the b value for fibrolite is somewhat larger.

The change in the cell constants of sillimanite (Sri l,an-
ka) and fibrolite (Lewiston) were measured by the Gui-
nier-knn6 method over the temperature interval 298-
1473 K using monochromatized CuKa radiation. The 2d
values of 24-35 lines for sillimanite ard 24-36lines for
fibrolite were measured at intervals of 100 K, and these
values were used to derive for each temperature the cor-
responding unit-cell parameters (by least-squares analy-
sis). The results of this analysis are listed in Table 13. No
unusual heating effects in either sillimanite or fibrolite
can be conclusively demonstrated. Although the agee-
ment between the unit-cell parameters calculated for
heating and cooling experiments do deviate somewhat,
tests on sapphire suggest that the diferences arise from
equipment problems rather than changes in the samples.

Thermal expansion curyes constructed from the data
for fibrolite in Table 13 are in good agreement in slope
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Trau 10. Molar thermodynamic properties for sillimanite

1605

Temp. (r)
Kelvin

Heat capacity
Entropy Enthalpy function
s., - sg (Ho, - Hl"")lT

J/mol.K

Formation from the elementsGibbs energy
function

-(Go,- Hls)lr
Enthalpy Gibbs free energy

kJ/mol

298.15
300
350
400
450
500
550
600
650
700
750
800
850
900

123.700
1 24.306
1 38.293
1 48.863
1 57.1 84
163.934
169.s38
174.275
178.338
181.865
1 84.957
187.690
190.1 23
192.303

194.265
196.040
199.119
201.691
203.859
205.702
207.277
208.628

209.791
210.792

95.400
96.1 67

116.434
135.621
1 53.653
170.575
186.470
201.430
215.544
228.892
241.547
253.573
265.026
275.956

286.407
296.417
315.251
332.690
348.922
364.099
378.346
391.767

404.451
416.472

0.000
0.765

19.463
35.006
48.1 36
59.389
69.156
77.723
85.310
92.084
98.1 75

103.686
108.700
1 13.285

1 17.496
121 .380
128.312
134.322
139.590
144.249
148.399't52.122

155.481
158.527

95.400
95.402
96.971

1 00.615
1 05.517
1 1 1  . 1 8 5
117.314
123.707
130.234
136.808
143.373
149.887
156.326
162.671

168.91 0
175.037
186.939
198.367
209.331
219.850
229.946
239.645

248.970
257.944

-2586.09
-2586.11
-2586.50
-2586.90
-2586.65
-2586.40
-2585.81
-258s.22
-2584.47
-2583.72
-2582.92
-2582.11
-2581.32
-2580.54

-2439.11
-2438.20
-2413.45
-2388.7'l
-2363.96
-2339.22
-2314.55
-2289.88
-2265.33
-2240.78
-2216.34
-2191.89
-2167.55
-2143.21

950
1000
1 100
1 200
1 300
1400
1500
1600

1 700
1 800

-2601.38
-2600.40
-2598.45
-2s96.30
-2594.06
-2591.78
-2589.38
-2586.93

- 2118 .46
-2093.15
-2042.54
- 1992.06
- 1941 .78
-1891 .75
-1841.82
-1792.O7

- tdiil.il-------- r ilt.iio 
----

-2632.13 - 1689.60

Note: Short dashed lines indicate transitions in the reference elements.

with those found in Winter and Ghose (1979) for silli-
manite. Those for sillimanite are less consistent, both in-
ternally (two sets of measurements) and with the data of
Winter and Ghose (1979). The lack of internal agreement
may be a consequence of the preparation of the silliman-
ite powder, which may have been too coarse. The sigrrif-
icantly larger unit-cell values published by Winter and

TABLE 1 1. Molar thermodynamic properties for andalusite

Formation from the elements

Ghose (1979) may be a consequence of a zero error (ini-
tial calibration). The largest source of error in the Gui-
nier-Lenn6 patterns obtained in this study arose from the
zero error. Elimination of this error was accomplished by
adjustment of the Guinier-knn6 data to the Guinier-
Hiigg data at 25 "C.

The molar volumes of sillimanite and fibrolite as a

Temp. (D Heat capacity
Kelvin Cg

Entropy Enthalpy tunction
s", - sg w+- Hl*llT

J/mol'K

Gibbs energy
function

-(G+ - H%6llT
Enthalpy Gibbs free energy

kJ/mol

298.15
300
350
400
450
500
550
600
650
700
750
800
850
900

122.600
123.258
138.274
149.428
158.088
1 65.035
170.750
175.544
179.629
183.157
186.234
188.944
191 .348
193.494

195.421
197.1 60
200.1 67
202.669
204.773
206.556
208.076
209.378

210.496
211.457

91.390
92.150

112.341
131 .566
149.686
166.715
182.721
197.789
212.006
225.450
238.1 94
250.301
261.829
272.828

283.343
293.411
312.348
329.876
346.183
361.426
375.730
389.201

401.929
413.989

0.000
0.758

19.388
34.978
48.194
59.543
69.401
78.052
85.712
92.550
98.695

104.253
109.307
1 13.925

1 18 .165
122.072
129.039
1 35.073
140.356
1 45.023
149.177
1 52.900

156.256
159.297

91.390
91.392
92.952
96.s89

101.492
107.172
1 13.320
119.737
126.293
132.900
139.499
146.048
152.523
1s8.903

165.178
171.340
1 88i.309
1 94.802
205.827
216.403
226.552
236.301

245.673
254.692

-2589.90
-2589.92
-2590.32
-2590.72
-2590.43
-2590.14
-2589.49
-2588.84
-2588.O2
-2587.20
-2586.33
-2585.46
-2584.62
-2583.78

-2441.72
-2440.80
-2415.85
-2390.91
-2365.97
-2341.03
-2316.17
-2291.31
-2266.58
-2241.85
-2217.24
-2192.63
-2168.13
-2143.63

950
1000
1 100
1200
1300
1400
1 500
1 600

1 700
1 800

-2604.s6
-2603.52
-2601.45
-2599.21
-2596.89
-2594.50
-2592.02

-2118.72
-2093.27
-2042.35
-1991.59
-1941.04
- 1 890.73
- 1 840.54

-?9-9?-?9 :1199:l-1
-2637.43
-2634.56

-1740.26
-1687.56

/Vofe: Short dashed lines indicate transitions in the reference elements.
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TaBLE 12. Molar thermodynamic properties for kyanite

Formation from the elements

Temp. (r)
Kelvin

Heat capacity
c9

Entropy Enthalpy function
sg - sg (Hor - H%o)lT

J/mol.K

Gibbs energy
function

-(G+ - H%sYr
Enthalpy Gibbs free energy

kJ/mol

298.15
300
350
400
450
500
550
600
650
700
750
800
850
900

950
1 000
1 100
1 200
1300
1400
1 500
1 600

1700
1 800

121 .601
122.282
137.790
149.270
158.157
1 65.267
171 .103
175.988
1 80.143
183.723
1 86.842
1 89.583
192.010
194.174

196.1  13
1 97.859
200.873
203.371
205.462
207.227
208.724
210.000

211.088
212.017

82.800
83.554

1 03.634
122.818
140.933
157.977
174.O11
1 89 .1  15
203.370
216.854
229.638
241.786
253.354
264.391

274.942
285.047
304.051
321.639
338.003
353.295
367.645
381.1 58

393.922
406.015

0.000
o.752

19.281
34.845
48.O72
59.449
69.342
78.031
85.730
92.605
98.786

104.377
109.462
114 .109

1 18.375
122.306
129.316
135.386
140.699
145.389
149.563
153.302

156.670
159 .719

82.800
82.802
84.352
87.972
92.860
98.529

104.669
11 1 .083
1 17.639
124.249
1 30.852
137.409
143.892
150.282

156.567
162.741
174.735
1 86.253
197.304
207.906
218.082
227.856

237.253
246.295

-2593.77
-2593.79
-2594.22
-2594.65
-2594.36
-2594.06
-2593.39
-2592.72
-2591.88
-2591.03
-2590.14
-2589.24
-2588.36
-2587.48

-2443.03
-2442.09
-2416.72
-2391.34
-2365.96
-2340.58
-2315.28
-2289.99
-2264.82
-2239.66
-2214.62
- 2189.59
-2164.66
-2139.74

-2608.23
-2607.16
-2605.02
-2642.71
-2600.31
-2597.86
-2595.32
-2592.72

-2114.42
-2088.54
-2036.79
-1985.21
- 1 93i!.83
-1882.70
-1831.71
-1780.89

-2640.60
-2637.66

-1729.82
- 1676.31

/Vote-'Short dashed lines indicate transitions in the reference elements.

function of temperature may be calculated from the fol-
lowing equations (in units of cm3).

Z(sillimanite): 49.732 + 3.4647 x l0-aZ
+ 3.323 x lO-772

z(fibrolire) :49.746 + 3.9337 x l0 aT

+ 2.029 x 10-772.

The molar volume of fibrolite is slightly larger than that
of sillimanite at298.15 K. At 1373 K, the molar volume
of fibrolite is 0.30/o smaller than that for sillimanite.

Srr,ncrroN oF HEAT cApAcrry AND ENTRopy
DATA FOR SILLIMANITE

Using the data presented in this report, we may ex-
amine Salje's (1986) argument for the use of calculated
(Salje and Werneke, 1982) rather than measured (Robie
and Hemingway, 1984) heat capacity data for sillimanite.
Salje's (1986) estimated entropies at 298.15 K are 2-4o/o
larger than the calorimetrically determined values. Salje
(1986) found good agreement (within l0lo) for calculated
and measured heat capacities for sillimanite for temper-
atures greater than 80 K. Based on a comparison with
the calculated heat capacities for temperatures less than
80 K Salje (1986) concluded that the measurements of
Robie and Hemingway (1984) were anomalously low. The
heat capacities reported here support the values reported
by Robie and Hemingway (1984). Salje (personal com-
munication, 1991) now believes that his earlier calcula-
tions may be in error because he did not know the dis-
persion curves for sillimanite.

MlcNrruon oF THE DTFFERENCE IN HEAT
CAPACITY BETWEEN FIBROLITE AND SIIT,IMANITE

Salje (1986) measured the heat capacities of several
sillimanite samples and of a fibrolite sample using a dif-
ferential scanning calorimeter. Differences of as much as
4o/o were observed between the heat capacities of the fi-
brolite (Harcujuela) and those of the Sri Lanka sillimanite
used in Salje's (1986) study at temperatures between 380
and 700 K. Smaller differences (of the order of 1.5%) were
observed between the heat capacities of sillimanite from
two other localities (Waldeck and Triiskbole) and the fi-
brolite. However, Salje (personal communication, 1990)
believes that the heat capacities he reported for the Sri
Lanka sillimanite are in error because the sample was too
small for his DSC procedure.

There is good agreement between the low-temperature
heat capacity data for fibrolite presented here and the
DSC data published by Salje (1986) for fibrolite. An
equation for the heat capacities of fibrolite was derived
by combining these data sets and estimating heat capac-
ities to 1800 K. The resulting equation is:

C$ (fibrolite)

: 2 5 8 . 8 4 4 - 4 . 9 5 x 1 0 - o T

_ l .g2l l7  x  l03T-os _ 2.4557 x 106T-2
(valid 298-1800 K).

Also, there is good agreement between the heat capacity
data for the Sri Lanka sillimanite reported here and the
DSC data reported by Salje (1986) for the Trdskbole and
Waldeck sillimanite samples.



A small thermal anomaly near room temperature and
not seen in the heat capacities for sillimanite is suggested
in the heat capacity data for fibrolite. The anomalous heat
capacities are not readily reproduced as is the case for a
rapid phase change such as the a-B transition in quartz
(e.g., Hemingway, 1987). Instead, the anomaly is similar
to that observed by Openshaw et al. (1976) for micro-
cline. That is, hysteresis or dependence upon recent ther-
mal history is apparent.

Heat capacities measured with the low-temperature
calorimeter provided the first indication of anomalous
heat capacities for fibrolite near room temperature. The
calorimeter was heated to 335 K and held at that tem-
perature for several hours before three heat capacity mea-
surements were made (series I of Table 2). The sample
was then cooled to 7 K, and measurements were made
over a 2-d interval by incrementally heating the calorim-
eter to 373 K. The measurements of series 5 and 6 from
Table 2 represent data collected by that procedure and
include the temperature interval of the initial measure-
ments. The heat capacities from series 5 and 6 may be
represented by a curve that is about 0.50/o higher than the
initially measured heat capacities. The calorimeter was
held at about 3l I K for I 1.5 h before series 5 was initi-
ated. The first measurement of series 5 is also signifi-
cantly lower than would be predicted from an extrapo-
lation of the measurements of series 4 and the remaining
measurements of series 5. In both cases, when the fibro-
lite was allowed to equilibrate thermally above room
temperature for an extended period of time, lower heat
capacities were measwed.

Initial DSC heat capacities were aboul 2o/o lower than
heat capacities measured for corresponding temperatures
with the low-temperature calorimeter. Following com-
mon practice, the sample was heated to and equilibrated
thermally at the high-temperature end of the temperature
interval for which DSC measurements were about to be
made. Further tests were made with other DSC samples
that were not preheated. Heat capacities measured from
320 to 400 K agreed with the higher heat capacities on
the first scan of the temperature interval and agreed with
the lower set ofheat capacities on a second scan ofthat
interval. The lower set of heat capacities was very re-
producible.

If the thermal anomaly is caused by a small structural
change, the data gathered in the experiments discussed in
this study are insufficient for determining the temperature
of the transition. We can only conclude that the transition
should occur below 3l I K. From an analysis ofthe change
in slope of the low-temperature heat capacities for fi-
brolite, we conclude that a transition temperature be-
tween 295 and 300 K is likely, and we have chosen 298.15
K for convenience in tabulation of the experimental data.

An extrapolation of the low-temperature heat capaci-
ties for the Lewiston fibrolite is in good agreement with
the DSC heat capacities for fibrolite (Harcujuela) report-
ed by Salje (1986). We believe that the sample studied
by Salje (1986) failed to undergo the transformation ob-
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TlaLe 13. Cell constants at superambient temperatures for sil-
limanite (Sri Lanka) and fibrolite (Lewiston)
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Temp.
(K) a (A) D (A) c (A) v(A.) n

Sillimanite-heating cycle
373 7.4873(21) 7.6843(32) 5.7720(241
473 7.486s(17) 7.6872(25) 5.7725(18\
573 7.4896(20) 7.6926(26) 5.7739(19)
673 7.4914(211 7.6973(28) 5.7762(21)
773 7.4933(23) 7.7033(31) 5.7781(231
873 7.4968(24) 7.7088(33) 5.7796(221
973 7.4991(25) 7.7170(34) 5.7826(22)

1073 7.sO12(25) 7.7253(34) 5.7847(23)
1173 7.5034(28) 7.7334(38) 5.7871(25)
1273 7.5064(28) 7.7408(38) 5.7903(25)
1373 7.5158(30) 7.7446(351 5.7952(2s)

Sillimanite-cooling cycle
373 7.4798(201 7.6761(291 5.7703(211
473 7.4816(201 7.6812(28) 5.7730(21)
573 7.4826(191 7.6886(27) s.7760(20)
673 7.4840(21) 7.6931(29) 5.7801(21)
773 7.4854(21) 7.7001(30) s.7848(221
873 7.4874(221 7.7070(31) s.7880(23)
973 7.4909(26) 7.7128(361 s.7913(27)

1073 7.4938(28) 7.7201(391 5.7956(29)
1173 7.4985(28) 7.729s(391 5.7997(29)
1273 7.5022(31\ 7 .7397(411 5.8034(30)
1373 7.5170(281 7.7466(30) 5.8065(22)

373 7.4825(111
473 7.4844(9)
s73 7.4860(10)
673 7.4875(11)
773 7.4892(11)
873 7.4909(12)
973 7.4924(12)

1073 7.494803)
1173 7.4961(17)
1273 7.4991(14\
1373 7.5018(17)

373 7.4820(17)
473 7.4834(121
573 7.48s0(11)
673 7.4869(17)
773 7.4866(15)
873 7.4884(12)
973 7.4895(11)

1073 7.4915(15)
1173 7.4940(25)
1273 7.49s7(24)
1373 7.s008(19)

Fibrolite-heating cycle
7.6777(14) 5.773q9)
7.6821(12) 5.7751(8)
7.6873(14) 5.7776(10)
7.6915(1s) 5.7809(10)
7.6973(15) s.7827(',t01
7.7025(16) s.7849(11)
7.7085(10) 5.7874('t1)
7.7162(171 5.7902(12)
7.7254(23\ 5.79260 5)
7.7314(19) 5.7955(12)
7.7415(23) 5.7977(1s)

Fibrolite-cooling cycle
7.6764(19) 5.7736(14)
7.6803(14) 5.7759(10)
7.6856(13) 5.7772(101
7.6908(19) 5.7788(14)
7.6959(17) 5.7816(13)
7.7025(14) s.7835(11)
7.7085(13) 5.7845(9)
7.7142(18) 5.7868(13)
7.7205(291 5.7915(21)
7.7273(131 s.7958(21)
7.7365(22) 5.7982(16)

332.09(16) 3s
332.21(13) 35
332.67(14) 34
333.07(15) 34
333.52(16) 34
334.01(16) 35
334.64(17) 3s
335.21(17) 35
335.81(19) 35
336.45(19) 34
337.32(19) 32

331.30(15) 26
331.76(15) 26
332.30(14) 26
332.79(15) 26
333.43(16) 26
334.00(17) 26
334.60(19) 26
335.29(21) 26
336.14(21) 26
336.97(22) 26
338.1207) 24

331.67(7) 3s
332.05(6) 35
332.48(7) 34
332.92(8) 35
333.36(8) 33
333.78(8) 3s
334.2s(8) 36
334.86(9) 35
335.45(12) 35
336.02(9) 35
336.70(11) 33

331.61(10) 24
331.97(7) 24
332.34(7) 25
332.75(10) 25
333.12(9) 25
333.59(8) 25
333.96(7) 24
334.42(9) 24
33s.08(15) 25
335.70(15) 25
336.47(12) 24

Note: n : number of X-ray lines used in least-squares fit.

served for the Lewiston fibrolite and that the higher heat
capacities he observed are the result. Because we do not
know the origin of the thermal anomaly in the kwiston
fibrolite, we cannot speculate on a reason for the differ-
ence in sample behavior.

Sunrl,cn ENERGy AND orHER coNTRrBUTroNs ro
EXCESS HEAT CAPACITY

The two commonly considered sources of excess heat
capacity in a crystal are surface energy and high defect
density. Kerrick (1986) has reviewed the evidence for ex-
cess heat capacity arising from dislocation strain energy.
Kerrick (1986) concluded that the typical dislocation
densities in naturally occurring sillimanite and fibrolite
preclude significant perturbation ofthe P-f phase equi-
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librium boundaries of the AlrSiO, polymorphs. No fur-
ther review of dislocation strain energy is necessary in
this study except to note that if fibrolites undergo a small
structural change, defects may prevent transformation of
the structure and therefore be the cause of differences
observed in heat capacity measurements (e.g., Salje, 1988).

Kerrick (1987) and Salje (1986) have suggesred that
excess heat capacity may result in fibrolite as a conse-
quence of high surface area on and in fibrolite crystals.
Holdaway (1971) and Kerrick (1987) suggested that the
surface free-energy contribution to fibrolite will destabi-
lize it with respect to sillimanite. Salje (1986) proposed
that surface energy contributions to the heat capacity of
fibrolite arise from internal and external planes ofdefects
that result from dislocations, stacking faults, and inter-
$owth of crystals and small crystal size. Such an effect
would also be reflected in an excess heat capacity and
enthalpy of solution.

We may estimate the contribution of surface energy to
the excess heat capacity from the results ofseveral stud-
ies. Salje (1986) ground sillimanite to a grain size esti-
mated to be less than 0.0004 mm. Salje (1986) compared
the heat capacity of the powder and the coarse-grained
sample of sillimanite (temperature interval 400-500 K)
and observed that the fine powder had, a 2o/o larger heat
capacity. Giauque and Archibald (1937) observed a l0lo
increase in the heat capacity of fine-grained MgO (grain
size unknown) as compared to coarse crystalline MgO at
subambient temperatures. The difference in C" of two
size fractions of MgO increased to about 60lo at 90 K.

It is well established that fine mineral powders exhibit
excesses in thermochemical properties (also see Taylor
and Wells, 1938; Hemingway and Robie, 1977); howev-
er, the.results presented in this study strsgest that when
such fine crystals are intergrown, as in the case for quartz
in novaculite, the surface energy contributions are greatly
diminished. Hemingway and Robie (1977) have shown
that quaftz powder with a grain size less than 0.002 mm
shows an excess enthalpy of solution in aqueous HF that
they interpreted as a surface energy contribution. Thus
the quartz grains in the novaculite (<0.002 mm) should
be small enough to exhibit surface energy contributions
to the heat capacity. Plots ofthe heat capacity difference
between fine-grained samples or glasses and the coarse
crystalline equivalent usually show a strong maximum at
temperatures below 150 K (e.g., Richet et al., 1986; Bar-
ron et al., I 959). Inspection ofthe heat capacity data from
this report indicates a tendency toward a maximum in
the difference plot of the heat capacities of fibrolite and
sillimanite somewhere below 60 K; however, this differ-
ence may arise from OH in the muscovite contaminant
in fibrolite. The low-temperature heat capacities do not
support an interpretation ofa large excess heat capacity
arising from surface energy contributions in interlocking
ag$egates of fibrolite crystals.

Enthalpy of solution measurement of samples of the
Sri I^anka sillimanite and the kwiston fibrolite have been
reported by Topor et al. (1989). These results are also
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equivocal. The enthalpies of formation of fibrolite and
sillimanite from the oxides quartz and corundum are
-2.39 + 0.75 and -3.04 + 0.73 kJlmol, respectively, at
1000 K. These data suggest that fibrolite may be less sta-
ble than sillimanite. If fibrolite is less stable than silli-
manite, a surface free-energy contribution may be the
cause as proposed by Salje (1986) and Kerrick (1987).
However, the uncertainties overlap and a correction must
be made to the enthalpy of solution of fibrolite for the
contribution of impurity phases. Topor et al. (1989) cal-
culated a correction for the muscovite impurity using data
for sanidine * corundum + HrO. This correction rep-
resents the largest source oferror in the enthalpy offor-
mation of fibrolite. In particular, HrO released into the
molten salt solvent in the dissolution of fibrolite may
create systematic differences in solution enthalpies that
cannot be properly modeled. Thus, as with the heat ca-
pacity data discussed above, the enthalpy ofsolution re-
sults show some differences between fibrolite and silli-
manite, but the results do not support an interpretation
ofa large surface free-energy contribution.

It should be noted that we distinguish free surfaces such
as found on grains in a mechanically produced powder
from grain boundaries of intergrown crystals or internal
surfaces of grains in our analysis of surface energy con-
tributions. We expect fine powders of minerals used in
calorimetric or phase equilibria experiments to alter mea-
sured results significantly as a consequence ofsurface en-
ergy contributions. However, aggregates of intergrown (or
cemented) crystals are not expected to show the same
order of lattice distortion and are not expected to have
as pronounced an effect on the properties determined by
calorimetric or phase equilibrium studies or those prop-
erties under geologic conditions. Differences in the prep-
aration of fibrolite samples may be the cause of the ob-
served differences in the behavior offibrolite in the various
experiments.

Salje (1986) investigated several other factors that may
cause the thermodynamic properties of fibrolite to differ
from sillimanite, but he found no correlation between the
observed differences and the Al-Si ratio, chemical im-
purities, or Al-Si disorder. Results reported by Openshaw
etal. (1976) support the latter point as these authors found
only minor differences between the low-temperature heat
capacities and the calculated calorimetric entropies for
ordered and disordered alkali feldspars.

Trm AlrSiOs PHAsE DTAGRAM

A phase diagram for the AlrSiOs polymorphs can be
constructed by combining calorimetrically determined
enthalpies ofreaction, entropies, and heat capacity func-
tions with volumes, expansivities, and phase equilibrium
data for the AlrSiO, polymorphs. Phase equilibrium data
place constraints on both the location and slope ofequi-
libria in P-7" space. In a similar manner, the enthalpies
of formation and entropies at 298.15 K place constraints
on the P-Z location; the volume, thermal expansivity,
entropy at 298.15 K and the heat capacity functions place
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at 298.15 K for one phase be both increased and de-
creased when considering the two equilibria involving the
phase. Thus, the enthalpies of reaction calculated from
the data obtained by Topor et al. (1989) are not directly
consistent with the phase equilibrium data and the ther-
modynamic functions presented in this study. However,
it should be noted that the enthalpies ofreaction are the
differences between two values ofnearly equal size, each
having an uncertainty of l5-25o/o of the calculated difer-
ence (see Table l4). Thus a deviation of 300/o or more
may yet represent good agreement with the data of Topor
er al. (1989).

In a second set of calculations, the Gibbs functions
were initially held constant and the enthalpies ofreaction
at 298.15 K were estimated through iteration and com-
parison with the experimental equilibrium bracketing
data. Good agreement was obtained for the kyanite '-

andalusite and andalusite = sillimanite equilibria. These
equilibria establish the triple point at their intersection
in P-Zspace. The kyanite = sillimanite equilibrium con-
structed to be consistent with this triple point was not
consistent with the phase equilibrium data for this reac-
tion. Good agreement was obtained for the three equilib-
rium reactions ifthe entropy ofkyanite at 298.15 K was
increased by 0.5 J/mol'K and the entropy of sillimanite
was decreased by 0.5 J/mol'K, both changes within the
uncertainty of the values. The resulting enthalpies of re-
action at 298.15 K were -3.867 kJ for andalusite + lcy-
anite, +3.809 kJ for andalusite = sillimanite, and -7 .676
kJ for sillimanite + kyanite, which may be compared
with the results listed in Table 14. The estimated uncer-
tainties in the adjusted values are of the same magnitude
as those of the calorimetrically measured values. The ad-
justed enthalpies ofreaction at 298.15 K agree within the
respective uncertainties with the results of Topor et al.
(1989). The triple point resulting from these calculations
is at 784 + 20 K and 3.87 + 0.3 kbar. Selected values of
temperatures and pressures calculated for the equilibrium
reactions from the recommended thermodynamic prop-
erties are listed in Table 15. The phase diagram derived
from these results is shown in Figure 1.

Bohlen et al. (1989) have proposed that significant cur-
vature is required in the univariant kyanite-sillimanite
equilibria between 1075 and 1275 K. That degree of cur-
vature is not predicted from the volume and entropy
changes for kyanite and sillimanite. Bohlen et al. (1989)
have suggested that increasing Al-Si disorder in silliman-
ite with increasing temperature (and consequent increase
in entropy) could explain the curvature. Navrotsky et al.
(1973) studied Al-Si disorder in sillimanite prepared at
temperatures greater than 1475 K and pressures gleater
than 16 kbar. Navrotsky et al. (1973) concluded that Al-
Si disorder was not important at temperatures below about
1675 K. The argument of Bohlen et al. (1989) in support
of curvature rests largely on acceptance of the reversal
bracket at ll73 K and 11.4-11.7 kbar (Fig. l). This re-
versal is at a somewhat lower pressure than the other
reversal bracket of ll.8-12.2 kbar also reported by these

constraints on the slope of the equilibrium reaction
boundary.

In addition to the calorimetric data presented earlier,
the data set used to construct a phase diagram for AlrSiO,
consists of the results from the following studies. Minor
differences between the reported results for molar volume
and expansivity for kyanite and andalusite were not re-
solved (Skinner et al., 196l; Winter and Ghose, 1979).
The average values calculated from the results ofthe two
reports were utilized for kyanite and andalusite. Molar
volumes and thermal expansivities for sillimanite and fi-
brolite were taken from the results presented in this study.
Enthalpies ofreaction were taken from Topor et al. (1989).
Equilibrium reactions were taken from the following
studies: Evans (1965), Newton (1966a, 1966b), Weill
(1966), Althaus (1967), Richardson et al. (1968a, 1968b,
1969), Newton (1969), Holdaway (1971), Newton (cited
in Holdaway,l97l), Kerrick and Heninger (1984), and
Bohlen et al. (1989).

Ifthe results reported by Evans (1965) for the reaction
kyanite : sillimanite, by Richardson et al. (1969) for the
reaction andalusite : sillimanite, and by Althaus (1967)
for the reactions kyanite : sillimanite and andalusite :

sillimanite are excluded, the phase equilibrium experi-
ments provide reasonably consistent data from which the
slopes of the equilibrium reactions involving the three
AlrSiOs polymorphs, kyanite, sillimanite, and andalusite,
may be estimated. These slopes may be compared with
the slopes ofthe equilibrium reactions calculated by the
thirdlaw method (e.9., Robie, 1965) using the equation

AJrg.,:,ol(c+ =ng,, l l  * f '  or-*- - l  
T  I ' J '  

e ' r '

where A,I{r, is the enthalpy of the reaction at 298.15 K,
7 is the temperature in kelvins, A(G9- - Iilrr)/fl is the
difference in Gibbs functions, and AV, is the volume
change at Z.

An attempt was made to construct a phase diagram
consistent with experimental phase equilibrium brackets
using the enthalpies of reaction calculated from the mol-
ten salt calorimetry of Topor et al. (1989) and the Gibbs
functions from this study. These results were inconsistent
with the results from the phase equilibrium data. If we
assume that the molar volume data are basically correct,
then the enthalpy of reaction at 298.15I! the Gibbs func-
tions, or both may be altered in order to yield agreement
with phase equilibrium data. The enthalpies of reaction
calculated from the data ofTopor et al. (1989) were first
held constant, and adjustments to the Gibbs function were
calculated. The Gibbs function is defined as

(Go, - Hltt)

T I)"rru, - I:,# or- se,,
Adjustment to the Gibbs function may be easily visual-
ized as a change to the thirdJaw entropy at 298.1 5 K (the
last term) or as a change in the heat capacity function.
The results ofsuch calculations required that the entropy
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TaBLE 14. Enthalpies of solution and reaction of AlrSiOu polymorphs and related phases

Enthalpy of solution/reaction

Phase/reaction at about 970 K kJ/mol at 298.15 K kJ/mol Reference

Fibrolite
Sillimanite

Andalusite

Kyanite

Andalusite-kyanite

Andalusite-sillimanite

Sillimanite-kyanite

Andalusite-fibrolite
Fibrolite-kyanite
Quartz + @rundum

28.95 + 0.72
29.60 + 0.70
29.75 + 1.21
29.00 + 0.29
28.58 + 0.63
31.44 + 0.92
31.59 + 0.84
33.51 + 1.26
34.14 + 0.59
35.06 + 0.96
34.94 + 0.71

-2.70 + 1.09
-1 .55  +  1 .58
-3 .35  +  1 .10

1 . 8 4  +  1 . 1 6
2.59 + 0.89
3.01 + 1.05

-4.54 + O.92
-5.94 + 0.95
-5.19 + 0.77

-3.867 + 1.10
_2.93 + 1.09
-1 .78  +  1 .58
-3 .58  +  1 .10
-4.11 + 2.42

-4.25
-4.06

3.809 + 1.10
2 .53  +  1 .16
3.28 + 0.89
3.70 + 1.05
4.13 + 2.42

3.88
4.60

-7 .676  +  1 .10
-5.47 + 0.92
-6.87 + 0.95
-6.12 + O.77
-8.24 + 2.42

-8 .13
-8.66

3.838 + 1.10
-7.706 + 1.10

Topor et al. (1989)
Topor et al. (1989)
Navrotsky et al. (1973)
Anderson and Kleppa (1969)
Anderson and Kleppa (1969)
Topor et al. (1989)
Anderson et al. (1977)
Topor et al. (1976)
Topor et al. (1989)
Topor et al. (1976)
Anderson and Kleppa (1969)
This study
Topor et al. (1989)
Topor et al. (1976)
Anderson et al. (1977), Anderson and Kleppa (1969)
Robie and Hemingway (1984)
Berman (1988)
Holland and Powell (1990)
This study
Topor et al. (1989)
Anderson et al. (1977), Anderson and Kleppa (1969)
Anderson et al. (1977), Anderson and Kleppa (1969)
Robie and Hemingway (1984)
Berman (1988)
Holland and Powell (1990)
This study
Topor et al. (1989)
Anderson et al. (1977), Anderson and Kleppa (1969)
Anderson et al. (1977), Anderson and Kleppa (1969)
Robie and Hemingway (1984)
Berman (1988)
Holland and Powell (1990)
This study
This study
Shearer and Kleppa (1 973)
Charlu et al. (1975)
Topor et al. (1976)
Topor et al. (1989)

28.62 + 1.05
27.20 + O.45
28.66 + 1.66
26.56 + 0.22

authors for the same temperature. If the former reversal
bracket is given little weight in a fit to the total set of
reversal brackets, then a nearly linear curve fits the data
set.

As noted above, the Gibbs function may be adjusted
in two ways. The previous example demonstrates the ef-
fect of lowering the entropy for sillimanite at 298.15 K.
The effect of such a change is greatest at the lower tem-
peratures and decreases at higher temperatures. The ra-
tionale for this selection as opposed to the alternative

TABLE 15, Calculated pressures and temperatures for the equi-
librium reactions

TIK A + K  A = S S ; K A + F F + K

choice is as follows. The heat capacity function must be
adjusted toward lower values to produce a decrease in the
Gibbs function. The effect of such a change is smallest at
the lower temperatures, with the effect increasing with
temperature. However, because the Gibbs function rep-
resents the difference between the heat content ofthe phase
and the entropy of the phase at the same temperature,
fairly large changes in the heat capacity produce only small
changes in the Gibbs function. For example, lowering the
heat capacity function by 0.3oh at 1000 K lowers the Gibbs
function by only 0.010/0, or only 30lo of the change pro-
duced by lowering the entropy at 298.15 K. Thus, when
using the thirdJaw method, small adjustments to the en-
tropy at 298.15 K maintained the greatest consistency
with the measured data set.

Similar calculations were made using the thermody-
namic functions calculated from the kwiston-South
Australia fibrolite data set in place of the data for silli-
manite. Using the triple point and data for the andalusite
+ kyanite reaction established above, similar results were
obtained for the fibrolite + kyanite and andalusite = fi-
brolite equilibrium reaction boundaries and enthalpies
of reaction at 298.15 K after an adjustment of -0.5

J/mol . K in the entropy of fibrolite at 298 .l 5 K. The curve
calculated for the andalusite + fibrolite reaction has

500
600
700
800
900

1000
1 100
1 200
1300

0.61
1 .78
2.92
4.05
5 .15
6.21

2.12
4.20
6.28
8.36

10.45
12.54
14.62

1.98
4.23
6.46
8.64

10.79
12.89
14.94

5.50
3.58
1 .90
0.51

5.40
3.59
1.96
0.51

8.31

Note; The triple point is 784 K and 3.87 kbar. A : andalusite, K :
kyanite, S : sillimanite, F : fibrolite.



greater curvature than that calculated for the andalusite
+ sillimanite reaction; however, deviations between the
two curves at constant temperature do not exceed 0.1
kbar between 700 and 1050 K. The slope of the kyanite
+ fibrolite reaction boundary is slightly steeper than that
for the kyanite + sillimanite reaction. The difference at
constant temperature between these curves increases to
about 0.3 kbar at 1300 K. The enthalpies of reaction were
+3.838 and, -7.706 kJ, respectively, for the andalusite
+ fibrolite and fibrolite = kyanite reactions at 298.15 K.
Thus, unlike the results presented by Salje (1986), we find
little difference between these fibrolite samples and the
sillimanite samples. Selected values of temperature and
pressure calculated for the equilibrium reactions are list-
ed in Table 15.

It is possible that some fibrolites have higher heat ca-
pacities and, consequently, larger entropies in the super-
ambient region because they fail to undergo a solid-solid
transition, perhaps because of sample preparation tech-
niques (also see Znn, 1969; Holdaway, l97l). This may
be the cause of the disparate results of Althaus (1967).
We calculated the slopes of the reaction boundaries for
the kyanite = fibrolite and andalusite + fibrolite using
the equation developed from the heat capacity data for
fibrolite given by Salje (1986), that is, values that are
abott 2o/o higher than those recommended in this study.
The resulting P-Z slopes of the reactions andalusite +
fibrolite and kyanite + fibrolite were considerably steeper
than those discussed above. The slopes calculated in this
final exercise were in general agreement with the slopes
that may be estimated from the phase equilibrium data
of Althaus (1967). In the temperature interval of 700 to
900 K the slope of the andalusite + fibrolite reaction
calculated in this study is -35 kbar/K; the slope esti-
mated from all of the data of Althaus (1967) is -34 barl
K. In the temperature interval of 800 to 1000 K the slope
ofthe fibrolite + kyanite reaction calculated herein is 30
barlK and that estimated from the data of Althaus (1967)
is 28 barlK.

We have presented examples of how small adjustments
in the various thermodynamic parameters affect the cal-
culated phase diagram. The recommended values derived
above were based on an iterative calculation to produce
consistency between the selected phase equilibrium data
and the recommended calorimetric data, with the mini-
mum adjustment to the stated measured values. This
procedure is sirnilar to the process that computer algo-
rithms utilize to fit data sets such as these simultaneously
(e.g., Haas and Fisher, I97 6; Day and Kumin, 1980; Haas
et al., l98l; Berman, 1988); that is, adjustments of mea-
sured values are allowed within the uncertainty of the
measurement and within the applied weighting scheme
utilized.

ENrrr.clprrs ,lNo Grsns FREE ENERGTEs oF
FORMATION OF THE AI,SiO5 PioLYMoRPHs FRoM

THE ELEMENTS Ir 298.15 K

The enthalpies and Gibbs free energies of formation of
the AlrSiO, polymorphs can be calculated from enthal-

l 6 l  I
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Fig. l. Aluminum silicate phase diagram calculated from the
thermodynamic properties recommended in the text. Experi-
mental data from Evans (stars, 1965), Weill (solid diamonds,
1966), Newton (open riangles, 1966a, 1966b, 1969, and in Hol-
daway, l97l), Richardson et al. (X's, 1968a, 1968b, 1969), Hol-
daway (open squares, l97l), Althaus (open diamonds, 1967),
and Bohlen et al. (solid squares, 1989) are included for compar-

pies of solution of the polymorphs and reference oxides
and ancillary thermodynamic data for the AlrSiO, poly-
morphs, quartz> corundum, and the elements Al, Si, and
Or. The thermodynamic properties for the elements are
taken from Robie et al. (1979), and those for the AlrSiOs
polymorphs are taken from the recommended values giv-
en previously in this study. The AlrSiOs polymorphs are
refractory phases that completely dissolve only in molten
salt solutions. Enthalpies of dissolution of the AlrSiO5
polymorphs and of the reference oxides quartz and co-
rundum in lead borate melts at about 970 K are listed in
Table 14.

A lack of agreement between the enthalpies of reaction
calculated from the molten salt enthalpies of solution and
those calculated from the phaso equilibrium and heat ca-
pacity data by the thirdJaw method was discussed in a
previous section together with the consequences ofchanges
in the various types of thermodynamic data. The method
ofresolving the differences will affect the enthalpies and
Gibbs free energies of formation that are calculated for
the AlrSiO, polymorphs.

Because there is no clear reason to accept the enthalpy
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of solution results for one AlrSiOs polymorph as being
better than the others, the minimum adjustment was
achieved by raising the enthalpy of solution for kyanite
and lowering that of sillimanite with respect to that for
andalusite in order to match the enthalpies of reaction
calculated earlier. The enthalpies of formation at 298.15
K calculated from this procedure and the enthalpy of so-
lution of quartz and corundum reported by Topor et al.
(1989) are -2589.90 t 3.0, -2593.77 + 3.0, and
-2586.09 + 3.0 kJ/mol for andalusite, kyanite, and sil-
limanite, respectively. These values together with the se-
lected triple point are in good agreement with those de-
rived by Berman (1988) and Robie and Hemingway (1984)
but less so with those of Holland and Powell (1990). The
enthalpy of formation of fibrolite is essentially identical
to that calculated for sillimanite. The enthalpies and Gibbs
free energies of formation are also given in Tables 9-12
at selected temperatures.

CoNcr,usroN

The triple point chosen in this study was derived
through minimum adjustments of the experimental data.
It was assumed that each experimental technique had
equally valid results, but as noted, enthalpy of solution
results were considered to be subject to larger uncertain-
ties than heat capacity and perhaps phase equilibrium
results. The triple point could be moved to higher pres-
sure and temperature along the line of the kyanite '' sil-
limanite equilibria if greater emphasis is placed on results
for the reaction andalusite = kyanite conducted in the
metastable region at temperatures and pressures above
the triple point. This would, however, require the anda-
lusite + sillimanite boundary to miss completely the re-
versal for this reaction provided by Holdaway (1971) near
the chosen triple point and the andalusite = kyanite re-
action to miss the 2.4 kbar reversal of Holdaway (1971)
determined in the stable region below the triple point.
With these constraints in mind, a triple point at 3.87 +

0.3 kbar and 784 + 20 K was selected.
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