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Abstract-The heat capacity of a synthetic almandine, Fe3AI SI 0 2 ’ 3 12, was measured from 6 to 350 K 
using equilibrium, intermittent-heating quasi-adiabatic calorimetry and from 420 to 1000 K using dif- 
ferential scanning calorimetry. These measurements yield Cp 298 = 342.80 + 1.4 J/mol- K and S& 
= 342.60 J/m01 - K. Miissbauer characterizations show the almandine to contain less than 2 + 1% of the 
total iron as Fe’+. X-ray diffraction studies of this synthetic almandine yield a = 11.521 + 0.001 A and 
V&, = 115.11 Ltr 0.01 cm3/mol, somewhat smaller than previously reported. The low-tempera&re Cp 
data indicate a lambda transition at 8.7 K related to an antiferromagnetic-paramagnetic transition with 
TN = 7.5 K. Modeling of the lattice contribution to the total entropy suggests the presence of entropy in 
excess of that attributable to the effects of lattice vibrations and the magnetic transition. This probably 
arises from a low-temperature electronic transition (Schottky contribution). 

Combination of the Cp data with existing therm~ynamic and phase ~uilib~um data on almandine 
yields AGc2298 = -4938.3 kJ/moI and AI?&*~ = -5261.3 W/m01 for almandine when calculated from 
the elements. The equilibrium almandine = hercynite + fayalite + quark limits the upper T/P for 
almandine and is metastably located at ca. 570°C at P = 1 bar, with a dP/dT of +17 bars/Y. This 
agrees well with reversed experiments on almandine stability when they are corrected for magnetite and 
hercynite solid-solutions. In f&-T space, almandine oxidizes near QFM by the reactions almandine + 9 
= magnetite f sillimanite + quartz and almandine -I- O2 = hercynite + magnetite -I- quartz. With suitable 
correction for reduced activities of solid Dhases. these equilibria provide useful oxygen barometers for 
medium- to high-grade metamorphic m&s. ’ 

lNTRO.DUCIION 

ALMANDINE, Fe3A12Si301z, IS an important component in 
many natural garnets. The first appearance of almandine- 
rich garnet in metapelitic rocks has been used as an indicator 
of metamorphic grade since the work of BARROW ( 1893). 
Almandine-rich garnets appear in metamorphic rocks of var- 
ied composition from the upper greenschist to the granulite 
facies and they are also found in some granites and pegmatites. 
The wide stability field of almandine-rich garnets enables 
equilibria involving almandine to be used as sensors of tem- 
perature ( T) , pressure (P), and oxygen fugacity (fo, ) in many 
crustal rocks. 

Accurate calculation of equilibria involving almandine re- 
quires knowledge of its the~odynamic properties. Until re- 
cently, accurate low-temperature heat capacity data on iron- 
bearing minerals have been unavailable as a result of the 
difficulty of obtaining suitable samples. Most natural garnets 
are inappropriate for heat capacity measurements because of 
the presence of solid solutions, chemical inhom~eneities, 
and mineral inclusions. On the other hand, synthesis of a 
large (approximately 10 g) sample presented severe experi- 
mental problems until one of us (S. R. Bohlen) designed a 
new large-volume furnace for the piston-cylinder device and 
developed a synthesis technique that provided high yields of 
coarse garnet crystatlites. 

* Presenl address: I825 Nemoke Trail, Haslett, MI 48840, USA. 
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The heat capacity of synthetic almandine has been mea- 
sured from 8 to 350 K using adiabatic calorimetry and from 
420 to IO00 K using differential scanning calorimetry (DSC ) . 
These data, combined with volume, thermochemical, and 
phase equilibrium data, permit calculation of the Gibbs en- 
ergy of almandine, which allows the stability of endmember 
almandine to be calculated in P-T- fo, space and compared 
with existing experiments. 

EXPERIMENTAL TECHNIQUES 

Sample Preparation and Characterization 

The measurements were performed on a synthetic almandine pre- 
pared in the laboratory of Prof. A. L. Montana at UCLA. A vitreous 
phase of almandine com~ition was synthesized by reacting Fez03 
(Baker reagent grade hematite), Al203 (synthetic corundum), and 
SiO, (natural quartz from Brazil, crushed to -200 mesh, leached in 
HNOI, and fired at 800°C for 24 h) in a graphite crucible with a 
tight-fitting lid at 1375°C for 45 min. Traces of excess Si02 were 
added to promote dissolution of refractory corundum. Optical ex- 
amination of the product, a black-green, homogeneous glass, showed 
no unreacted starting material; and X-my analysis showed no dif- 
fraction peaks. The glass was then ground and loaded into a graphite 
capsule that was placed, in turn, in a 1 in. talc assembly identical to 
that described by A. L. Boettcher (in JOHANN= et al., 1971). Al- 
mandine was synthesized at 950°C and 22 kbar for 8 h in the piston- 
cylinder apparatus in 3 to 4 g batches. Optical examination of the 
product revealed that the glass had completely reacted to garnet with 
only traces (~0. 1%) of a low refractive index, crystalline phase, prob- 
ably quartz. Electron microprobe analyses suggest that the garnet is 
homogeneous, stoichiometric almandine (Table I). Powder X-ray 
diffraction analysis gives the pattern of garnet (a = 11.521 + 0.001 
A) only. This cell edge is somewhat smaller than those previously 
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TABLE 1. Analysis of synthetic almandine.* 

Synthesis # 865 866 871 874 

SiOz 36.1 (0.3) 36.2 (0.2) 36.2 (0.3) 36. I (0.2) 
A1203 20.5 (0.4) 20.4 (0.3) 20.5 (0.2) 20.5 (0.5) 
Fe0 43.3 (0.3) 43.4 (0.4) 43.4 (0.2) 43.2 (0.3) 
Total 99.9 100.0 100.1 99.8 

cations normalized to twelve oxygens 

Si 2.996 3.001 3.000 2.998 
Al 2.004 1.993 2.002 2.002 
Fe 3.004 3.008 3.005 3.001 
0 12 12 12 12 
# points 14 12 15 15 

* Numbers in parentheses indicate the total variation in wt % of 
the analyses. 

reported for afmandine: 11.526 A (ROBIE et al., 1967), 11.525-I 1.528 
A (Hsu, 1968), II.529 8, (KAWASAKI and MATSUI, 1977), and 
Il.527 8, (CHATILLON-COLINET et al., 1983). This difference may 
be the result of greater Fe’+ content in other synthetic almandines 
(WOODLAND and WOOD, 1989). The cell edge for the almandine 
used in this study was determined from powder X-ray data obtained 
in the range of 15 to 95” 26 at a constant scan rate of 0.5” 28/min 
using quartz as an internal standard. The cell edge was determined 
by least-squares regression using fifteen X-ray lines of the powder 
data. This yields V & = 115. I 1 + 0.01 cm3/mol for the synthetic 
almandine. 

MoWauer Studies 

Mossbauer spectra of the almandine were obtained at 300 K using 
a constant acceleration, mechanically driven M&batter spectrometer 
in the laboratory of Prof. W. A. Dollase at UCLA to check for the 
presence of Fe’+. Samples of 70-80 mg were used with a 10 mCi 
“Co in Pd source. Duplicate spectra were recorded in 5 12 channels 
of a multichannel analyzer using a velocity increment of 0.03 mm/ 
channel sec. Counting times were sufficient to obtain several million 
counts per channel and count dips of greater than IO5 counts. The 
spectra were fit with Lorentzian doublets that were constrained to 
equal widths and area for the low- and high-velocity components. 
Chi-square and additional goodness-of-fit parameters (RUBY, 1973) 
were calculated for each spectrum fitted. 

The Mossbauer spectrum of this almandine consists of a ferrous 
doublet that is very widely split in comparison with that of other 
ferrous iron silicates and a very small, poorly defined ferric doublet 
that appears in the spectrum as a low-intensity “shoulder” on the 
high-velocity edge of a low-velocity component ofthe ferrous doublet. 
For ferrous iron in the dodecahedral position, the measured average 
isomer shift and quadrupole splitting (I!$, = 1.299 & 0.002 mm/ 
set, Qs = 3.546 + 0.004 mm/set) arc close to reported values for 
both natural garnet (AMTHAUER et al., 1976) and for synthetic, end- 
member almandine (MURAD and WAGNER, 1987; AMTHAUER et 
al., 1989, GEIGER et al., 1990). The observed peak widths are 0.3 
mm/set. The intensity of the ferric doublet is so low that in order 
to obtain convergence during the fitting procedure, the isomer shift 
and quadrupole splitting had to be constrained. The values chosen 
were consistent with ferric iron in octahedral sites in one case and 
tetrahedral sites in another. Both solutions fit the data equally well. 
However, by constraining the values of IS and Qs, only the relative 
proportion of ferrous and ferric iron could be obtained from the data. 
The areas of the ferrous and ferric doublets indicate that 2 it 1% of 
the iron is present in the ferric state. 

Calorimetric Methods 

Low-temperature measurements were performed on a 10.86 I8 g 
mass of the synthetic almandine. The sample was loaded in calorim- 
eter W-34 and evacuated. Before sealing, ca. 20 torr of purified He 

was added to promote thermal conductivity. Amounts of He, solder, 
and conductive grease used were comparable to those used in mea- 
suring the heat capacity of the empty calorimeter, and corrections 
were applied for the differences. The experiment was performed in 
the Mark X cryostat using the automated data collection techniques 
described in WESTRUM ( 1984) using temperature increments of 5% 
of T for temperatures below 100 K and increments of 5 K at tem- 
peratures between 100 and 350 K. All measurements of mass, energy, 
and temperature are traceable to National Institute of Standards and 
Technology calibrations. The molecular weight of 497.753 gm/mol 
for pure Fe3A12Si30r2 was used to convert the data to moles. 

The heat capacity of 44.056 mg of the almandine was measured 
between 420 and 1000 K using the differential scanning calorimeter 
at the USGS. The procedures and methods of data treatment are 
discussed elsewhere (HEMINGWAY et al., 198 I ). 

RESULTS 

The experimental values for the low-temperature heat ca- 
pacity of almandine are shown as a function of temperature 
in chronological order in Table 2. The values tabulated have 
been corrected for curvature and for the contribution of the 
empty calorimeter. The uncertainty in the individual Cp 
measurements is approximately 0.1%. Figure 1 is a plot of 
Cp vs. T; above 10 K, the data fit a smooth, continuous 
sigmate curve. Below 10 K, the data reveal a lambda transition 
with a peak at 8.7 K attributable to magnetic ordering of the 
Fe’+ electrons. Using magnetic susceptibility measurements, 
PRANDEL ( 197 1) observed an antiferromagnetic ordering 
transition (Niel point) in synthetic almandine at 7.5 K. The 
difference in temperature may be attributable to uncertainties 
in the temperature scale at these temperatures or to differences 
in the Fe3+ content of the synthetic almandines. The heat 
capacity of this region was remeasured using small temper- 
ature intervals to define the transition more accurately. The 
lack of sensitivity in the thermometer calibration at these 
temperatures suggests that errors in Tare at least -to.25 K. 
Limitations of the cryostat hampered data collection on the 
low-temperature side of the transition, and this limb was es- 
timated using the known relationship of Cp to T below such 
a transition ( KITTEL, 1986). 

The enthalpy and entropy contribution from the transition 
were found by graphically fitting a curve to the data in the 
transition region and using values interpolated from this curve 
(Fig. 1) to numerically integrate the Cp and Cp/ Tfunctions. 
Above 12 K, the data were fit in two segments ( 12-55 K and 
55-350 K) with orthogonal polynomials using the program 
FITAB2 (JUSTICE, 1969). The smoothed data fit the exper- 
imental results within 0.14% at 20 K, 0.22% at 50 K, 0.1% 
at 100 K, and 0.03% at 325 K. These data were combined 
with those from the transition region to yield Cp2,, = 342.8 
J /mol. K and S&r = 342.6 J/mol - K. The uncertainty in 
the entropy value is a combination of the uncertainties in 
the heat capacity data and is estimated at approximately 0.4% 
of the total or 1.4 J/mol -K. Smoothed thermodynamic 
functions at selected temperatures are listed in Table 3. 

The results of the high-temperature measurements are in 
Table 4, where each series represents a continuous thermal 
scan. The experimental heat capacities are fit by the following 
equation: 

Cp (J/g.K) = 0.58812 + 6.9616 10-4T- 3.0773 lo-‘T* 

+ 1.439T-‘.’ - 1.4485 104T-*, 
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TABLE 2. Experimental heat capacities for almandine (6-350 K). 

T CP T CP T CP 
K J/mol K K J/mol K K J/mol K 

SERIES I 
6.81 27.583 
7.15 21.255 
1.63 30.714 
8.03 33.5 14 
8.50 37.681 
9.00 36.835 
9.69 21.515 

10.45 17.065 
II.03 16.209 
II.55 15.934 
12.07 15.658 
12.58 15.414 

SERIES II 
6.92 21.806 
7.35 27.448 
7.78 30.803 
8.16 35.287 
8.50 31.998 
8.82 38.410 
9.1 I 35.366 
9.41 25.59 I 
9.81 19.194 

10.28 11.487 
10.78 1.6.57 1 

SERIES III 
8.88 30.858 

11.56 16.008 
12.12 15.651 
!2.75 15.346 
13.41 15.296 
14.09 15.155 
14.81 15.127 
15.56 15.004 
16.35 14.881 
17.17 14.665 
18.03 14.523 
18.93 14.419 
19.87 14.340 
20.85 14.265 
21.87 14.305 
22.94 14.331 
24.05 14.542 
25.21 14.772 
26.42 15.044 
27.68 15.548 
28.99 16.139 
30.37 16.790 
31.80 17.696 
33.30 18.748 
34.87 19.966 
36.52 21.345 

38.24 22.975 
40.05 24.824 
41.94 26.768 
43.93 28.872 
46.01 31.571 
48.20 34.184 
50.50 36.878 
52.9 I 40.232 
55.44 43.527 
57.83 46.194 
60.35 50.62 1 
63.26 55.023 
66.07 59.045 
69.13 63.579 
72.78 69.008 
76.66 14.811 
80.56 81.284 
84.88 88.959 
89.80 95.980 
96.23 106.381 

101.00 113.781 
105.96 121.632 
110.94 129.43 1 
115.93 137.241 
120.94 144.785 
125.96 152.740 
131.00 160.373 
136.04 168.119 
141.10 175.150 
146.16 182.855 
151.29 190.023 
156.47 197.299 
161.65 204.110 
166.84 210.923 
172.03 2 18.235 
177.17 224.503 
182.29 231.141 
187.41 237.048 
192.54 243.184 
197.66 249.212 
202.79 254.433 
207.92 260.513 
213.05 265.68 1 
218.19 270.948 
223.32 276.628 
228.46 28 I .922 
233.60 287.045 
238.74 292.678 
243.87 298.777 
249.02 302.338 
254.19 307.268 
259.35 311.579 

264.50 3 16.034 
269.66 321.226 
274.8 1 324.976 
279.97 329.366 
285.12 333.177 
290.30 337.318 
295.47 339.073 
300.59 344.382 
305.70 348.479 
310.86 352.216 
316.02 355.837 
321.22 359.814 
326.43 362.924 
331.57 366.042 
336.70 370.145 
341.85 374.191 
347.0 1 377.120 

SERIES IV 
177.10 224.012 
182.20 229.941 
192.43 242.802 
197.56 248.763 
202.69 254.309 
207.82 260.040 
212.95 265.337 
218.08 271.107 
223.22 276.362 
228.36 281.888 
233.50 281.226 
238.65 292.234 
243.79 298.252 
248.94 302.254 
254.09 307. I33 
259.30 319.572 
264.42 315.855 
269.56 320.569 
274.72 324.440 
279.88 328.162 
285.05 332.686 
290.2 1 337.416 
295.40 340.143 
300.57 344.028 
305.7 1 347.693 
310.90 351.571 
316.11 355.356 
321.28 358.894 
326.45 362.352 
331.64 365.714 
336.83 369.609 
341.99 373.460 

with an average deviation of 0.3%. A plot of Cp vs. T shows 
that the two sets Of measurements produce curves that Overlap 
smoothly (Fig. 2). Smoothed values for the thermodynamic 
functions are given in Table 5 at selected temperatures to 
loo0 K. No correction was made for the small amount of 
ferric iron shown by the Miissbauer spectra because of the 
uncertainty in the substitutional mechanism. 
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The most important source of heat capacity in a solid, the FIG. I _ Low-temperature Cp vs. T for almandine. Note the lambda 

lattice contribution, arises from the vibrational energy of the transition at 8.7 K. Inset shows detail for the transition region. 

structure. This contribution may be calculated using the 
principles of lattice dynamics, provided that spectral data are 
available. For most minerals, such data are unavailable or 
incomplete and other techniques must be applied to evaluate 
the lattice Cp. In addition to lattice vibrations, other factors 
such as order-disorder and magnetic transitions, as well as 
thermally excited electronic transitions, may also contribute 
to heat capacity. 

The lattice contribution for almandine was estimated from 
the heat capacity of isostructural grossular, Ca&SisOrr . The 
heat capacity of natural grossular has been measured by 
WESTRUM et al. ( 1979) and by KOLESNIK et al. ( 1979) and 
that of synthetic grossular by HASELTON and WESTRUM 
( 1980). Gross&u is Free of excess contributions, while pyrope 
was rejected as a lattice model because pyrope appears to 
have an anomalously high heat capacity at low temperatures 
( KIEFFER, 1980; HASELTON and WESTRUM, 1980). 

The apparent Debye characteristic temperatures (0,) for 
the experimental data on almandine (this study) and for that 
of grossular ( WESTRUM et al., 1979) should differ by a con- 
stant value if lattice vibrations are the only contribution to 
their heat capacities. Any nonparallelism would represent 
excess contributions. The flu curve of almandine was redrawn 
to parallel the curve for grossular. The temperature depen- 
dence of the lattice heat capacity was ascertained from these 
new values (Fig. 3). 

Recent data suggest that the use of grossular as a lattice 
model for almandine may be problematic. ARMBRUSTER et 
al. ( 199 1, 1992) showed that in almandine-pyrope garnets, 
there is a strong anisotropic vibration of the cation in the 
large X-site. In gross&r, there is significantly less anisotropic 
vibration of the larger Ca atom (C. A. Geiger, pers. com- 
mun.); thus, the lattice contributions to the heat capacities 
will be different in almandine and grossular. Such differences 
will be accounted for to some extent by the Debye temper- 
ature correction discussed in the preceding text. In addition, 
cation size is not the only factor to be considered. The heat 
capacities of almandine and pyrope also differ because of the 

400 I I I 
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TABLE 3. Smoothed thermodynamic functions for almandine 
( I O-350 K) 

T CP ST-SO (H$ - Ho”)/T (G$ - Ho”)/T 
K J/mol K J/m01 K J/mol K J/mol K 

IO 16.25 23.79 178.6 5.936 
15 15.02 30.13 256.5 13.028 
20 14.35 34.34 329.6 17.858 
25 14.71 37.55 401.7 21.483 
30 16.59 40.38 479.3 24.402 
35 20.05 43.17 570.3 26.879 
40 24.75 46.15 681.9 29.099 
45 30.28 49.38 819.2 31.177 
50 36.37 52.88 985.6 33.165 
60 50.07 60.70 1416.5 37.089 
70 64.94 69.52 1990.9 41.079 
80 80.43 79.20 2717.3 45.236 
90 96.22 89.58 3600.5 49.576 

100 112.11 loo.54 4641.7 54.124 
110 127.95 111.97 5842.2 58.855 
120 143.58 123.78 7199.9 63.777 
130 158.88 135.85 8713.1 68.857 
140 173.85 148.24 10377.5 74.078 
150 188.23 160.71 12188.3 79.440 
160 202.03 173.26 14139.6 84.9 1 I 
170 215.25 185.90 16227.3 90.48 1 
180 227.89 198.62 18443.8 96.1 I4 
190 239.94 211.26 20783.3 101.863 
200 251.50 223.81 23240.9 107.641 
210 262.56 236.37 25811.6 113.478 
220 273.20 248.84 2849 1.2 119.347 
230 283.59 261.23 31275.6 125.209 
240 293.48 273.53 34 160.6 131.195 
250 303.13 285.67 37144.4 137.098 
260 312.27 297.72 4022 I .5 143.084 
270 320.92 309.70 43390.8 148.987 

273.15 323.58 313.44 44405. I 150.899 
280 329.15 321.50 46641.5 154.973 
290 336.80 333.23 49967.1 160.876 

298.15 342.79 342.62 52735.7 165.781 
300 344.12 344.78 53375.9 166.862 
325 361.49 372.97 62197.0 181.578 
350 379.53 400.40 7f458.8 f 96.294 

presence of a magnetic lattice constraint upon the Fe in al- 
mandine that is not present in pyrope or in almandine at 
higher temperatures. Pyrope would he the preferred model 

TABLE 4. Experimental heat capacities for almandine 
(400-1000 K). 

T CP T CP T CP 
K J/m01 K K J/mol K K J/m01 K 

SERIES I 
420.0 403.1 
440.0 410.7 
459.9 418.3 
479.9 424.6 
499.8 431.4 
519.8 437.0 
539.7 442.2 
548.7 444.9 

SERIES II 
519.8 435.7 
539.7 440.3 
559.7 444.9 
579.6 449.5 

599.6 453.8 
619.5 459.5 
639.5 463.2 
648.5 467.4 

SERIES III 
659.4 466.7 
679.4 470. I 
699.3 470.6 
719.3 474.6 
739.3 478.1 
748.2 479.1 

SERIES IV 
819.1 487.1 
829.0 488.4 

839.0 491.6 
848.0 492.7 

SERIES V 
868.9 491.3 
878.9 493.8 
888.9 494.1 
879.9 494.9 

SERIES VI 
918.8 497.3 
947.8 500.2 

SERIES VII 
997.5 501.2 

0 200 400 600 800 loo0 

‘f (K) 

FIG. 2. Cp vs. T for almandine from 6 to 1000 K showing the 
agreement between the DSC and adiabatic measurements. 

presence of a magnetic lattice constraint upon the Fe in al- 
mandine that is not present in pyrope or in almandine at 
higher temperatures. Pyrope would be the preferred model 
component for almandine in corresponding states calcula- 
tions at temperatures well above the magnetic transition. It 
is not cfear, however, that it would be a good modef in the 
region of the magnetic transition where the model calculation 
is applied. ARMBRUSTER et al. ( 1991, 1992) refined the 
structure at 100 K and above where the effects of the magnetic 
sublattice will be small and such refinements will not be de- 
finitive, as they will not reflect the effect of the magnetic 
lattice on the anisotropic vibration of Fe ions at very tow 
temperatures, which may cause Fe to differ substantially from 
Mg. Low-temperature conductivity measurements will be 
needed to determine whether or not electron delocalization 
or other electron disorder is a cont~buting factor and the 
degree to which the model calculation is correct. As the com- 
parison remains useful for understanding the excess contri- 
butions to the total heat capacity, it will be retained with this 
caveat. 

Excess Cont~but~ns 

The lambda transition with a peak at 8.7 K represents 
ordering of the magnetic structure of almandine (Fig. 2). 
Below the transition temperature, the excess heat capacity is 
proportional to T3 ( ROBIE, 1987). Above the transition, the 
cont~bution cannot be modeled as a simple function of tem- 
perature. However, the total entropy resulting from the 
transition can be calculated from the spin-state as A&,, 
= nR In (2s f 1) ( ULBRICH and WALDBAUM, 1976), where 

S is the total spin quantum number of the magnetic atom 

and n is the number of magnetic atoms in the formula unit. 
For aimandine, the equation yields AS,, = 40.12 Jfmoi - IL 
The entropy contribution of the lattice can be obtained by 
integrating the model heat capacity as a function of temper- 
ature. The excess entropy is obtained by subtraction of the 
lattice contribution from the measured heat capacity (Fig. 
4). As is typical of magnetic transitions, the excess entropy 
curve does not reach the value of the expected magnetic wn- 
tribution until well above the transition temperature. 
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TABLE 5. Smoothed thermodynamic functions for almandine (298-1000 K). 

T CP ST-SO VG - fGd/T (G; - H&)/T AG;,, 
K J/mol - K J/mole K J/mol - K J/mole K kJ/mol 

298.15 342.8 342.6 0.000 342.6 -4938.26 
300. 344.2 344.7 2.118 342.6 -4936.26 
350. 314.1 400.2 53.218 346.9 -4882.03 
400. 397.6 451.8 94.946 356.8 -4827.91 
450. 415.8 499.1 129.62 370.1 -4173.8 1 
500. 430.9 544.3 159.02 385.3 -47 19.85 
550. 443.7 586.0 184.33 401.7 -4666.05 
600. 454.1 625.1 206.41 418.7 -4612.42 
650. 464.3 661.9 225.89 436.0 -4558.95 
700. 412.6 696.5 243.22 453.4 -4505.63 
750. 479.8 729.5 ‘258.76 410.7 -4452.45 
800. 486.0 760.6 212.17 487.9 -4399.39 
850. 491.2 790.2 285.41 504.8 -4346.4 1 
900. 495.5 818.4 297.03 521.4 -4293.49 
950. 498.9 845.3 307.57 537.8 -4240.62 

1000. 501.5 871.0 3 17.20 553.8 -4187.75 

The excess entropy curve shown in Fig. 4 crosses the ex- 
pected maximum contribution from the magnetic transition, 
rather than approaching it. This suggests that additional fac- 
tors may be contributing to the entropy of almandine. A 
possible source for the excess is a Schottky thermal contri- 
bution from disordering of the iron d-electrons. This contri- 
bution would have a maximum value of 3 R In 2 for alman- 
dine, representing three moles of iron in pseudocubic coor- 
dination. The experimental excess value is close to that 
expected from such a contribution; but this could be fortui- 
tous, and more detailed spectral data are required to test this 
model. 

Entropy of Almandine 

At 298.15 K, the measured entropy of almandine is 342.6 
+ 1.4 J / mol. K, compared with estimates ranging from 284 
to 342 J / mol. K, at 1000 K, the measured entropy of al- 
mandine is 87 1 .O + 5.5 J / mol. K, compared with estimates 

from 8 19 to 884 J/mole K (CHATILLON-COLINET et al., 1983; 
YAKOVLEV and VOZIANOVA, 1983; BERMAN, 1988; HOL- 

LAND and POWELL, 1990; see Table 7). Estimates of the en- 
tropy of almandine obtained from summation techniques or 
from experiments may have relatively large errors even at 
high temperatures. 

Gibbs Energy of Almandine 

The Gibbs energy of almandine may be calculated from 
the combination of entropy data with existing phase equilib- 
rium data. The entropy function for almandine was extrap- 
olated to higher temperatures using the technique of ROB- 

INSON and HAAS ( 1983). These data were combined with 
experiments (Fig. 5) of BOHLEN et al. ( 1983a) for the equi- 
librium 

almandine + rutile = ilmenite + sillimanite + quartz 

Fe3AlzSi3012 + 3Ti02 = 3FeTiOs + AlzSiOs + 2Si02 ( 1) 

50 

40 

30 

Cp/RZO 

10 

FIG. 3. Excess Cp of almandine. Solid line represents the measured 
Cp. Broken line is lattice as calculated from grossular, and the dashed 
curve shows excess Cp as a function of temperature. 

I I I 
0 100 

T=(z) 
300 40 0 

FIG. 4. Excess entropy as a function of temperature. The straight 
line represents the expected magnetic contribution. 
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FIG. 5. Calculated and experimental locations for Reaction I 
( BOHLEN et al., 1983a), Reaction 2 (BOHLEN et al., 1983b), Reaction 
3 (SHULTERS and BOHLEN, 1989), and the a-8 quartz transition 
(COHEN and KLEMENT, 1967 f . The calculated stability field for quartz 
+ corundum, the kyanite-s~l~i~anite t~nsition, and Reaction 5 are 
also shown. 

and existing thermodynamic data for the other phases, except 
sillimanite, to calculate the AG% and AH/” for almandine 
(Table 6), yielding -4938.26 kJ/mol and -5261.3 Wlmol, 
respe&veIy. The uncertainties in these values were estimated 
from the maximum misfit to Reaction 1 as f0.7 kJ/mol. 
Gibbs energy values are reported to a greater precision than 
this in order to allow more precise replication of the calcu- 
lations presented (cf. ROBIE et al., 1979). 

The entropy, enthalpy, and Gibbs energy of ~man~ne 
estimated here are compared with previous estimates from 
the literature for almandine at 298. I5 and 1000 K in Table 
7. Literature data may be separated into two kinds, those 
using old experiments and an estimated entropy for alman- 
dine, and those using our entropy data and the high-pressure 
experiments of BOHLEN et al. ( 1983a); the former group of 
estimates is highly disparate from the latter group (Table 7 ) . 
The smaller differences within the latter group may be traced 
to differences in data used for the volumes, entropies, and 
Gibbs energies of the phases involved in the reaction. 

In order to obtain a precise set of ~e~~yn~ic data for 
sillimanite relative to quartz and corundum, we have com- 
bined calculations using reversals (Fig. 5) for the following 
experimentally determined reactions: 

aimandine + sillimanite = hercynite f quartz 

Fe3A12Si301Z f 2A12SiOS = 3FeA1204 + 5SiOZ (2) 

( BOHLEN et al., 1986); and 

almandine + corundum = hercynite + sillimanite 

FeXAlaSilOtz + SA1203 = 3FeAlzOs + 3A12SiOs (3) 

( SHULTERS and BOHLEN, 1989 ) to derive a AC&S of - 1.4 1 
kJ / mol for the reaction 

corundum + P-quartz = sillimanite 

A&O3 + SiO, = AlzSi05. (4) 

A similar calculation was made by SHULTERS and BOHLEN 
( 1989) from their data, yielding a similar AG& (-0.7 kJ/ 
mol) for Reaction 4 when extrapolated from their calculation 
at high temperatures. 

The AG&8 value derived for sillimanite fi-om Reactions 
2, 3, and 4 (Table 6) differs up to 3 kJfmo1 from that pre- 
viously reported (e.g., by -2.6 kJ/mol, HIXGESON et al,, 
1978; -0.6 kJ/mol, ROBE et al., 1978; -3.1 kJ/mol, ROB- 

INSON et al., 1983; -2.2 kJ/mol, ANOVITZ~~~ ESSENE, 1987, 
and MOECHER et al., 1988; -3.0 kJ/mol, TOPOR et al., 1989; 
and -0.5 kJ/mol, HEMINGWAY et al., 1991). Acceptance of 
this datum requires revisions of the AG& data for the alu- 
minous silicates but is neceq if the various tightly reversed 
experiments on the stability of almandine are to be fitted to 
an internally consistent data set. In addition, as Reactions 2 
and 3 can be added to derive the oxide formation Reaction 
4, they provide a necessary tight constraint as the Gibbs energy 
of one of the aluminum silicates must be known in order to 
derive those of the other two from the polymorphic transition 
reactions. With the smaller AG&98 value for Reaction 4, a 
stability field for quartz + corundum may be calculated at 
ca. 16 kbar and T > 1100°C (Fig. 5 f . The reliability of this 
constraint can be evaluated by comparing the calculated po- 
sition of the kyanite-bearing equivalent of Reaction 4 with 
that located experimentally by PETERSON and NEWTON 
( 1990). Their experiments place this reaction between 7.75 
and 8.0 kb at 8 15°C. The data used here yield 8.0 kb at this 
same temperature, well within the experimental and ther- 
modynamic uncertainty. As the calculated location of Re- 
action 4 still retains large uncertainties, it should be inves- 
tigated by further experimental studies. 

Thermodynamic data for various phases in the system 
Ca~F~-Felon-AI*O~-Sib-H~O were recalculated with the 
method of ANOVITZ and ESS~ENE ( 1987 1, including the more 
recent data of HEMINGWAY ( 1987) on quartz (Table 6). Cal- 
culations of the phase equilibria with these data compared 
with the reversals are shown in Fig. 5. Good agreement is 
generally achieved between experiment and calculation, ex- 
cept for Reaction 1, where a difference in slope is found ( Fig. 
5 ). This reaction is sensitive to small changes in volume and 
entropy data ( ESSENE, 1989 ), and the disagreement may be 
caused by small errors in the calculation of the effects of 
pressure and temperature on these parameters. For instance, 
if the thermal expansivity of ilmenite is estimated from he- 
matite, rather than from the direct measurements of WECH- 
LER and HEWITT ( 1984) used here, the calculated slope is 
in agreement with the reversals. There do not, however. ap- 
pear to be obvious errors in the data of WECHLER and 
PREWITT ( 1984); thus, we have retained these data in our 
calculation, although this yields a slightly poorer fit to Re- 
action I. 

An evaluation of the reliability of the data presented in 
Table 6 may be obtained by comparison with the experiments 
of HARLOV and NEWTON ( 1992 > on the following reaction: 

almandine -t O2 = magnetite + kyanite + quartz 

2Fe,AlzSi3012 f O2 = 2FejQ -t 2A12Si05 + 4Si02. (5) 
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TABLE 6. Thermodvnamic data set for selected bhases in the svstem Ca-Fe-Al-Si-O-H. 

Phase abb Vb8 ref. A B ref. C D ref. 

hercynite hc 40.75 (I) 0.14 2.9 (JO) 0.48 0.00 (17) 
sillimanite sil 50.02 (6) 1.30 1.4 (7) 0.76 -2.00 (8) 
kyanite ky 44.21 (6) 2.51 -0.0 (7) 0.79 -11.00 (8) 
corundum car 25.57 (1) 2.15 4.1 (2) 0.35 0.03 (3) 
quartz (OL, T < 573°C) a qx 22.69 (1) 0.42 112.9 (2) 2.26 -7.47 (5) 

quartz (a, T> 573°C) a qz 23.24 (4) 3.27 -14.7 (4) 2.26 -7.47 quartz (8) p 23.74 (16) 0.37 -3.28 (2) 2.26 -7.47 ::; 

fayalite 46.39 (9) 3.16 0.35 (6) 0.91 0.00 (6) 
ferrosilite fs 32.96 (10) 1.43 11.25 (10) 0.99 -5.03 (3, 11) 
magnetite (a) (Y mt 44.52 (I) 3.18 12.26 (2) 0.57 -0.4 1 (3) 
magnetite (8) Bmt 44.52 I:; 3.18 12.26 (2) 0.57 -0.41 (3) 
hematite (0~) ahm 30.27 3.77 0.47 (6) 0.48 0.07 (18) 
hematite (8) Bhm 30.27 (1) 3.77 0.47 (6) 0.48 0.07 (18) 
almandine aim 115.11 (12) 0.23 1.8 (10) 0.57 0.00 (13) 

References: (I) ROBIE et al. (1978), (2) SKINNER (1966), (3) BIRCH (1966), (4) fit to a-b transition, (5) OLINGER and HALLECK (1976), (6) 
ROBINSON et al. (1983), (7) WINTER and GHOSE (1979), (8) BRACE et al. (1969), (9) E. J. Essene et al. (unpubl. data), (10) L. M. Anovitz and 
Haas (unpubl. data), (11) BASS and WEIDNER (1984), (12) this study, (13) ANOVITZ and &ENE (1987), (14) VAIDYA et al. (1973), (15) 
LIEBERMAN and RINGWOOD (1976), (16) fit to high-temperature volume data, ( 17) WANG and SIMMONS (1972), and ( 18) WILBURN et al. 
(1978) 

Notes: Volume in cm3/mol. % Expansion = A* IO-‘*(T- 293) + Bt IO-‘t(T- 293)*(TK). % Compressibility = C* IO-‘*P + D* 10-4tP2 
(P kbar). 

Phase %8 ref. E F G H ref. AG%8 ref. 

hercynite 119.60 (12) -103.400 143.759 49.965 -94.917 (II) -1838.26 (5) 
sillimanite 95.80 (4) 164.47 1 33.575 -0.010 -46.069 -2439.63 (5) 
kyanite 82.40 (4) 181.138 27.067 -2.278 -48.565 

:r; 
-2443.66 (5) 

corundum 50.92 (I) 153.489 1.956 -9.023 -20.267 (1) - 1582.33 (2) 
quartz (a, T < 573°C) 41.46 (1) 66.501 31.057 -4.673 -3.656 (JO) -856.29 (10) 

quartz (a, T > 573’C) 41.46 (1) 145.299 -20.897 -16.818 2.218 (1) -856.21 quartz (8) 37.44 (13) 59.296 9.933 -0.090 0.152 (I) -855.89 (ii! 

fayalite 152.10 (2) 58.015 71.155 20.576 -58.404 (6) -1377.14 (7) 
ferrosilite 95.80 (8) 157.837 6.416 -10.705 -7.883 (8) -1115.83 (7) 
magnetite (cy) 146.01 (2) -2480.704 1417.774 485.735 -539.31 I (2) -1014.14 (2) 
magnetite (8) 80.50 (13) -79.901 58.295 76.874 -72.569 (2) -1019.46 (3) 
hematite ((Y) 87.48 (2) -711.859 439.712 156.435 - 197.947 (2) -745.27 (2) 
hematite (8) 28.41 (13) -551.204 159.620 180.41 I -327.895 (2) -752.79 (3) 
almandine 342.60 (9) 862.944 -82.878 -88.746 16.967 (9) -4938.26 (7) 

References: (I) ROBIE et al. (1978). (2) ROBINSON et al. (1983), (3) fit to a-8 transition, (4) ROBIE and HEMINGWAY (1984), (5) this study, 
(6) ROBIE et al. (1982), (7) ANOVITZ and ESSENE (1987) reevaluated, (8) BOHLEN et al. (1983b), (9) METZ et al. (1983), (10) HEMINGWAY, 
1987, (11) L. M. Anovitz et al. (unpubl. data), (12) L. M. Anovitz et al. (unpubl. data), and ( 13) fit to high-temperature data. 

Notes: Entropy in J/mol*K, Gibbsenergy in kJ/mol. Cp = E + F* IOe3*T+ Gt lO*tT-‘I* + Hz lo-‘*T-* (TK). 

TABLE 7. Comparisons of thermodynamic data for almandine. 

%98 AG iT298 mt298 Sib ~Ghw W$oo 
J/mol K kJ/mol kJ/mol J/mol K kJ/mol kJ/mol 

321. -4969. -5322. - - - (1) 
286. -4989. -5329. - - - (2) 
340. -4956. -5280. 839. - - (3) 
331. - - 884. -4210. -5276. (4) 
284. -4979. -5319. 819. -4188. -5321. (5) 
286. -4970. -5310. 817. - - (6) 
338. -495 1. -5275. - - (7) 
339.9 -4941.7 -5265.5 867.9 -4198.5 -5277.6 (8) 
342.0 -4944.0 -4944.7 -5267.8 -5267.8 - - - - - - (9) 

(10) 
342.6 -4938.3 - -5272.0 -5261.3 871.0 -4187.75 - -5268.0 - (If) 

(12) 

References: (I) FED’KIN (1970), (2) ZEN (I 973), (3) KARPOV et at. (1977), (4) CHATILLON-COLINET et al. (1983), (5) YAKOVLEV and VOZIANOVA 
(1983) (6) BHATTACHARYA (1986), (7) CHATTERIEE (1987), (8) BERMAN (1988), (9) WCKIDLAND and WOOD (1989) (IO) HOLLAND and 
POWELL ( I990), ( 11) HARLOV and NEWTON ( 1992), and ( 12) this work. 
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Uncorrected for solid solutions in the run products, the ex- 
periments place Reaction 5 between 20 and 23 kb at 650°C 
22 and 22.5 kb at 700°C 25.5 and 26 kb at 8OO”C, and 28 
and 29 kb at 900°C. Uncertainties are given as 20.2 kb and 
+ 10°C (which is equivalent to an additional +0.3 kb from 
the slope of the reaction). Our calculations place this reaction 
at 20.7 kb at 650°C 2 1.9 kb at 7OO”C, 24.5 kb at 800°C 
and 27.1 kb at 900°C. These calculations are in good agree- 
ment with the experimental data at the lower temperatures 
but yield somewhat low pressures at higher temperatures. 
Corrections for solid solutions in the almandine, which ap- 
pears to occur as a FIG component ( Fe3+)3(Al,Fe3+)zA130,z), 
as well as the skiagite component suggested by HARLOV and 
NEWTON ( 1992), and in kyanite and magnetite, assuming 
ideal molecular mixing, yield a +0.2 kb correction in the 
location of the endmember reaction. If present, a maghemite 
component would further reduce the pressure of the end- 
member reaction. 

The remaining differences between our calculated position 
for Reaction 5 and that located experimentally by HARLOV 
and NEWTON ( 1992) appear to be due to the slope of the 
reaction. This also appears to be the primary reason for the 
difference in the value for AG& calculated here and by 
Harlov and Newton (Table 7). These differences could be 
relieved by decreasing the entropy or increasing the volume 
for almandine used here (or vice versa for magnetite + kyanite 
+ quartz). As this is the opposite of the change in almandine 
necessary to better fit Reaction 1, a major change is considered 
unlikely; but additional data on the thermal expansivity, 
compressibility, and/or high-temperature heat capacity of 
the phases involved are needed. 

The experiments of HARLOV and NEWTON ( 1992) may 
also reflect progress of the following reaction: 

almandine + hematite = magnetite + kyanite + quartz 

2Fe3AlISi3012 + 6Fe203 

= 6Fe304 + 2A12SiOs + 4Si02. (6) 

Reactions 5 and 6 would coincide in P-T-fo, space only if 
magnetite and hematite maintain exactly the same compo- 
sitions in both capsules. The possibility of variable maghemite 
solid solution in the magnetites of each capsule needs to be 
evaluated. More careful BSE, EMPA, and XRD studies on 
the run products are needed to characterize the effects of any 
differential solid solutions in run products and starting ma- 
terials from both capsules. 

PHASE EQUILIBRIA 

Thermodynamic data for almandine may be used to cal- 
culate phase equilibria in the system Fe-Al-Si-0. Previous 
calculations (e.g., FROESE, 1973) were performed with ther- 
modynamic parameters estimated or obtained from phase 
equilibrium experiments. The sensitivity of solid-solid re- 
actions to small changes in Gibbs energy permits the calcu- 
lation of accurate Gibbs energy values, provided accurate 
thermodynamic data are available for the phases involved. 
This same sensitivity, however, makes calculation of the P- 
T locations of solid-solid equilibria imprecise unless they are 
based on other experimentally reversed solid-solid phase 

equilibria, as in this paper. HAAS and FISHER ( 1976) described 
a procedure to extract best-fit thermodynamic parameters 
from large data sets using a least-squares model. ROBINSON 
et al. ( 1983) applied this technique to a variety of iron-bearing 
systems, and L. M. Anovitz et al. (unpubl. data) used the 
program in the Fe-Al-Si-C-O-H system. In this study, we shah 
restrict our consideration to anhydrous equilibria defining 
the P-T- fo, stability of almandine. Such equilibria have many 
potential applications in metamorphic petrology. 

Sources of Data 

The thermodynamic data for the phases considered are 
listed in Table 6. To preserve internal consistency, we ac- 
cepted the thermodynamic values of ROBINSON et al. ( 1983) 

for the phases quartz, corundum, magnetite, hematite, and 
fayalite. Calculation of the stability of almandine requires 
thermodynamic data for hercynite (FeAlzO.,). The gg,, for 
hercynite reported by KING ( 1955 ) is based on heat capacity 
measurements between 50 and 298 K and does not include 
the contribution from the magnetic transition at 7.5 K ( ROTH, 
1964). Although many measurements have been made for 
AG$ and AH? of hercynite at high temperatures (e.g., PILLAY 
et al., 1960; RESUKINA et al., 1963; BROKLOFF, 1964; 
MCLEAN and WARD, 1966) uncertainty about the com- 
position and the degree of cation ordering of the hercynite 
and the lack of complete Cp data complicates their appli- 
cation. For this paper, we have adopted the entropy data 
given by L. M. Anovitz et al. (unpubl. data) for hercynite in 
combination with phase equilibrium data (Fig. 5 ) on Reac- 
tion 2 to calculate AGt298 for hercynite. 

The cy-/3 phase transition in quartz presents a problem for 
thermodynamic calculations at high pressures. Calculation 
of phase equilibria involving quartz at high pressures and 
temperatures requires thermodynamic data for a-quartz at 
temperatures beyond its stability range at 1 bar. A least- 
squares procedure was used to derive these data for a-quartz 
by constraining the Gibbs energy of aquartz to equal that 
of P-quartz along the transition reported by COHEN and KLE- 
MENU ( 1967). This procedure is not entirely satisfactory but 
it does reproduce the experimental data. No reversal points 
in the field of stability for a-quartz were used in Gibbs energy 
calculations for almandine. 

Method of Calculation 

Phase equilibrium calculations were performed using the 
program THERMO, a modified version of the program 
EQUILI (SLAUGHTER et al., 1976; PERKINS et al., 1987). 
This program permits calculation of the Gibbs energy of a 
reaction as a function of pressure and temperature with cor- 
rection for thermal expansion and compressibility. Entropy 
and volume data were fit with appropriate equations, and 
consistent AG&98 values were derived for all phases consid- 
ered as described in the preceding text. This permits the cal- 
culation of Gibbs energies for reactions that have not been 
investigated experimentally. 

Pressure and Temperature Stability of Almandine 

Above 3.3 kbar, the upper stability of almandine is limited 
by the following equilibrium: 
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almandine = hercynite + fayalite + quartz 

FeSAlzSi30r2 = FeA1204 + Fez SiO., + 2SiOr. (7) 

This reaction may be calculated from the thermodynamic 
data for these phases listed in Table 6. The endmember re- 
action is located at 57O’C at 1 bar and has a slope of +I7 
bars/ “C (Fig. 6). The experiments of HSU ( 1968) also con- 
strain the position of Reaction 7. Hsu determined the stability 
of almandine on the QFM buffer at 0.5, 1, 2, and 3 kbar by 
the following oxidation reaction: 

almandine + Or = magnetite + hercynite + quartz 

3Fe3AlzSi3012 + O2 = 2Fe304 + 3FeA1204 + 9Si02. (8) 

Reaction 7 may be calculated when Reaction 8 is combined 
with 

fayalite + Or = magnetite + quartz 

Fez Si04 + Or = FeJ04 + SiOr , (9) 

after correction for the effects of the mutually reduced activ- 
ities of FeA1204 in hercynite and Fe304 in magnetite in the 
experimental materials. TURNOCK and EUGSTER ( 1962) ex- 
perimentally constrained the position of the hercynite-mag- 
netite solvus, 2nd YAKOVLEV and VOZIANOVA ( 1983) used 
these experiments to model the a/X relations of hercynite- 
magnetite solid solutions at 600-860°C. When Reaction 8 
is corrected for the reduced spine1 activities, the calculated 
lccation of Reaction 7 agrees with the experiments of Hsu 
(1968) to within 10 K. 

I I I I / I I 

F&d Fa Hc 

Aim = F&d + Fa + Hc 

600 700 900 1000 

FIG. 6. Provisional P-T phase diagram for the relative stabilities 
of almandine, hercynite, and Fe-cordierite. Triangles show experi- 
mental reversal brackets for the reaction FeCd = Alm + Sil + Qz 
( RICHARDSON, 1968; WEISBROD, 1973 ) . The experimental reversals 
shown as solid bars for Reaction 9, Alm = Hc + Fa + FeCd, have 
been corrected for the effects of reduced activities of FeA1204. The 
solid curve shows the location of the endmember reaction suggested 
by these data. The dashed bars and line are the uncorrected data. 
These results disagree strongly with the results of our calculation. 

4- 
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FIG. 7. Provisional P-T phase diagram for the relative stabilities 
of almandine, hercynite, and Fe-cordierite. Triangles show experi- 
mental reversal brackets for the reaction FeCd = Alm + Sil + Qz 
( MUKHOPADHYAY et al., 199 1). The experimental reversals shown 
as solid bars for Reaction 9, Alm = Hc + Fa + FeCd, have been 
corrected for the effects of reduced activities of FeAlrO,. The solid 
curve shows the location of the endmemher reaction suggested by 
these data. The dashed bars and line are the uncorrected data. These 
results disagree strongly with the results of our calculation. 

Reactions Involving Fe-cordierite 

Below ca. 3.3 kbar, the upper stability of almandine is 
governed by reactions involving Fe-cordierite (Figs. 6 and 
7). Hsu ( 1968) experimentally determined the position of 
the following reaction: 

almandine = hercynite + fayalite + Fe-cordierite 

= FeA1204 + 5FeZSi04 + 2FezALSisOrs, (10) 

buffered on QFM in the presence of excess Hz0 (Figs. 6 and 
7 ) . The phase Fe-cordierite ( sekaninaite) has been excluded 
from quantitative analysis of the system Fe-Al-Si-0 because 
no accurate thermodynamic data are available for it. Esti- 
mation of accurate thermodynamic properties from phase 
equilibrium experiments involving cordierite is difficult as a 
result of uncertainties in the roles ofwater and order/disorder. 
There are a plethora of models for the stability of cordierite, 
but no consensus has been reached yet on the possible effects 
of HrO, which has been either arbitrarily modeled with an 
ideal ionic model (HOLDAWAY and LEE, 1977; LEE and 

HOLDAWAY, 1977; NEWTON and WOOD, 1979; LONKER, 
1981; MARTIGNOLE and SISI, 1981; ARANOVICH and POD- 

LESSKII, 1983; BHAI-~ACHARYA and SEN, 1985; BHATTA- 
CHARYA, 1986) or neglected entirely (e.g., CURRIE, 1971; 
HENSON, 1971, 1972; HENSON and GREEN, 1973; HUTCH- 
EON et al., 1974; THOMPSON, 1976a,b, BHATTACHARYA et 
al., 1988). Until an experimentally based activity model for 
cordierites in the system FerA14Si50r8-HZ0 becomes available, 
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the exact locations and slopes of reactions involving Fe-cor- 
dierite cannot be calculated. 

Despite the uncertainties in the thermodynamic properties 
of cordierite, the phase relations between almandine and cor- 
dierite should be examined, if only semiquantitatively, be- 
cause of the important role these equilibria play in a number 
of geologic terranes. A provisional low-pressure phase diagram 
for the relative stabilities of almandine and Fe-cordierite (Figs. 
6 and 7) may be derived from available experiments. The 
reaction 

almandine + sillimanite + quartz = Fe-cordierite 

2Fe3AltSi9012 + 4A12SiOS + 5Si02 = 3Fe2A4Si~OIB ( 1 I) 

has been studied at 2-4 kb and 550-800°C by a number of 
authors ( RICHARDSON, 1968; WEISBROD, 1973; HOLDAWAY 
and LEE, 1977; SHULTERS and BOHLEN, 1989; MUKHOPA- 
DHYAY et al., 1991). Most of these reversals are consistent, 
yielding a reaction with a negative slope of approximately 
-4 bars/“C (Fig. 6). In contrast, MUKHOPADHYAY et al. 

( 199 I ) located the reaction at slightly lower pressures with 
a positive slope of approximately 3.5 bars/ “C (Fig. 7). The 
slopes and locations of other cordierite-bearing reactions can 
be derived from the intersection of Reaction 11 with Reac- 
tions 2 and 7 and the slopes and volume changes of the ex- 
perimentally determined reactions. For instance, the reaction 

almandine + sillimanite = hercynite + Fe-cordierite 

5FeSAlzSi301z + 2A12SiOS 

= FeA1204 + Fe2A1&018, (12) 

is derived from 1 / 3 [Reaction 2 + Reaction 111. Its slope at 
the invariant point may be calculated as follows: (dP/dT)lz 
= A&/AV,2 = 1/3[A& + AS,,]/AVlz = [(dP/dT)zAI/, 

+ (dPldTh,Av,,llAv,,. The positions of the invariant 
points in Figs. 6 and 7 were located by combining these cal- 
culated slopes with the experiments on the positions of the 
known reactions. The slopes of the reactions emanating from 
the invariant points were calculated as in the preceding text. 
The volumes of the reactions were calculated using the data 
in Table 6, with the exception of cordierite, whose molar 
volume (237.06 cc/mol) was taken from MUKHCIPADHYAY 
et al. ( 199 1). Two such diagrams have been derived, one 
locating Reaction I l- on the basis of the older experiments 
(Fig. 6), and one on the basis of the preliminary data of 
MUKHOPADHYAY et al. (1991; see Fig. 7 here). The slopes 
of these equilibria and the positions of the invariant points 
must be considered provisional. If the Hz0 content of Fe- 
cordierite varies dramatically along the univariant reactions 
involving cordierite, the actual equilibria will be curvilinear 
depending on the activity/composition relations for cordierite 
in the system FezAl&i~On,-HzO. The location of Reaction 
10 generated in this manner in both figures is significantly 
different from that suggested by the experiments of HSU 
( 1968)) even corrected for the mutual solubility of hercynite 
and magnetite. It remains unclear whether this reflects un- 
certainties in the calculations or errors in the experimental 
data. 

Oxidation Equilibria of Almamline 

Redox equilibria involving almandine provide important 
oxygen barometers for a wide variety of rock types. The ox- 
idation of almandine was investigated by Hsu ( 1968), who 
evaluated the upper stability limit of almandine by experi- 
ments buffered at QFM for Reaction 8. As discussed in the 
preceding text, to compare the calculated and the experi- 
mental position of Reaction 8, the experiments must be cor- 
rected for the mutual miscibility of hercynite and magnetite. 
The activity/composition model of YAKOVLEV and Voz- 
IANOVA ( 1983) may be combined with these data to correct 
the experiments of HSU ( 1968) for the spine1 solutions in 
Reaction 8 as follows: 

This shifts Hsu’s experiments on Reaction 8 by +0.20 and 
+0.34 log fo, at 65O’C and 8OO”C, respectively, in good 
agreement with the calculated curve for the endmember re- 
action. 

The intersection of Reactions 2 and 8 generates three re- 
actions in fo,-T space, including the following: 

almandine + O2 = magnetite + sillimanite + quartz 

2Fe3A12Si~O12 + 02 = 2Fe304 + 2AlzSiOs + 4Si02, (13) 

limiting the stability of almandine at temperatures below the 
stability field of hercynite + quartz. Figure 8 shows these 
equilibria at 4 kbar. Using available experimental and ther- 
modynamic data, FROESE ( 1973) calculated the fo,-T rela- 
tionships for Fe-cordierite and almandine at 2 kbars and lo- 
cated Reaction 12 about 0.5 log units more oxidizing than 
the present study at that pressure. 

One caveat is necessary in regard to Fig. 8. Magnetite and 
hercynite have been treated in this diagram as separate end- 
member phases. Both are spinels, and there is a varying degree 
of solid solution between them as a function of temperature 
and pressure. Reactions that contain both phases will shift 
as the compositions of the two spinels change with temper- 
ature. These reactions will become metastable with respect 
to a reaction involving a single spine1 phase at temperatures 
above the critical point of the solvus. Magnetite in equilibrium 
with aluminous phases other than hercynite should also con- 
tain some hercynite solid solution, and hercynite in equilib- 
rium with iron-bearing phases may contain some magnetite 
component, both of which will be functions of P, T, fo,. 
Nonetheless, metastable two-spine1 reactions are useful for 
calculations limiting metamorphic conditions in the same 
way that two-garnet reactions, such as GRIPS and GAFS 
( B~HLEN et al., 1983b; BOHLEN and LIOTTA, 1986; AN~VITZ 
and ESSENE, 1987), are of great utility for thermobarometry. 
Thus, reactions shown in Fig. 8 include two-spine1 reactions 
that are in reality metastable with respect to spine1 solid so- 
lution(s). 

The upper stability of almandine as a function of fo, has 
potential as an oxybarometer for many rock types. The as- 
semblage garnet-sillimanite-magnetite-quartz is widespread 
in high-grade metamorphic rocks. For example, MARCOTTY 
( I983 ) described a series of iron formations at Benson Mines 
in the Adirondacks of New York, USA, which contain the 
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PIG. 8. Plot of A log fs vs. T showing the upper stability of almandine and other assemblages in the system Fe-Al- 
Si-0 at 4 kbar relative to the hematite-magnetite buffer. The phase equilibria are calculated with pure phases. Reactions 
involving Mt and Hc will shift due to the reduced mutual activities of FeA120d and FesO,. 

following assemblage: gamet-biotite-sillimanitequartz-her- 
cynite-magnetite + K-feldspar f ferrian ilmenite + hi5gbomite 
+ rutile + corundum (PETERSEN et al., 1989 ) . Metamorphic 
conditions in this area attained 7 kbar and 760°C ( BOHLEN 
et al., 1985). MARCOTTY (1983) analyzed coexisting garnets, 
magnetites, hercynites, and ferrian ilmenites; representative 

hercynite + hiigbomite * corundum * t-utile (PETERSEN et 
al., 1989). However, the remainder of the assemblage may 
be used to estimate foq at peak P-T with the following reac- 
tion: 

almandine + O2 = hematite + sillimanite + quartz 

analyses are listed in Table 8. The ilmenites, which contain 
exsolved hematite, were reintegrated with stepped point-beam 
analyses by MARCWTY ( 1983). The compositions of mag- 
netite and hercynite were reset during retrogression by ex- 
temal granule recrystallization to a mixture of magnetite- 

4Fe3A12Si30i2 + 302 

= 6Fe203 + 4A12Si05 + 8Si02. ( 14) 

Alternatively, one could calculate the fo2 required by Reac- 
tion I3 after calculating the former composition of the mag- 

TABLE 8. Representative analyses from Benson Mine (MARCOTTY, 1983) 

46GN I I 
(core) 

46 GN I1 
(rim) 46SPS 46SP7 46MT12 46ILl2 46INT6 

Si02 
TiOr 
A1203 

Fe203 

Fe0 
CaO 
MnO 
MgO 
ZnO 
Total 
Si 
Ti 
Al 
Fe3’ 
Fe’+ 
Ca 
Mn 
Mg 
Zn 

38.34 
- 

21.35 
- 

30.17 
2.26 
5.00 
3.69 
- 

100.80 
3.04 
- 
2.00 

GO 
0.19 
0.34 
0.44 
- 

38.34 

2161 
- 

29.76 
2.12 
5.34 
3.60 
- 

100.77 
3.04 
- 
2.02 
- 
1.97 
0.18 
0.36 
0.43 
- 

- - 
0.34 0.11 

58.78 59.50 
2.48 3.38 

31.64 32.58 
- - 
3.62 0.65 
0.75 0.23 
3.56 5.53 

101.16 102.00 
- - 
0.007 0.002 
1.952 1.932 
0.044 0.067 
0.754 0.753 
- - 
0.075 0.013 
0.018 0.005 
0.149 0.227 

- 
0.12 
0.17 

70.54 
32.01 

66 
0.00 
- 

102.89 
- 
0.003 
0.008 
I .986 
1.002 
- 
0.002 
0.000 
- 

- - 
48.46 42.67 

0.01 0.00 
9.43 19.22 

38.37 37.88 
- - 
4.84 0.04 
0.17 0.25 
- - 

101.29 98.13 
- - 

0.91 I 0.816 
0.000 0.000 
0.177 0.368 
0.802 0.806 
- - 
0.103 0.001 
0.006 0.009 
- - 

Note: GN = garnet, SP = aluminous spinel, MT = magnetite, IL = ilmenite, and INT = reintegrated hematite-ilmenite intergrowth. 
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netite from the reintegrated fenian ilmenite. Calculation of 
the resultant Jo? yields values that lie 0.9-1.2 log fo, units 
above Reaction 13 at 7 kbar and 760°C. While application 
of Reactions 13 and 14 as an oxybarometer to high-grade 
metamorphic rocks appears to be successful, uncertainties in 
activity models of spinels and garnets present difficulty for 
application to most rock systems that equilibrated at tem- 
peratures less than ca. 650°C (ESSENE, 1989). 

Note added in prooj! New data of HARLOV and NEWTON ( 1993 ) 
place the kyanite-bearing equivalent of Reaction 4 at 7.75 + 0.25 kb 
at 800°C and 5. I7 + 0.32 kb at 700°C. These data supercede those 
given in PETERSEN and NEWTON ( 1990), which are cited in the text 
of this paper. Our calculations yield 7.6 I kb at 800°C and 4.93 kb 
at 7oO”C, in agreement with the experiments. NEWTON and HARLOV 
( 1993) have proposed that the high-temperature heat capacity and 
entropy should be increased to bring the experiments on GRAIL into 
better agreement with calculations. 
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