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Experimental determination of the reaction 2magnetite * 2kyanite * 4qanrtz :

2almandine + 02 at high pressure on the magnetite-hematite buffer
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Ansrucr

The equilibrium almandine * kyanite * magnetite + quartz * O, buffered to magnetite
+ hematite forhas been reversed at corresponding temperatures and pressures of650 "C
and 21.5 kbar, 700 "C and 22.25kbar,800 "C and25.75 kbar, and 900 "C and 28.5 kbar.
A new buffering technique was used that can hold an experiment at magnetite + hematite

,6, at 800 "C and 26 kbar for periods of up to 5 d. The reversed brackets may be fitted
with thermodynamic data for the phases tabulated by Berman (1988, 1990) if his enthalpy
of formation for almandine is revised to -5272.00 + 0.40 kJ/mol at 298 K. Use of this
enthalpy in calculating the position of the almandine * rutile + sillimanite + ilmenite +
quartz and almandine * sillimanite * hercynite + qtartz equilibria in turn requires the
enthalpy of formation for ilmenite and hercynite to be -1234.2 and -1955.1 kJlmol,
respectively, at 298 K and I bar. The assemblage almandine * kyanite + magnetite +
quartz can serve as an O barometer in high-grade rocks, such as granulites, where the
temperature and pressure of recrystallization are independently known.

INrnonucrroN

Almandine garnet is an important phase in the esti-
mation of regional metamorphic pressures and tempera-
tures. Because of its high density compared to other
chemically equivalent mineral assemblages, almandine
figures prominently in a variety ofgeobarometers derived
from experimentally reversed equilibria. Examples of
pressure-sensitive assemblages include almandine * ru-
tile + sillimanite + ilmenite * quartz (GRAIL) (Bohlen
et al., 1983a), almandine * grossular * fayalite + an-
orthite (Bohlen et al., 1983b), almandine * grossular *
ferrosilite + anorthite * quartz (Bohlen et al., 1980,
1983b; Perkins and Chipera, 1985), almandine + silli-
manite * hercynite + quartz (Bohlen et al., 1986), and
almandine * grossular * rutile + ilmenite + anorthite
+ qruartz (Bohlen and Liotta, 1986). In addition alman-
dine-pyrope solutions exhibit a relatively large Fe-Mg
distribution coefficient (KJ with minerals such as olivine
(Hackler and Wood, 1989), orthopyroxene (Lee and Gan-
guly, 1988), biotite (Ferry and Spear, 1978), and clino-
pyroxene (Pattison and Newton, 1989), which facilitates
its use in Ko exchange thermometers.

Despite its widespread use, the enthalpy of formation 6FerO. : 4FerOo + O, (2)

for almandine garnet is still relatively uncertain. Chatil- hematite masnetite

lon-Colinet et al. (1983), using high-temperature solution at high temperatures and pressures.

calorimetry with an oxide melt [(Li,Na)BOr] of alman- We have determined values of AGrand AIlrfor alman-
dine, fayalite, corundum, and quartz at 750 oC, deter- dine from the experimental brackets. Our value for the
mined an enthalpy of formation for almandine of almandine enthalpy of formation is in turn used to cal-
-5270.81 + s.73kJlmolat2gSK.WoodlandandWood culate a AfI, value for hercynite from the reversals of
(1989) have measured electrochemically a AGrfor alman- almandine * sillimanite + hercynite + quartz of Bohlen
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dine between 1073 and I 173 K using the equilibrium 2Fe
+ %Al,sio5 + %sio' + 02: %FerAlrSi.o,, by measur-
ing the ,fo, of this reaction relative to quartz + fayalite +
Fe at I bar. They then used the Berman (1988) data set
to calculate a A11, for almandine of - 5267 .8 kJ/mol. The
veracity of their result is somewhat in question, however,
since there is considerable difficulty in actually perform-
ing this reaction at atmospheric pressure as evidenced, in
part, by our own results (Table l). In contrast, experi-
mental phase equilibria, particularly GRAIL (e.g., Hol-
land and Powell, 1990; Berman, 1988; Anovitz and Es-
sene, 1987), have also been used to determine enthalpies
of formation for almandine with thermochemical data for
the other minerals taken from measured and derived
sources. These almandine enthalpies are as much as 7 kJ/
mol less negative than the calorimetric value.

In this study we have reversed the equilibrium

2FerOo + 2AIrSiO5 + 4SiOr:2FerAlrSi.O', + O, (l)
magnetite kyanite quartz almandine

buffered to magnetite + hematite /o'
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TABLE 1. Exoerimental results

Note.'The italicized phases indicate a relative increase in peak height of
1 5-20% over the other ohases. Parentheses indicate that the Dhase either
totally disappeared or only remained in trace amounts.

et al. (1986) anda MIrvalue for ilmenite from the GRAIL
equilibrium of Bohlen et al. (1983a). Standard thermo-
dynamic properties of the substances in Equilibria I and
2, including all heat capacity and volumetric data, were
taken from the data set ofBerman (1988. 1990).

ExpnnrNmNTAL METHoD

The experiments were performed in a 3/+-in. and a I -in.
piston-cylinder apparatus using a low temperature NaCl-
graphite furnace assembly as described in Bohlen (1984),
with some modifications (Fig. l). These included a large-
bore graphite furnace (Yz-in. diameter) to allow for the
insertion of large Au capsules (4-mm diameter) with rel-
atively little distortion.

For experiments at 650, 700, and 800'C, l0-mg charg-
es, consisting of almandine, magnetite, quartz, and kya-
nite in reaction proportions plus 2 mg of HrO, were load-
ed into Pt capsules, which were sealed by arc welding.
For experiments at 900 "C, l0 mg of the almandine +
kyanite + magnetite + qvartz mix plus 5 mg of hematite
and 0.5 mg of HrO were loaded into the Pt capsule. The
Pt capsule, plus 100 mg of Fe2O3 and l0 mg of HrO, were
packed into a large Au capsule, which was also sealed by
arc welding.

The inner Pt capsule served as a membrane across which
H, was maintained in equilibrium between the inner and
outer capsules. This in turn allowed equilibration of the
partial pressure of O, as well. That the fo, was at the
magnetite-hematite buffer both within and outside the Pt
capsule was evidenced by the partial oxidation of mag-
netite to hematite within the Pt capsule and the partial
reduction of hematite to magnetite within the large Au
capsule. According to calculations presented by Ganguly
and Newton (1968), depletion of Fe in the charge by the

Cr lAl  Thermocouole

Fig. l. Scale drawing of the modified NaCl-graphite furnace
assembly for the 3/-in.-diameter piston cylinder showing the lo-
cation of the large Au capsule, FerOr-NaCl packing, and ceramic
shield. Unlabeled parts within the assembly consist of pressed
and dried NaCl.

Pt capsule is negligible in a system buffered to magnetite
+ hematite 6r.

The immediate area around the large Au capsule was
packed with an equal-weight mixture of FerO, and NaCl
in order to help maintain the magnetite-hematite bufer
in the capsule. The mixture was shielded from the graph-
ite furnace by a thin-walled ceramic cylinder (Fig. l). This
was done because, in earlier unshielded experiments, he-
matite reducing to magretite on the inner surface of the
graphite furnace results in localized melting of the salt,
probably due to the generation of COr. The ceramic shield
also served to keep the Au capsule from coming in con-
tact with the graphite furnace.

The ceramic sheathed chromel-alumel thermocouple
was situated such that the tip, coated with a thin layer of
AlrO, cement, rested directly atop the large Au capsule
(Fig. l). The overall accuracy of the thermocouple, in-
cluding temperature gradients within the setup, accuracy
of the controller, and the accuracy of the chromel-alumel
thermocouple (with no correction for pressure), is esti-
mated to be within + l0'C of the actual temperature. We
used the piston-out technique by elevating the pressure
to a point approximately 200lo below the desired pressure
and then increasing the temperature to experimental con-
ditions. The thermal expansion of the salt took the ex-
periment up to the final pressure. We observed no anom-
alous behavior in the salt expansion, despite the presence
of the 50/50 FerOr/NaCl mix in the immediate area of
the Au capsule. Total uncertainty in the pressure, includ-
ing both calibration and pressure fluctuation, is estimated
to be +0.2 kbar with no correction for friction. No dif-
ference in either the pressure calibration or uncertainty
was seen among the three presses used nor between the

Experi-
ment rrc)

Time
P(kbao 0)

Cylin-
der
(in.) Results

90-AM-22
90-AM-26
90-AM-23
90-AM-24
90-AM-25
90-AM-31
90-AM-32
90-AM-35
90-AM-42
90-AM-19
90-AM-20
90-AM-21
90-AM-27
90-AM-28
90-AM-29
90-AM-30
90-AM-33
90-AM-37
90-AM-41
90-AM-46

650 23
650 20
700 28
700 25
700 22
700 23.5
700 23
700 22.5
700 22
800 10.5
800 15
800 20
800 27
800 25
800 26
800 2s.5
850 10
900 28
900 29
900 30

A,m Mt Ky Qtz
Alm Mt Ky Qtz
A,m(Mt Ky Qtz)
A,m(Mt Ky Qtz)
Alm Mt Ky Qtz
Arrn Mt Ky Qtz
A,m Mt Ky Qtz
A,m Mt Ky Qtz
Alm Mt Ky Qtz
(Alm) Mt Ky Qtz
(Alml Mt Ky Qtz
(Alml Mt Ky Otz
A/m Mt Ky Qtz
(Alm) Mt Ky Qtz
Arrn Mt Ky Qtz
Alm Mt KyQtz
(Alm) Mt Ky Qtz
Alm Mt Ky Qtz
A/m Mt Ky Qtz
Arrn Mt Ky Qtz

168
240
72
60
72

132
168
132
144
73
46
23
44
45
45
91
48
36
48
36

1
1
Tc
Vt
Tt
7a
Vn
Tq
Vt
1
1
1
Va
Vc
Vq
Ta
Va

Vc
3/t

Bross Contoct Ri

035"-woll  Grophite

Mul l i i e  S leeve
Experimeniol Chorge

( i n  P t l
(0 rBuf fe r  in  Au)

TUN GSTEN

Moc hi neob I e
Cero mic

O50" Grophite Disk

TUNGSTEN
CAR B IDE

Pyrophyl l i te Ring



560 HARLOV AND NEWTON: OXIDATION OF ALMANDINE

2e

Fig. 2. Comparison of powder diffraction X-ray spectra of
the charge before and after experiments at 26 and,25.5 kbar at
800'C. The experiment at 26 kbar shows almandine growth with
respect to magnetite, kyanite, and quartz and a prominent he-
matite peak. The experiment at 25.5 kbar shows $owth of ky-
anite, magnetite, and quartz with respect to almandine. Again a
prominent hematite peak has appeared.

l-in. and 3/c-in. pressure assemblies. The duration of the
experiments ranged from 12 h to l0 d. During the ex-
periment both pressure and the current through the
gaphite furnace were carefully monitored. The experi-
ments reported in Table I are those in which the capsule
seals held, in which the magnetite-hematite buffer was
maintained, in which there was no significant shift in
pressure or current through the graphite furnace, and in
which there was no disruption in the experimental NaCl-
graphite furnace setup such as would have been caused
by localized melting of the pressure medium or faulting
in the graphite furnace.

Crr.c,RAcrnRrzATroN oF sTARTTNG MATERTAL AND

EXPERIMENTAL PRODUCTS

A natural quartz from Lisbon, Maryland (General
Chemical Corporation), was crushed to <0. I mm grain
size, leached with dilute HF + HrSO4, and ignited. Re-
maining non-quartz impurities were stated to be less than
0.03 wto/o. Blades of a pale blue natural kyanite, hand
picked from a polycrystalline agegate of unknown lo-
cality (University of Chicago, Department of the Geo-
physical Sciences Collection no. 4959) and free of sheet
silicate, were crushed to a powder (<0.1 mm). Subse-
quent mounting of this powder in refractive index oil (n
: 1.540) showed no microscopically visible foreign phases.
Microprobe analysis indicated an FerO, content of 0.1
oxide wto/o on average. Semieuhedral crystals of magne-
tite from an anorthosite in Quebec were crushed to less
than a 0.1-mm grain size. Microprobe analysis indicated
an AlrO. content of approximately 0.5 oxide wto/0, on
average, with no other minor components.

Almandine gamet was grown in 150-mg batches from
a finely crushed almandine glass plus l0 mg of HrO placed
in large Au capsules, arc-welded shut, and then subjected
to pressures and temperatures of28 kbar and 1000'C for
periods of 24-48 h, using the 3/n-in. piston-cylinder ap-
paratus and NaCl-graphite furnace assembly. The glass,
Alak 5, was made by Andrea Koziol using techniques
outlined in Koziol and Newton (1989) and in Geiger et
a l .  (1987).

Relative growth or decrease of a mineral phase by I 5-
20o/o was determined using powder X-ray diffraction
spectra of the charges. The heights of pairs of closely
spaced, prominent X-ray peaks were compared with re-
spect to the ratio of their heights in the original mix.
Figure 2 shows X-ray spectra for the 800 'C charges at
pressures of 25.5 and 26.0 kbar, along with that of the
standard mix. From the relative peak heights, growth of
almandine relative to magnetite and kyanite + quartz is
evident at 26 kbar, whereas the opposite is true at 25.5
kbar. These results were confirmed, in part, by exami-
nation of a small portion of each experiment mounted in
refractive index oil (n : | .540) under a cover slip, as well
as through reproducibility of X-ray spectra. Iarge growth
or decline of product or reactant assemblages was usually
evidenced by abundance changes in the mount.

In addition to the growth or decrease of phases, suc-
cessful experiments were also characterized by the oxi-

Tmle 2, Analyses of synthetic products of equilibrium experiments

St.nd.rd
Alm-Ky-tt-Otz

illr

Alm

Almandine Kyanite Magnetite

90-AM-22 90-AM-28 90-AM-30 90-AM-27 90-AM-31 90-4M37

sio,
Alro3
Fe"O,
FeO

Total

35.03 (2.9241 U.40
20.22 (1.990) 21.20
2.57 (0.161) 2.26

41 .88 (2.924) 41.13
99.70 98.99

36.24 (0.987)
60.19 (1.933)
4.06 (0.083)
0.00 (0.000)

100.49

36.67 (0.989)
60.93 (1.937)
3.82 (0.078)
0.00 (0.000)

101.42

(2.882)
(2.094)
(0.142)
(2.882)

0.00 (0.000) o.oo (0.000)
0.62 (0.028) 0.06 (0.003)

67 .71 (1.972) 68.07 (1 .997)
30.90 (1.000) 30.66 (1.000)
99.23 98.79

Note.' Microprobe analyses were performed on a Cameca SX50 microprobe with a beam current of 15 nA and accelerating voltage of 15 kV. Standards
consisted of synthetic fayalite, magnetite, and corundum and natural kyanite and pyrope.
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dation of a portion of the magrretite to hematite within
the Pt capsule such that the experimental product always
contained coexisting magnetite and hematite (Fig. 2). He-
matite was conspicuous in the oil mounts as dark red
euhedral to semieuhedral hexagonal plates. This fact en-
sured that the experimental product indeed had been buf-
fered to magnetite * hematite .for. The presence of mag-
netite was further confirmed using a magnet.

High resolution X-ray powder diffraction patterns of
the product almandine from four of the experiments with
an internal standard (high purity corundum annealed at
1350 'C for 48 h) yielded a mean unit-cell parameter a"
of 11.5353 + 0.0003 A 1t";. This unit-cell parameter
corresponds, by means of the linear interpolation de-
scribed in Geiger et al. (1987), to an almandine garnet
that contains approximately 5.0 + 0.5 molo/o of the Fe3*
end-member skiagite, i.e., (Fe'?*)r(Fer*)2Si3Or2, with an as-
sumed error range of +0.001 A. Similar X-ray powder
diffraction patterns of three samples of the starting al-
mandine, when the same internal standard is used, indi-
cate an identical a. of I 1.535 I t 0.0007 A (t"). The Fer*
estimates derived from c" agree very well with Fe3t val-
ues determined from microprobe analyses of starting and
final almandine, which indicate a skiagite component in
the range of 4-6 molo/o (Table 2). Representative micro-
probe analyses of product almandine, magnetite, and ky-
anite, given in Table 2, show little difference from their
starting material counterparts, with the exception of
product kyanite, which has increased markedly in FerOr.

Rrsur,rs AND THERMoDyNAMTC coNsrDERATroNs

Equilibrium I was experimentally reversed at 650, 700,
800, and 900 "C (Fig. 3, Table l). At 700 and 800'C the
reversals are within 500 bars, which provide tight con-
straints on the dPldZ slope of the reaction. For compar-
ison, calculation of the stability of almandine + kyanite
+ magnetite + quartz buffered to magnetite * hematite
.fo, may be carried out with the use of a self-consistent
data set, in this case that of Berman (1990) for almandine
and Berman (1988) for the remaining phases, by the re-
lationship

^G(P,T): AH(P,T") - r6)aS(P,O
+  R I l nKa  +  R?" ln  f o , : 0  (3 )

where AG, AH, and AS are, respectively, the Gibbs free
energy, enthalpy, and entropy changes ofthe reaction with
stoichiometric phases, Ka is an activity ratio that allows
for the effects of any nonstoichiometry, .foris the fugacity
ofoxygen, and R is the ideal gas constant. Taken together,
Ka and, .formake up the equilibrium coefficient K*.

The resulting equilibrium in P-7 space (Fie. 3) lies ap-
proximately 3 kbar above our reversals, indicating that
some of the tabulated thermodynamic properties, prob-
ably the enthalpy for one or more of the phases, is incor-
rect. Of the phases in Equilibria I and 2, the thermo-
chemical data for quartz and O, are well established
(Holland and Powell, 1990; Berman, 1988; Robie et al.,
1978). For kyanite, heat capacity data, accurately deter-

Berman (1988,1990)

Berman (1988)
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Fig. 3. Plot ofexperimental reversals. The equilibrium pre'

dicted by the Berman (1988) data set, with the almandine en-
thalpy and entropy taken from Berman (1990), is plotted with
the same equilibrium calculated using our valw (-5272.0 kJ/
mol) for the almandine enthalpy of formation. Open and filled
triangles indicate gowth of the high-pressure and low-pressure
assemblages, respectively.

mined by Robie and Hemingway (1984), are incorporat-
ed in the Berman (1988) data set. The enthalpy of for-
mation of kyanite is also well determined by the
experimentally reversed equilibrium kyanite + corun-
dum * quartz (Peterson and Newton, 1990). Their en-
thalpy agrees well with Berman's tabulated value. Ber-
man (1988) based his enthalpy data for magnetite and
hematite on the experimental work of Myers and Eugster
(1983), taking his C, data from sources also used by Hol-
land and Powell (1990) and Robie et al. (1978). Heat
capacities for all these phases have been experimentally
determined over a wide range of temperatures.

In contrast, thermochemical data for almandine is more
uncertain. The heat capacity and standard entropy ofal-
mandine have been measured at low temperatures (420-
997 K) by adiabatic and differential scanning calorimetry
(cf. Berman, 1988, 1990; Anovitz and Essene, 1987).
These heat capacities, along with their extrapolated val-
ues at higher temperatures, are incorporated in Berman's
data base. With the exception of one relatively uncertain
(+6 kJlmol) calorimetric study (Chatillon-Colinet et al.,
1983) (Table 3), the enthalpy of formation of almandine
is generally found from equilibria with other minerals
(Berman, 1988, 1990; Holland and Powell, 1990).
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TABLe 3. Enthalpies of formation (298 K, 1 bar) kJ/mol

Almandine llmenite Hercynite Reference

-5270.81 + 5.73
-5263.78
-5265.50
-5267.8
-5267.22
-5267.85

-5272.00 + O.40

-1236.62

-1230.45
- 1231 .95

-1233.26

*1234.16

-1966.48

- 1956.00
- 1947.68
- 1 955.1 1

Robie et al. (1978)
Chatillon-Colinet et al. (1983)
Anovitz and Essene (1987)
Berman (1988)
Woodland and Wood (1989)
Berman (1990)
Holland and Powell (1990)
Sack and Ghiorso (1 991 )
this study

A rigorous determination of the almandine enthalpy
consistent with the reversals presented in this study and
with those considered by Berman (1990) would essen-
tially involve a reevaluation of many of the noncalori-
metric enthalpies within the data base, especially those
associated with equilibria containing almandine, mag-
netite, and hematite, using the techniques outlined by
Berman (1988). In this study we choose, as a first ap-
proximation, to adjust only the almandine enthalpy. We
find that if this enthalpy is made 4.8 kJ/mol more nega-
tive (-5272.00 kJ/mol) than the value given in Berman
(1990) (-5267.2 kJlmol), the almandine + kyanite *
magnetite + quartz equilibrium is shifted downward such
that it now fits quite snugly between the reversals (Fig.
3).

The tight brackets at 700 and 800 oC place effective
constraints on the slope of the equilibrium. In Figure 3,
the slope defined by the brackets agrees well with the
slope of the equilibrium determined using the Berman
(1988) data base and our value for the almandine en-
thalpy, which lends support to the validity of the calori-
metric entropy, Cr, and volume data ofthe mineral phases,
especially almandine, tabulated by Berman (1988). The
uncertainty interval (+O.ZS kbar) of these two brackets
translates into an error range of +0.40 kJlmol for our
value of the almandine enthalpy, which is compared in
Table 3 with previously published values.

In calculating the position of the equilibrium in P-T
space, the net effect of the mixing due to minor compo-
nents such as Fe3* in almandine, Al in magnetite, and
Fe3* in kyanite was found to be minor and within the
error range of the pressure for the reversals at 700 and
800 "C. In the case of almandine and kyanite, this mixing
was assumed to be ideal, whereas in the case of magnetite,
the spinel mixing model of Sack and Ghiorso (1991) was
used. Microprobe analyses of the hematite found it to be
without any minor components.

MrNnn lr,ocrcAr, AppLrcATroNS

Application of our value for the almandine enthalpy to
other experimentally determined equilibria, including the
almandine + rutile * sillimanite + ilmenite + quartz
(GRAIL) equilibrium (Bohlen et al., 1983a) and the al-
mandine + sillimanite + hercynite + quartzequilibrium
(Bohlen et al., 1986) requires additional departures from
the Berman (1988) data set. In order to fit the experi-
mental brackets, the enthalpy of one or more of the other

phases must be adjusted. For the almandine + rutile *
sillimanite + ilmenite + quartz equilibrium (Bohlen et
al., 1983a), the ilmenite enthalpy is, after almandine, the
most uncertain parameter. Adjusting the enthalpy of il-
menite to a value 2 kJ/mol more negative (-1234.2 kJ/
mol) than the value given by Berman (1988) (- 1231.95
kJ/mol) shifts the equilibrium upward to fit the reversals
Gie. a). Our self-consistent value for the Al1, of ilmenite
is almost exactly midway between the Berman (1988)
value and that tabulated by Robie et al. (1978) (-1236.6
kJ/mol) (Table 3). While both data sets derive their il-
menite enthalpy from the same experimental studies, the
Berman data set follows the derivations of Anovitz et al.
( l  985) .

The principle unknown in the almandine * sillimanite
+ hercynite + quartz equilibrium (Bohlen et al., 1986)
after almandine is hercynite. Using our value for the al-
mandine enthalpy of formation and assigning a value of
- 195 5. I kJlmol for the hercynite enthalpy of formation
gives a relatively good fit to the reversals (Fig. 4). Cation
ordering, deviations from RrO. stoichiometry, and sub-
stitution of Fe.Oo are not considered in arriving at this
estimate (cf. Sack and Ghiorso, l99l). Entropy and heat
capacity data for hercynite used in the calculations are
taken from Sack and Ghiorso (1991). Our A11, value is
in good agreement with Holland and Powell (1990) and
lies approximately halfway between the values given by
Robie et al. (1978) and Sack and Ghiorso (1991) (Table
3). Mdssbauer studies of the starting synthetic hercynite
by Bohlen et al. (1986) indicated a magnetite component
of approximately 2o/o. The cell dimensions of the hercy-
nite were found to be the same before and after the ex-
periment, which would seem to conclude that little if any
additional Fe3* had substituted into the hercynite. In this
study, the hercynite was treated as end-member hercynite
in all calculations.

Equilibrium l, the oxidation of almandine, constitutes
an intrinsic O barometer for rocks bearing the requisite
assemblage, provided that the temperature and pressure
of recrystallization are independently known. It would be
necessary to know accurately the free energy ofmixing of
garnet components other than almandine; comprehen-
sive mixing models such as that of Berman (1990) or
Ganguly and Saxena (1984) may be used. In addition it
is probable that the magnetite will have an ulvospinel
component, for which mixing properties are described in
Andersen et al. (1991) or Sack and Ghiorso (1991). Com-
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Fig. 4. Plot ofreversals and equilibria for almandine + ky-
anite + magnetite + quartz buffered to magnetite + hematite
,fo,, almandine + rutile + sillimanite + ilmenite * quartz (Boh-
len et al., 1983a), and almandine + sillimanite + hercynite +
quartz (Bohlen et al., 1986). The equilibria were recalculated
using the almandine, ilmenite, and hercynite enthalpies deter-
mined in this study. All other thermodynamic data are taken
from the Berman (1988) data set. Open and filled triangles in-
dicate stability of the high-pressure and low-pressure assem-
blages, respectively.

parison may be made, and internal consistency sought,
with other oxybarometer assemblages that may exist in
the rock, such as titaniferous magnetite + ilmenite (An-
dersen et al., l99l; Ghiorso and Sack, l99l), quartz *
titanomagnetite + ilmenite * olivine (QUILF; Frost et
al., 1988), and quartz + titanomagnetite + ilmenite +
orthopyroxene (QUILP; Peterson, 1989; Lindsley et al.,
l 990).

The almandine oxidation equilibrium buffered at mag-
netite-hematite also offers the possibility of measuring
the free energy of solid solution with Fe'z* of other garnet
constituents such as Mg or Mn, inasmuch as these will
stabilize the garnet to lower pressures than for pure al-

mandine. This lowering in pressure acts as a direct mea-

sure of the almandine activitY.
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