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Enthalpy of formation of katoite Ca3Al2[(OH)4]3: Energetics
of the hydrogarnet substitution
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ABSTRACT

The silicon-free end member of the hydrogrossular solid solution series, katoite
Ca3Al2[(OH)4]3, was synthesized in a solid-media, piston-cylinder apparatus. The enthalpy
of formation from the component oxides was measured by high-temperature oxide melt
calorimetry and found to be DHf 5 2255.6 6 12.2 kJ/mol; the resulting enthalpy of
formation from the elements is DHf 5 25551.5 6 16.4 kJ/mol. From this value, enthalpies
for breakdown reactions of hydrogrossular were calculated and the relative energetic sta-
bility of katoite evaluated.

INTRODUCTION

To quantitatively assess the presence of water in the
earth’s interior, it is useful to investigate the structure,
energetics, and phase relations of either hydrous minerals
or nominally anhydrous minerals that can incorporate wa-
ter. The garnet group, specifically the hydrogrossular se-
ries Ca3Al2[SiO4]3-Ca3Al2[(OH)4]3, can accommodate
large quantities of water. Furthermore, garnets also are
stable to pressures found in the Earth’s mantle. The sub-
stitution of four hydroxyl groups for one silicate tetra-
hedral unit accounts for a complete solid solution series,
where the fully hydrated end-member contains 28.79 wt%
water. In natural garnets, the extent of substitution de-
pends strongly on the overall composition, in particular
on the large divalent cation in the dodecahedral site. For
magnesium garnets, the relatively small Mg21 ion (0.67
Å) results in the substitution of only 50 to 100 ppm water
(Aines and Rossman 1984), whereas in natural calcium
garnets with the larger Ca21 (0.99 Å), substitution of up
to 20 wt% has been reported (O’Neill et al. 1993). Knittle
et al. (1992) showed the existence of intermediate hydro-
grossular with 50% katoite component (14 wt% water)
up to 25 GPa at low temperature.

The substitution [SiO4]42 5 [(OH)4]42 also has been
observed in nominally anhydrous minerals, such as
quartz, where it may play a role as precursor for fluid
inclusions (see Purton et al. 1992). This observation jus-
tifies expectations that the mechanism of the hydrogarnet
substitution may be important for water-bearing, high-
pressure phases with tetrahedrally coordinated silicon that
are yet unknown.

The energy associated with this particular substitution
of water for silica could be deduced if accurate phase
equilibrium data for the dehydration of hydrogarnet
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were available. Previous research has focused on equa-
tion-of-state data and on high-pressure, high-tempera-
ture dynamic properties (see for example, Rossman and
Aines 1991; Olijnyk et al. 1991; Knittle et al. 1992;
Lager and von Dreele 1996). A direct determination of
the thermochemical properties of intermediate hydro-
grossular garnets and of the fully hydrated end-member,
katoite, is lacking.

The only work directly addressing the energy associ-
ated with the reaction

Ca3Al2[SiO4]3 1 6·H2O 5 Ca3Al2[(OH)4]3 1 3·SiO2(1)

has been a numerical simulation published by Wright et
al. (1994). Using empirical pairwise interaction potentials
and minimizing positional parameters, the energy of the
‘‘hydrogarnet defect’’ [VSi(OH)4] in an anhydrous [SiO4]
lattice was calculated to be 148.6 eV, relative to infinitely
separated ions. This value neglects any vibrational con-
tribution. From this defect energy, the energy of the hy-
dration reaction

SiSi 1 4OO 1 2H2O 5 [VSi(OH)4] 1 SiO2 (2)

was determined to be 11.02 eV, or 98.4 kJ/mol. The pre-
sent calorimetric study was done to provide an experi-
mental constraint for the energy of this reaction.

EXPERIMENTAL METHODS

The silicon-free end member of the hydrogrossular sol-
id solution series, katoite Ca3Al2[(OH)4]3, was synthesized
at 500 8C and 2.0 GPa in a piston-cylinder apparatus. The
starting material was an oxide mix obtained by sintering
together stoichiometric proportions of Al2O3 and CaCO3

at 1500 8C. The starting material was sealed in a gold
capsule with excess water and held at target conditions
for ten days. Puncturing the capsule after the synthesis
experiment showed the presence of excess water and


