American Mineralogist, Volume 86, pages 640–651, 2001

Thermodynamics of the amphiboles: Anthophyllite-ferroanthophyllite and the ortho-clino
phase loop
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ABSTRACT
Ten new single-crystal X-ray structure refinements of unheated and heat-treated anthophyllite,
new measurements of the optical indicatrix of anthophyllite, and previously published data from
Mössbauer spectroscopy of heated anthophyllite, show that temperature-dependent long-range order of Fe2+ and Mg on the M-sites of cummingtonite-grunerite and anthophyllite may be considered
identical for the purpose of thermodynamic modeling. The difference in solution properties between the monoclinic and orthorhombic series, as expressed in the composition (XFe) dependence of
lnKD in natural amphibole pairs, is accomodated through adjustment of an enthalpic term that is
independent of order-disorder.
End-member thermodynamic properties of cummingtonite and ferroanthophyllite are derived
from those already known for anthophyllite and grunerite respectively, using intercrystalline KD
data and a fit of the T-XFe phase loop to two critical field constraints: middle amphibolite-facies
amphibolites and upper amphibolite-facies metaperidotites. Amphibolites suggest a transition temperature in the system FMSH at ≈ 555 °C and XFe ≤ 0.3, whereas metaperidotites suggest a transition
temperature of ≈ 650 °C at XFe ≤ 0.1. LnKD for Fe-Mg exchange between cummingtonite and
anthophyllite passes through zero at XFe ≈ 0.7, and as a result the T-XFe phase loop shows a minimum
at this composition.
Extrapolated end-member transition temperatures are estimated to be ≈800 °C (Mg) and ≈450
°C (Fe). At its breakdown to enstatite + quartz + H2O (790 °C at 5 kbar), anthophyllite is marginally
stable with respect to end-member cummingtonite, and the addition of Ca renders the breakdown
reaction metastable. A stability field is possible for end-member ferroanthophyllite. Cummingtoniteanthophyllite phase relations mirror those of the analogous clino- and orthopyroxene.

INTRODUCTION
Accurate representation of calculated phase boundaries for
mineral polymorphs in P-T-X phase diagrams requires that
molar Gibbs free-energy differences be known with high precision, preferably better than ± 100 or 200 J/mol. This degree
of precision is seldom attained in calorimetric measurements
of heats of solution or experimental bracketing of mineral reactions. Thus, constraints of the usual kinds on the free energies of polymorphs from mutually independent sources will
generally fail to represent their P-T-X relations correctly. Direct experimental reversal of polymorphic reaction boundaries
quickly becomes difficult if not totally impossible as temperature falls much below 1000 °C, and extrapolation from hightemperature conditions is not always possible. In these
circumstances, the occurrence and compositions of polymorphs in well-defined natural situations may provide the best information with regard to their relative stabilities. This seems
to be the case for the phase relations of the orthorhombic and
monoclinic ferromagnesian amphiboles.
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Compositionally the simplest of all amphibole groups, the
ferromagnesian amphiboles [(Mg,Fe)7Si8O22(OH)2] occur in a
broad range of metamorphic rock types in the form of monoclinic cummingtonite-grunerite (predominantly C2/m, but P21/
m in low-temperature cummingtonite) and orthorhombic
anthophyllite (Pnma). In this paper we attempt a quantitative
assessment of their mutual stabilities, using what we already
know about the thermodynamics of the cummingtonitegrunerite series (Ghiorso et al. 1995; Evans and Ghiorso 1995).
Significant variables are pressure, temperature, and composition [mole-fraction Fe/(Fe + Mg) or XFe]. Our goal is a set of
thermodynamic properties for anthophyllite-ferroanthophyllite
solutions, and an isobaric T–XFe phase diagram, the phase loop,
for the dimorphs. Aluminous orthoamphiboles (Al-anthophyllite
and gedrite) will be considered in a later contribution.
Some preliminary reasoning allows us to conclude that both
ends (Fe and Mg) of the phase loop possibly occur at temperatures found in the Earth’s crust. A compilation of Fe/Mg
intercrystalline partition data from natural parageneses, most
of which probably equilibrated between 500 and 650 °C, shows
that lnKD for the exchange reaction:

