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aBstract

Using the hybrid B3LYP density functional method, we computed the ab initio thermodynamic 
and thermophysical properties of two sapphirine end-members, Mg4Al8Si2O20 (sapphirine-442) and 
Mg3Al10SiO20 (sapphirine-351), in the join Mg3(Mg1–XAlX)Al8(AlXSi1–X)SiO20 with X = 0–1. Static and 
vibrational calculations performed in the framework of the quasi-harmonic approximation allowed 
WR�GH¿QH� WKH�HTXDWLRQ�RI�VWDWH��(26���HODVWLF�FRQVWDQW� WHQVRU��VHLVPLF�YHORFLWLHV�� ,5�VSHFWUD��PRGH�
*U�QHLVHQ�SDUDPHWHUV��DQG�WKHUPRG\QDPLF�SURSHUWLHV�RI�ERWK�VDSSKLULQH�HQG�PHPEHUV��$�PRGL¿HG�
Kieffer’s model was adopted to evaluate the optic and acoustic mode contributions to thermodynamic 
functions stemming from ab initio phonon frequencies and directionally averaged seismic velocities, 
respectively. The extrinsic stability and liquidus phase relations of sapphirine were investigated in the 
model system MgO-Al2O3-SiO2��0$6��DW�GLIIHUHQW�SUHVVXUH�FRQGLWLRQV�E\�FRXSOLQJ�¿UVW�SULQFLSOHV�
calculations with the hybrid polymeric approach (HPA) for multicomponent liquids and minimizing 
the Gibbs free energy of liquid and solid phases through the convex-hull analysis of equipotential 
VXUIDFHV��$FFRUGLQJ�WR�RXU�WKHUPRG\QDPLF�PRGHOLQJ��VDSSKLULQH�WXUQV�RXW�WR�KDYH�D�VPDOO�¿HOG�RI�
primary crystallization in the MAS ternary diagram at 1-bar pressure, which becomes larger due to 
pressure effects up to 10 kbar, then progressively shrinks and disappears above 21 kbar.
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introDuction

Sapphirine is widely recognized as a key mineralogical 
phase in ultrahigh-temperature metamorphism of amphibolite 
to granulite facies rocks (Christy 1989a, 1989b; Grew et al. 
1994). Nevertheless, its stability extends over a wide range of 
P-T conditions (Schreyer 1968; Schreyer and Seifert 1969a, 
1969b; Seifert 1974; Ackermand et al. 1975) and diverse bulk 
rock compositions as well. Gasparik (1994, 2000) carried out a 
comprehensive analysis of experimental phase relations in simpli-
fied mantle compositions pointing out that the role of sapphirine 
in determining the subsolidus phase relations of MgO-Al2O3-SiO2 
(MAS) and CaO-MgO-Al2O3-SiO2 (CMAS) systems cannot be 
overlooked, especially at high pressures and temperatures. Fur-
thermore, several studies show that sapphirine has a small field 
of primary crystallization at 1-bar pressure in the MAS ternary 
system (Foster 1950; Keith and Schairer 1952; Osborn and Muan 
1960; Smart and Glasser 1976; Brigida et al. 2007), making it 
a relevant phase for refractory ceramics. It is interesting to note 
that pressure effects possibly widen the primary stability field of 
sapphirine in MAS or more complex systems (Taylor 1973; Liu 
and Presnall 1990, 2000; Milholland and Presnall 1998; Liu and 
O’Neill 2004), so that this mineral may be plausibly involved in 
basalt petrogenesis.

A remarkable feature of sapphirine is the use as a possible 

geothermobarometer, with Si-rich and Al-poor compositions 
(approaching a stoichiometric ratio MgO:Al2O3:SiO2 = 2:2:1) 
stable at higher pressures and possibly lower temperatures than 
Si-depleted and Al-enriched compositions (approaching a stoi-
chiometric ratio MgO:Al2O3:SiO2 = 3.5:4.5:1.5, up to 3:5:1), as 
supported by experimental phase equilibria (Schreyer and Seifert 
1969a; Taylor 1973; Seifert 1974; Bishop and Newton 1975), 
crystal chemical considerations (Higgins et al. 1979), and natural 
occurrences (Grew et al. 2008). However, a quantitative evalu-
ation on the basis of reliable thermodynamic data for sapphirine 
has never been attempted and the compositional effects on its 
relative phase stability still remain uncertain.

In spite of its geological and mineralogical significance, the 
thermodynamic and thermophysical properties of sapphirine are 
poorly defined and largely unknown. At present only few calori-
metric investigations exist (Charlu et al. 1975; Kiseleva and Topor 
1975; Kiseleva 1976), but the interpretation of experimental re-
sults is not straightforward owing to the incomplete understanding 
of mixing properties, cation, and stacking disorder (i.e., polytyp-
ism) in natural and synthetic samples. Conversely, fundamental 
properties of sapphirine such as elasticity, thermal expansion and 
equation of state (EOS) parameters are still unknown. In the last 
two decades several thermodynamic assessments appeared in the 
literature trying to give a quantitative appraisal of the subsolidus 
and melting phase relations of sapphirine-bearing assemblages in 
multicomponent systems at both ambient and non-ambient P-T 
conditions (Gasparik 1994, 2000; Gottschalk 1997; Logvinkov 
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