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Excess heat capacity and entropy of mixing in high structural state plagioclase
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Abstract

Low- and high-temperature heat capacities for a series of synthetic high structural state plagioclase 
crystals (Ab-An) were measured using both a relaxation calorimeter and a differential scanning calo-
rimeter. The measurements were performed at temperatures between 5 and 800 K on milligram-sized 
polycrystalline samples that had been characterized in a previous study. The data show positive excess 
heat capacities of mixing at temperatures below 300 K with a maximum value of ~2 J/(mol⋅K). Below 
~70 K, the excess heat capacities exceed two standard deviations and are thus significant. Above 300 
K, the measurements indicate negative excess heat capacities with a maximum of ca. –1.5 J/(mol⋅K) 
at about 400 K, and do not exceed two standard deviations. The excess vibrational entropies of mixing 
are positive with an asymmetric variation. At T = 298.15 K, the largest deviation from ideal behavior 
occurs at Ab20An80 amounting to ∆Svib

ex = 2.8 ± 2.4 J/(mol⋅K). An asymmetric Margules mixing model 
was found to adequately describe the vibrational entropy-composition behavior, yielding WSv

Ab
ib
An = 16.4 

J/(mol⋅K) and = WS
An

vib
Ab 4.7 J/(mol⋅K). 
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Introduction

Heat capacity (CP) is a fundamental material-specific prop-
erty. In solid-solution series, its behavior may deviate from that 
in a mechanical mixture, giving rise to an excess heat capacity 
of mixing. Unfortunately, there is a dearth of heat-capacity 
measurements on mineral solid solutions and thus entropies of 
mixing are poorly known (Geiger 2001). For a long time, the 
low-temperature adiabatic calorimetric studies on the excess heat 
capacity of mixing for the pyrope-grossular and analbite-sanidine 
solid solutions were the only investigations into this fundamental 
property (Haselton and Westrum 1980; Haselton et al. 1983). 
Both studies demonstrated remarkable excess values at very 
low temperatures (T ≈ 50 K). At higher temperatures, the heat 
capacities of solid solutions were found to behave ideally (e.g., 
pyrope-grossular; Bosenick et al. 1996) or slightly non-ideally 
(annite-siderophyllite; Benisek et al. 1999).

The lack of calorimetric investigations on solid solutions is 
presumed to be due to two factors: first, conventional adiabatic 
calorimetry is a very time-consuming technique, and second, 
it requires large amounts of sample material (several grams). 
A commercially available relaxation calorimeter based on the 
work of Bachmann et al. (1972) now enables heat-capacity mea-
surements on milligram-sized samples at low temperatures [the 
Physical Properties Measurements System (PPMS) by Quantum 
Design]. The implementation of the PPMS calorimeter is dis-
cussed by Lashley et al. (2003), Dachs and Bertoldi (2005), and 
Kennedy et al. (2007), and the technique is described in Hwang 
et al. (1997). Using this new relaxation calorimeter, additional 
low-temperature heat-capacity studies have been performed on 

mineral solid solutions, detecting distinct excess entropies of 
mixing for pyrope-grossular (Dachs and Geiger 2006), small 
excess entropies for forsterite-fayalite (Dachs et al. 2007), and 
no excess entropies of mixing for the diopside-Ca-Tschermak 
solid solution (Etzel et al. 2007). 

The subjects of this study are the plagioclase feldspars (albite, 
Ab, NaAlSi3O8; anorthite, An, CaAl2Si2O8), which are widespread 
minerals in the Earth’s crust showing a very complex mixing be-
havior as a result of the interaction between Al,Si order-disorder 
and the coupled substitution NaSi-CaAl. The calorimetric effects 
have been studied by enthalpy of solution measurements (Newton 
et al. 1980; Carpenter et al. 1985; Benisek et al. 2003). In high 
structural state plagioclase, the observed positive excess enthal-
pies are related to the type and degree of Al,Si ordering. With 
changing composition, two phase transitions are encountered 
in high plagioclase that are reflected in the measured enthalpies 
by changes in the enthalpy-composition behavior (see Fig. 5 in 
Benisek et al. 2003). 

In anorthite (0.9 < XAn < 1), an I1-P1 displacive phase transi-
tion is effective at ~500 K (e.g., Brown et al. 1963; Adlhart et al. 
1980; Redfern and Salje 1987). Its effect, however, is not seen 
in the heat-capacity data measured by Krupka et al. (1979). In 
Ab-rich plagioclase, a C2/m-C1 displacive phase transition oc-
curs at high temperatures (≥1250 K). The thermodynamics of 
this phase transition was investigated by Salje et al. (1985) by 
means of heat-capacity measurements on alkali feldspar with 
Ab69Or31 composition, where this transition occurs at lower 
temperatures (~420 K). They found a pronounced flattening of 
the CP-T behavior in the temperature region of the displacive 
phase transition. 

Whereas the thermodynamics of the plagioclase at high 
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