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Introduction: The Ca-aluminates such as hibonite, 

CaAl12O19, grossite, CaAl4O7, and dmitryivanovite, 
CaAl2O4, belong to a suite of the most refractory min-
erals that could condense from a solar or fractionated 
nebular gas. While dmitryivanovite is a rather rear 
mineral found so far only in a few CAIs from the CH 
chondrites [1,2], both hibonite and grossite are fairly 
common [3] being present in different proportions in 
CAIs from different chondrite types. These minerals 
undoubtedly bear important information on physico-
chemical conditions in their nebular source regions, 
but unraveling such information was and still is hin-
dered by the discrepancy in the predicted condensation 
sequences reported in different papers [4-7]. The main 
source of the discrepancy is the utilization of different 
thermodynamic data on Ca aluminates. An attempt to 
resolve this controversy by precise measurements of 
enthalpies of formation (Hf) of several Ca aluminates 
[8] had only partial success because of the lack of the 
standard entropy (Sº) and heat capacity (CP) values for 
hibonite, which are crucial for a correct extrapolation 
of the experimental data from ~1000 – 1500 K to 
higher temperatures appropriate for hibonite condensa-
tion. The recent experimental Sº and CP data for Ca 
aluminates [9] differ significantly from the previous 
values, especially for hibonite, requiring a reassess-
ment of the thermodynamic properties of Ca alumi-
nates. The effect of new data on the condensation se-
quence is explored here. 

New thermodynamic data: The recommended 
values of thermodynamic properties for hibonite, gros-
site, and dmitryivanovite are listed in Table 1. 

 The standard Sº298.15 values are adopted directly 
from [9] who calculated them based on the experimen-
tal Raman spectroscopic measurements of all three 
phases. The coefficients of the CP (T) equations were 
recalculated from the corresponding values of Cv (T). 
Although the uncertainties of the Sº298.15 and CP (T) 
values are not listed, the calculated CV,298.15 values for 
CaO, corundum, and dmitryivanovite are within ±1% 
of the published calorimetric data. The calculated 
Sº298.15 values for corundum and CaO are within ~2 
and ~4 % of the well-known calorimetric values. It 
appears that the uncertainty of the Sº298.15 values listed 
in Table 1 should be similar. 

The previous reassessments of thermodynamic 
properties of Ca aluminates [8,10] showed a good con-
sistency between the e.m.f. data on Gibbs free energies 
of formation (Gf) [11,12] and alkali borate solution 
calorimetry [8]. Because the latter technique directly 

measures Hf values at some reference temperature, the 
experimental values of Hf at 1063 K reported in [8] 
were used to calculate the standard Hf,298.15 values for 
hibonite and grossite by correcting the reported Hf,1063 
values for the enthalpy increments, H1063 – H298.15 cal-
culated by integration of the corresponding CP(T) 
equations (Table 1). The recommended value of 
Hf,298.15 of grossite is identical to that of [8], while 
Hf,298.15 of hibonite is higher by ~7 kJ/mol but well 
within the cited uncertainty of ±12 kJ/mol. The uncer-
tainties of the Hf,298.15 values of grossite and hibonite, 
5.2 and 12 kJ/mol, respectively, are adopted from [8]. 
The standard Hf,298.15 value for dmitryivanovite was 
calculated from the enthalpy of formation from oxides 
reported in [8]. This value is based on the oxide melt 
solution calorimetry experiments [13]. The uncertainty 
of Hf,298.15 value for dmitryivanovite (±2.5 kJ/mol) is 
calculated by taking into account cited experimental 
uncertainty and those for CaO and corundum. 

Implications for the condensation sequence: Al-
though the Gibbs free energy values of Ca aluminates 
calculated from the thermodynamic properties listed in 
Table 1 show only small relative differences with the 
previous datasets (~0.1 – 0.5 rel. %) these differences 
do have important effects on the calculated condensa-
tion sequences (Table 2). In order to eliminate possible 
effects of other phases and solution models, the first 
three condensation sequences were calculated with the 
CWPI20 code in a system of solar composition con-
taining 20 most abundant elements including He. The 
last two columns of Table 2 list condensation se-
quences of [5] and [4] for comparison. The major dif-
ference between the current dataset and the previous 
data is the increased stability of (1) hibonite relative to 
both grossite and dmitryivanovite and (2) grossite rela-
tive to dmitryivanovite. There are also minor differ-
ences in condensation temperatures of other Ca,Al- 
bearing phases.  
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Table 1. Recommended values of thermodynamic properties of Ca aluminates. 
 
Mineral Hf,298.15* Sº298.15 k0 k1×10-2 k2×10-5 k3×10-7 k4×103 
Hibonite -10715 391.70 818.02 -5.7913 -387.74 437.98 18.46 
Grossite -4007 172.00 310.64 -3.9588 -141.52 169.74 10.40 
Dmitryivanovite -2324 106.30 179.06 -1.3242 -76.80 86.47 6.61 

 
* Hf,298.15 values are in kJ/mol, Sº298.15 and CP (T) values are in J/(mol×K). See text for uncertainties. 
 
 
Table 2. Condensation sequences of a gas of solar composition at 10-3 bar. 
 
Mineral Table 1*1 K&K*2 Geiger*3 [5] [4] 
Corundum - 1772 1765 1770 1770 
Hibonite 1766 1765 1734 1728 1743 
Perovskite 1686 1696 1686 1680 - 
Grossite 1644 1652 - 1698 1688 
Dmitryivanovite - - 1615 1624 - 
Melilite 1598 1608 1608 1580 1625 
Grossite - - 1608 1568 - 
Hibonite - - - 1502 - 
Spinel 1480 1495 1488 1488 1501 
Metal 1466 1467 1466 1462 1464 
Clinopyroxene 1462 1463 1462 1458 1449 
Forsterite 1443 1443 1443 1444 1443 
Plagioclase 1433 1456 1433 1406 1416 
Orthopyroxene 1366 1371 1366 1366 1366 

 
*1Thermodynamic data on Ca aluminates are from Table 1. 
*2Themodynamic data on Ca aluminates are from [12]. 
*3Hibonite and grossite are from [8], dmitryivanovite from [12]. 
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