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abstRact

Study of the evolution of the Earth’s crust advanced greatly in the last half-century through 
the dynamic collaboration of three equally contributing partners: field observations, together with 
microanalysis of mineral assemblages, experimental petrology, and stability calculations based on 
systematically measured and compiled thermodynamic properties of minerals.

In addition to providing the initial inspiration for experimental and theoretical studies of 
petrogenesis, quantitative field observations have had an important feedback relationship with the 
indoor approaches. It has been demonstrated that physico-chemical properties of mineral systems can, 
in favorable circumstances, be inferred from purely geologic criteria, and, in some cases, field criteria 
have been used to challenge the validity of existing experimental or thermodynamic data, leading to 
reinvestigations and revisions. The “geo-experimental” method may be particularly useful to infer 
phase equilibrium relations among minerals where experimental reactions are prohibitively slow at 
geologically reasonable temperatures or where fluid fluxing of mineral reactions is necessarily limited, 
as in investigations concerning the low-H2O-activity deep-crustal rocks, the granulites.

Geo-experimental phase equilibrium diagrams, constructed largely from quantitative petrographic 
observations, have been successful in deducing polymorphism, order-disorder, and solid solution 
properties of such mineral systems as the aluminum silicate minerals, feldspars, epidote minerals, 
scapolites, and cordierite. The last minerals are particularly important in that they may retain a record 
of volatile components of an intergranular mineralizing fluid. Knowledge of the important effects of 
mixed volatile fluids has been inhibited by lack of experimental data on devolatilization, ion exchange, 
redox, sulfidation, and fluid-complexing reactions of the volatile-bearing minerals biotite, amphibole, 
apatite, scapolite, cordierite, carbonates, and sulfides with the major minerals of rocks of the deeper 
interior. A concerted approach among the experimental, thermodynamic, and petrographic disciplines 
is necessary to make progress on the still poorly understood role of volatiles in shaping the crust. The 
relatively young science of fluid inclusion analysis will have an increasingly important role in the 
interdisciplinary effort to interpret the evolution of the continental crust and its underpinnings.
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intRoduction

The last half of the 20th century was a period of great 
development of metamorphic petrology. It became apparent that 
many of the isogradic mineral reactions deduced from classic 
field studies could be reproduced in the experimental laboratory. 
Exact chemical characterization of these reactions became 
possible in both natural and experimental materials by the great 
advances in microanalysis. The prophetic words of C.E. Tilley 
(1924, p. 170) were apparently to be substantiated:

“It is perhaps not too much to hope that in the future–distant 
though it be—these empirical isograds may be given approximate 
quantitative P-T values.”

In the same period, a large effort was begun to measure 
and compile thermodynamic properties of minerals pertinent 
to calculation of the mineral reactions (Robie and Waldbaum 
1968; Robie et al. 1978). The potential power of thermodynamics 
to provide independent determination of the equilibria was 

anticipated by some petrologists (e.g., Turner and Verhoogen 
1951, p. 54). As it has turned out, experimental determinations of 
the simple mineral reactions written by the classical petrologists 
work powerfully in conjunction with measured thermophysical 
and thermochemical properties of the minerals. The data set 
of measured thermodynamic properties, mainly heat capacity 
and molar volume, is critically augmented by experimental 
phase equilibrium data, derivations from which have become 
the most definitive source of the free energy and enthalpy of 
formation of minerals (Holland and Powell 1985, 1990, 1998; 
Berman 1988). Also of great importance are measurements of 
pressure-volume-temperature (PVT) relations of H2O (Burnham 
et al. 1969) and CO2 (Shmulovich and Shmonov 1978), and 
experimental data on oxygen fugacity of Fe-bearing mineral 
assemblages (Buddington and Lindsley 1964; Wones and Eugster 
1961). Today, standard data tables and computer programs are 
available to give a reasonable account of the expected equilibrium 
mineral assemblages in most common rock compositions at any 
temperature and pressure encountered in metamorphism of the * E-mail: rcnewton@ucla.edu


