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Applications of thermal analysis methods are expanding rapidly in the earth sciences and 
range from specific minerals, mineral mixtures, members of isomorphous substitution series, 
ceramics, cements and natural materials characterization, industrial evaluation, performance, 
thermal stability and quality control, proximate analysis, inorganic contents and calorific 
values of solid fossil fuels to the assessment of enviromnental aspects of mineral residues, fly 
ash and the release of SO2 and its extraction from evolved (and flue) gases by various 
sorbents together with their regenerative capacities. Of particular importance is the applica- 
tion of the new generation of methods such as derivative thermogravimetry, evolved gas 
analysis and thermomagnetometry, together with utilization of the techniques of simultaneous 
thermal analysis and variable atmosphere thermal analysis. 

INTRODUCTION 

Over the years, attention has been drawn to many invaluable accounts of 
the first or very early examples of thermal analysis (TA) in general or in 
specific areas in particular. These studies have been incorporated by Robert 
Mackenzie in his fascinating work “A History of Thermal Analysis” [l]. 
However, there seems little doubt that the series of scientific investigations 
published by Henry Louis Le Chatelier, which culminated in 1887 in the 
development of his ingenious automated differential thermal analysis (DTA) 
unit and its application to minerals [2,3], laid the foundations for the 
applications of thermal analysis to mineralogy and the earth sciences. His 
nmovative equipment, utilizing his refined platinum/platinum-rhodium 
thermocouple, warrants a brief description. It consisted of a delicate mirror 
galvanometer connected to a thermocouple in a powdered clay sample. The 
sample was then heated uniformly at 100 o C min-’ while the mirror of the 
galvanometer reflected onto a photographic plate the flashes from an 
induction coil which sparked every 2 s. 
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Exhibit 1. 

Thus, on the developed film, lines representing the sparks appeared 
equally spaced when the sample temperature increased at the same rate as 
the furnace, but were closer together if the sample temperature increased 
more slowly during an endothermic reaction, or were more widely spaced if 
the temperature increased more rapidly due to an exothermic reaction. 
Temperature calibration was achieved from the boiling points of water, 
sulphur and selenium, together with the melting points of gold, determined 
under the same conditions. 

The rapid and somewhat chaotic expansion of mineralogical applications 
was brought to order in the several publications by Robert Mackenzie [4-61 
which included the “Scifax Differential Thermal Analysis Data Index” and 
culminated in the two ageless companion volumes entitled “Differential 
Thermal Analysis”. These were complemented by the publication by Schultz 
[7] and the comprehensive re-appraisal, using the same DTA unit, coupled 
with the introduction of the concept of “Proben-Abhangigkeit” (PA) curves 
(i.e. curves of sample-amount dependence) by Smykatz-KIoss [8]. These 
works of consolidation, compilation, review and new contributions have 
been ably carried forward by such recognized earth scientists as Todor [9], 
Garn [lo], Wendlandt [ll], Dollimore [12], Morgan and coworkers [13-151, 
Rajeshwar et al. [16], Warne and Gallagher [17], Earnest [18,19], Rustschev 
[20], Heide [21] and Warne and coworkers [15,17,22-251. The current 
resurgence in the application of thermal analysis to the earth sciences covers 
an extensive range of topics, examples of which are given in Exhibit 1. 

METHODOLOGICAL TRENDS 

For a very considerable period of time the emphasis was almost entirely 
on the applications of DTA, which resulted in the publication of some major 
contributions [4-81. This method was subsequently complemented by ther- 
mogravimetry (TG) to give improved quantification of the thermal reactions 
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recorded. At this point, due perhaps to over-claiming the merits of TA and 
its being overshadowed by newly developed methods which ranged from 
infra-red and atomic absorption spectroscopy to X-ray fluorescence and the 
electron microprobe, the use of TA in the earth sciences settled into a period 
of “the doldrums”. 

However, the simultaneous development of new TA methods and tech- 
niques over the last lo-20 years, coupled with the availability of reference 
materials and regular TA literature reviews by Murphy, followed by Wend- 
landt [26] has led to a resurgence in the use and value of a wide range of TA 
applications in many areas of earth science. 

Herein a distinction is made between new methods and new techniques. 
The former refer to the measurement of specific new temperature-dependent 
parameters, i.e. magnetism (thermomagnetometry (TM)) or sound (thermo- 
sonimetry (TS)), while the latter cover the utilization of existing methods in 
a different way, i.e. by the application of “variable atmosphere thermal 
analysis” or “simultaneous thermal analysis”. 

New methods 

The new methods which have proved particularly valuable are, .in ap- 
proximate order of importance and with a good reference for each: evolved 
gas analysis (EGA) [27], derivative thermogravimetry (DTG) [28], high 
temperature (to about 1500°C) differential scanning calorimetry (DSC) [29], 
TM [30] and thermomechanical analysis (TMA) [18]. An excellent descrip- 
tion of these and other new methods has recently been published by Brown 

[311. 

New techniques 

As new techniques are applied to already established methods, they will 
be considered in detail as they show, to advantage, the often complex 
applications involved. The role of the new techniques has been to greatly 
extend the value of existing methods. For example, the simultaneous appli- 
cation of more than one TA method to measure several parameters from the 
same sample under identical conditions forms the basis of “simultaneous 
thermal analysis”. In contrast is the concept of “variable atmosphere 
thermal analysis” where the furnace atmosphere conditions may be pre- 
selected, controlled and even changed during TA runs. 

Simultaneous thermal analysis 
The results from simultaneous TA determinations provide much valuable 

information. Coupled DTA/TG gives quantification of mass variations 
representing DTA peaks [32], DTA/EGA or TG/EGA [33] identifies the 
gaseous products released from specific reactions (see Fig. 1). This has 
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Fig. 1. Simultaneous DTA-EGA curves of CuS04.5H,0 using non-dispersive infra-red 
analysis for determining H,O and SO2 evolution during heating. (After Morgan [13] with 
permission.) 

applications in mixture component identification, specific pollutant gas 
recognition and their release, entrapment and recombination temperatures. 

The addition of DTG to TG or other techniques such as DTA provides 
further definition and resolution of closely spaced reactions which appear 
superimposed on TA curves [14,33]. Simultaneous TM/DTA allows for the 
linking of magnetic phases to DTA peaks or with the evolution of specific 
gases if TM/EGA is used. Furthermore, if DTA/TG/DTG/EGA are done 
simultaneously, close mass changes can be resolved, related to reactions on 
the DTA curves and to associated gas evolution peaks to give invaluable 
compositional and decompositional information. Finally, added definition, 
sensitivity and calorific value data may be obtained by substituting differen- 
tial scanning calorimetry (DSC) for DTA. 

Variable atmosphere thermal analysis 
Here the controlled furnace atmosphere conditions may be preselected, 

i.e. static or flowing, maintained or changed as desired between [34] or 
during runs, with preset combinations of different purge gases used sequen- 
tially [35], and as gas mixtures [36] or, conversely, vacuum, using dynamic, 
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Exhibit 2. 

isothermal [35] or quasi-isothermal heating rates [37] (see Exhibit 2). This 
technique may be equally well applied to single or simultaneous methods. 

EARTH SCIENCE APPLICATIONS 

Materials in the earth sciences 

In general terms, TA may be applied to earth science 
number of ways, examples of which are set out in Exhibit 3. 

Physical and chemical changes in fossil fuels 

materials in a 

Clearly, earth science as a complete subject is beyond the scope of the 
present paper, so detailed examples of applications are mainly restricted, 
here to the area associated with hydrocarbon rich fossil fuels. These have, of 
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Fig. 2. Two comparative sets of DTA curves determined in furnace atmospheres of N, and 
CO,. Duplicate mixtures of oil shale were used with different percentage of minerals or 
alumina (as labelled). Peaks marked S, P, M, A and H are due to the minerals siderite, pyrite, 
magnesite, ankerite, and the hydrocarbon yield, respectively. (After Warne and French [32] 
with permission.) 
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VARIABLE ATMOSPHERE THERMAL ANALYSIS 
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Exhibit 5. 

late, attracted much TA attention and represent well the amount and 
diversity of research which the earth sciences have attracted (see Exhibit 4). 

Variable atmosphere thermal analysis 

With the application of this technique individual reactions may be made 
to: appear earlier or later, be suppressed or enhanced [38], to produce 
greater sensitivity, give improved detection limits [39], resolution of superim- 
posed peaks [34], mineral identification [34,38,39] (see Fig. 2) organic 
contents and combustion characteristics [28,40], ash or liquefaction residue 
analysis or beneficiation determinations [18,35] and pyrite contents [34]. 

At this point we can consolidate by giving further examples of the types 
of determination which may be made in the oxidizing conditions of air or 0, 
(see Exhibit 5) or under inert conditions of N,, CO, or Ar (see Exhibit 6). 

In addition, different purge gas partial pressures, preferentially affect 
reactions [34] (which may be suppressed or promoted [40]), and promote 

VARIABLE ATMOSPHERE THERMAL ANALYSIS 
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Fig. 3. Multi-gas TG of fluidized bed ash shows two initial weight losses in N2 due to the 
dehydration of gypsum (2.4%) and the water loss from the hemihydrate + CO2 from calcite 
(0.75%). Switching to Oz gives a weight loss due to the burning of any fixed carbon present 
(upper curve), while the final weight gain in COz is due to the recarbonation of CaO to form 
CaCO,. (After Culmo and Fyans, [41] (Figs. 7 and 8) with permission.) 

peak identification [23,34], superimposed peak resolution [34] and the identi- 
fication of any magnetic phases formed [30]. 

Finally, different sequential gas conditions have been used during individ- 
ual runs with marked success, e.g. for proximate analysis of coal using N, 
followed by 0,, i.e. (N2-02) [40], for preheated coal, bed, fly and fl~dized 
bed ash (N,-O,-CO,) and limestone (N,-C02) [41] (see Fig. 3), analysis of 
flue gas scrubber materials after use (flue gas-N,) [42], comparing sulpha- 
tion, regenerative SO, and cycle efficiency of sorbents (air-air + SO*-N,- 
N, + HZ-N, + air) [43] plus the analysis of solid refuse fuels (N,-0,) [44] 
and SO, yield from pyrite contents (N,-0,-H,) [45]. 

CONCLUSIONS 

It has been clearly demonstrated herein that TA methods and techniques 
are applicable to a wide range of earth science topics, the scope of which is 
expanding rapidly and provide data, particularly in circumstances where 
heating is involved, that is often not readily available from or is complemen- 
tary to the results from other methods of investigation. In some cases the 
results are superior to those obtained with other methods, whilst the tech- 
niques of simultaneous and variable atmosphere determinations provide 
considerable additional information which has high potential for materials 
characterization and industrial process utilization. 
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