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ABSTRACT 

The mineralogy of most Australian oil shales is relatively simple and belongs to the 
carbonate, clay, sulphide, sulphate, silica, phosphate, zeolite and evaporite/saline mineral 
groups. 

Retorting involves heating during which virtually all oil shale minerals react. Such 

reactions, endothermic or exothermic may be characterised and measured by DTA. whilst 
associated weight variations may be continuously quantified by TG. These methods provide 
mineralogical identification and evaluation data, together with reaction type, magnitude and 
heat balance information, obtained under heating rate and gas atmosphere conditions 
preselectable to simulate various retorting conditions. 

Endothermic and exothermic mineral reactions taking place within the retort may strongly 
influence the required retort heat balance regime. Detailed knowledge of the actual minerals 
present, their quantities, reaction temperatures and types, together with heat balance effects 
are of marked technological importance to the design and operation of oil shale retorts and 

the assessment of spent shale characteristics and potential utilisation. 

INTRODUCTION 

The group of solid hydrocarbon rich sediments of variable composition 
collectively classified as oil shales, constitute a major alternative source of 
hydrocarbons. These sediments, usually as mined, although beneficiation 
may be practical, are heated to drive off the recoverable liquid and gaseous 
hydrocarbon contents. This heating aspect immediately highlights the poten- 
tial use of thermal analysis techniques for the thermal and utilisation 
characterisation of both the organic and inorganic mineral components of oil 
shale. It is noteworthy that the mineral constituents and their proportions 
are likely to vary most within a particular oil shale deposit. In addition to 
simple dilution such mineralogical variations may negatively influence the 
hydrocarbon yield due to adverse endothermic effects [l] or the presence of 
specific minerals [2]. 
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The mineralogy of most Australian oil shale deposits, investigated to date, 
is relatively simple [3-51. The constituent components belong to the 
carbonate, clay, sulphide, sulphate, silica, phosphate, zeolite and 
evaporite/saline mineral groups. Although too early yet to judge, the infor- 
mation available from elsewhere tends to indicate that mineralogically 
“typical” oil shales may be relatively simple in comparison to the Green 
River oil shales (U.S.A.), in which some 70 authigenic minerals occur. These 
range from common to rare, include several new minerals and a considerable 
number of different carbonates [6]. 

Virtually all these minerals react, in some way, on heating, e.g., by 
decomposition, intermineral or decomposition product reactions, oxidation, 
reduction, crystallographic changes or melting. All such reactions are either 
endothermic or exothermic (occasionally reversible) and may be detected 
and characterised by differential thermal analysis (DTA), while associated 
weight variations (gains or losses) may be continuously measured by thermo- 
gravimetry (TG). The resultant continuously recorded thermal analysis curves 
provide methods for mineral identification and evaluation together with the 
reaction type, magnitude and heat effects produced under preselected heat- 
ing rate and gas atmosphere conditions, which may be varied to simulate 
various retorting conditions. 

The specific atmosphere composition conditions, temperatures and tem- 
perature gradients needed during retorting for maximum hydrocarbon ex- 
traction are maintained at the expense of some of the yield gas which is fed 
back into the combustion zone and burnt. In this context the endothermic or 
exothermic oil shale mineral reactions taking place within the retort charge 
will clearly influence the required optimum heat regime, e.g., as oil shales 
contain considerable mineral matter contents (usually in excess of 50%) the 
effects under oxidising conditions of the decomposition of high contents of 
calcite (CaCO,) or siderite (FeCO,) would be strongly endothermic to 
moderately exothermic, respectively [7]. 

Thus, a detailed knowledge of the actual minerals present, their quantities, 
reaction temperatures and mechanisms, together with heat balance effects 
are therefore of technological importance in the design and operation of oil 
shale retorts. 

Furthermore, these thermal analysis methods have the added advantage of 
being directly applicable to whole oil shale samples, which, except for 
crushing, need not be pretreated in any way. The potential problems of loss, 
alteration and the imperfections in removal or concentration processes are 
thus obviated [8]. Conversely, specific concentrated samples are equally 
suitable for the application of these methods if required. 

In the present study, the most commonly occurring members of the 
carbonate and clay mineral groups, together with quartz were used to 
illustrate the validity, potential and applications of the TG and DTA 
methods. 



181 

EXPERIMENTAL 

In all cases artificial mixtures and content reductions (dilutant calcined 
alumina, Al,O,) were on a weight percent basis from material at 
- 15O#BSS( - 75 pm). 

The curves of individual minerals and specific mineral dilution sequences 
(Figs. l-5) were obtained using the older equipment described previously [9]. 
All the oil shale determinations (Figs. 6-13) were made with the new 
Stanton-Redcroft STA781 simultaneous TG/DTA unit using thin-walled 
platinum crucible sample holders, under controlled preselected furnace 

atmosphere conditions of oxygen, free N, and high purity CO, flowing at 50 
cm3 rnin-‘, at ambient pressure, with a constant heating rate of 15” min-‘. 
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Fig. 1. DTA curves of selected anhydrous carbonate minerals, determined in flowing N, from 
powdered samples diluted with 50% Al,O,. 



182 

Preselected recording sensitivities and ranges were: DTA, 100 pv and TG, 
30-mg samples with 50% full scale deflection. 

RESULTS 

Furnace atmosphere conditions 

The burning effects of heating coal and oil shale in air have been 
successfully suppressed by using an inert atmosphere of flowing N,, in order 
to apply TG to routine proximate analysis of coal [lO,ll], coal and coke [12], 
coal and oil shale [13,14], demineralised oil shales [15] and to the detection 
of minerals in w,hole coal samples [16,8]. This method has been used in the 
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Fig. 2. DTA curves of selected clay minerals plus quartz, determined in flowing N, from 
powdered samples diluted with 50% Al,O,. 
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Fig. 3. Dilution sequence of DTA curves determined in flowing N, from magnesite/Al,O, 
mixtures. Shows decreasing peak area, height and temperature with falling magnesite con- 
tents. 

present study to establish reference TG and DTA curves from a suitable, 
untreated, low mineral content, low rank oil shale from Rundle, Australia. 
(This is the only oil shale material used in the study.) The oil shale was then 
mixed with 20% proportions of Al,O, or individual minerals and subjected 
to thermal analysis. In this way mineral caused modifications to oil shale TG 
and DTA curves could be recorded, assessed and related directly to specific 
minerals. 

Previous DTA work [7,9,18-201 had established that flowing furnace 
atmospheres of CO, were not only essentially inert (like N2) but also 
produced predictable diagnostically useful and improved detection limit 
effects for carbonate minerals. Duplicate oil shale samples were therefore 
also run in this second gas (Figs. 6 and 7). 
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Fig. 4. Dilution sequence of DTA curves determined in flowing N, from dolomite/AIZO, 
mixtures. Shows decreasing peak area, height and temperature with falling dolomite contents. 

Characteristic DTA curves oj individual minerals in flnwing N, 

From artificial mixtures of powdered samples of single minerals, diluted 
with 50% Al,O,, DTA curves were obtained in flowing N,. The resultant 
curves from the mixtures containing siderite, magnesite, calcite, dolomite or 
ankerite are shown as curves 1-5 in Fig. 1. Comparable curves obtained 
from mixtures containing kaolinite, montmorillonite, illite and quartz appear 
as curves 1-4 in Fig. 2. 

A comparison of these figures shows that DTA curves from individual 
minerals are diagnostically different, and exhibit almost exclusively endo- 
thermic (heat robbing) reactions of different intensities. These reactions also 
take place below 600, between 600 and 800 (relatable to retorting conditions) 
and above 800°C (see dotted 600 and 800°C reference lines Figs. 1 and 2). 
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Fig. 5. Dilution sequence of DTA curves determined in flowing N, from kaolinite/Al,O, 
mixtures. Shows decreasing peak areas and heights with falling kaolinite contents, which also 
causes a decline in endothermic temperatures while those of the exothermic peaks remain 
unaffected. 

Where these individual minerals exhibit more than one DTA reaction peak, 
this clearly indicates whether full decomposition has taken place or not, by a 
given temperature, e.g., in the case of dolomite at - 800°C (Fig. 1, curve 5) 
only the half calcination product (MgO) will have been liberated leaving 
CaCO, as compared to the full calcination products of MgO + CaO. 

DTA dilution sequences of minerals in flowing NJ 

Artificial dilution sequences of three minerals have been selected to 
illustrate different DTA curve modifications resulting in the drop in individ- 
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Fig. 6. Simultaneously determined TG and DTA curves obtained in flowing N,. The upper 
and lower pairs of curves are from duplicate samples of the oil shale diluted with 20% Al,O, 

and dolomite, respectively. 

ual mineral content. These are for magnesite (Fig. 3), dolomite (Fig. 4), and 
kaolinite (Fig. 5). For the single decomposition reaction mineral magnesite, 
Fig. 3 shows that as its content falls so does the peak area, height and 
temperature. 

The same trends are shown by the double decomposition reaction mineral 
dolomite (Fig. 4). In addition, as dolomite contents fall the two characteristic 
DTA peaks progressively coalesce until they are represented by a single peak 
(Fig. 4). 
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Fig. 7. Simultaneously determined TG and DTA curves obtained in flowing CO,. The upper 
and lower pairs of curves are from duplicate samples of the oil shale diluted with 20% Al,O, 

and dolomite, respectively. 

For kaolinite (Fig. 5) the “600°C” endothermic dehydroxylation peak 
again follows the same peak reduction trends. So also does the sharp 
“1000°C” exothermic peak, with the exception that its peak temperature 
remains virtually constant until the content has fallen below peak recogni- 
tion levels. 
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Fig. 8. Simultaneously determined TG and DTA curves obtained in flowing N, and CO, from 
duplicate samples of the oil shale diluted with 20% siderite. 

Previously determined dilution sequences (similar to those in Figs. 3-5) 
for all the minerals studied herein established that the detection limits in N, 
are of the order of 1% for siderite, magnesite, calcite, dolomite and ankerite, 
and 2% for kaolinite. Conversely, dependent on crystallinity, montmoril- 
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Fig. 9. Simultaneously determined TG and DTA curves obtained in flowing N, and CO, from 
duplicate samples of the oil shale diluted with 20% magnesite. 

lonite, illite and quartz can only be detected if progressively greater amounts 
are present [16], i.e., - 15 and 30%, respectively. Because of its sharp peak, 
quartz may now be detectable in amounts as low as 2-5% with the latest 
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Fig. 10. Simultaneously determined TG and DTA curves obtained in flowing N, and CO, 
from duplicate samples of the oil shale diluted with 20% calcite. 

high sensitivity equipment, but the mineral form in which this silica is 
present affects the resultant peak size [17]. 

Thus, the DTA method is best applied to the detection and evaluation of 
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the carbonate group of minerals, whose detection limits may be extended 
down to contents in the order of 0.2556, if determined in conditions of 
flowing CO, [18]. 
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Reference oil shale determinations in flowing N2 and CO, 

Duplicate artificial mixtures of the low mineral content oil shale were 
determined under furnace atmosphere conditions of flowing N, and CO, (see 
upper two curves of Figs. 6 and 7). 
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The TG curves are similar showing, with increasing temperature, three 
well separated weight-loss regions due to the loss of water, hydrocarbon rich 
volatiles [lo-151 and “high” temperature carbonate CO,, respectively. 

The simultaneously determined DTA curves show directly temperature 
and reaction relatable endothermic peaks. The first of the pair of closely 
adjacent low temperature peaks is due to the release of adsorbed and clay 
associated water and the second due to the release of the water of crystallisa- 
tion of gypsum. The medium temperature “450°C” peak is attributed to 
evolved hydrocarbon contents, while the higher temperature peak is due to 
the decomposition of a small content of calcite. 

It is most important to note that the oil shale hydrocarbon volatile matter 
yield must also contain valueless non-hydrocarbon components liberated 
from any minerals present which decompose in this general temperature 
region. It is the nature, detection and amounts of these components and 
their origin from specific minerals present in oil shales which is discussed in 
detail below. 

These unmodified oil shale TG and DTA curves determined in flowing N, 
and CO, (top half of Figs. 6 and 7) are not refigured and all subsequent oil 
shale mineral mixture curves should be referred to these to facilitate the 
evaluation of mineral-caused modifications. 

Oil shale mineral mixture determinations in flowing NJ and CO, 

Mineral-caused oil shale DTA and TG curve modifications were estab- 
lished .from artificial mixtures of the oil shale and 20% of each of the 
minerals”iYhose clearly defined DTA curves exhibited also good detection 
limits, i.e., siderite, magnesite, calcite, dolomite, ankerite, kaolinite and 
pyrite. Pyrite was included because previous DTA work on pyrite in coal had 
indicated that its decomposition reaction size in N, and CO, was compara- 
ble [16]. 

The mineral modified DTA curves determined in flowing N, and CO, are 
shown in Figs. 8-13 and the lower halves of Figs. 6 and 7. Compare these 
with oil shale only curves (top halves of Figs. 6 and 7). 

The effects of siderite 
The effects of siderite decomposition are superimposed on the upper part 

of the 350-550°C oil shale volatile evolution zone, shown on both the TG 
and DTA curves (Fig. 8). In N, these are quite recognisable but their 
superposition is too close for clear separation and accurate evaluation. In 
flowing CO, the increased CO, partial pressure involved delays the siderite 
decomposition until a higher temperature has been reached. Decomposition 
effects are therefore delayed and move up-scale (higher temperature) suffi- 
ciently for them to be almost separated from the oil shale volatile evolution 
effects on both TG and DTA curves. Thus, the heat and weight effects of 
siderite decomposition can be much more clearly identified and evaluated. 
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The variable atmosphere TG and DTA curves in Fig. 8 clearly establish 
the following. 

(A) In flowing N,: (1) the siderite effects occur in the temperature zone 
450-550°C; (2) the CO, from siderite decomposition is produced mainly 
within the volatile yield temperature zone of the oil shale; (3) this CO, 
contributes a valueless component to the oil shale volatile yield; (4) siderite 
CO, is liberated over a range of - 100°C and its commercial significance 
will depend on the content of this mineral; (5) the presence of siderite may 
be detected by the occurrence of its single well defined endothermic DTA 
peak and comparable TG weight loss and its content evaluated down to 
l-2%; (6) the endothermic decomposition of siderite is heat absorbing. 
(However, in air, oxidation will immediately follow decomposition, with an 
overall moderately exothermic result [21].) 

(B) In flowing CO,: (1) the siderite decomposition effects move up-scale 
- 50°C; (2) the presence of siderite may be confirmed by the predictable 
up-scale movement, particularly of the more clearly defined DTA peak when 
determined in CO, compared to N,. 

The effects of magnesite 
The effects of magnesite decomposition are only superimposed on the 

very uppermost portion of the oil shale volatile evolution zone (Fig. 9). In N, 
these are more clearly recognisable than for siderite but separation is still not 
complete. In flowing CO,, however, similar up-scale movements occur and 
the decomposition effects become well separated from the oil shale effects on 
both the TG and DTA curves. 

These magnesite features may therefore be accurately measured and 
evaluated free from oil shale interference effects. 

The variable atmosphere TG and DTA curves in Fig, 9, clearly establish 
that the effects of magnesite are similar to those of siderite, but with the 
following comments. 

(A) In flowing N,: the magnesite effects occur at a higher temperature 
range, i.e., 500-600°C the magnesite CO, is also liberated over a 100°C 
range, but is only partly within the volatile yield zone of the oil shale used. 
Decomposition is again by a single reaction, which is endothermic under all 
different gas atmosphere conditions to give similar detection limits. 

(B) In flowing CO,: the up-scale movements of the decomposition effects 
appears a little larger at - 70°C and is diagnostic of a carbonate mineral, 
and, at these temperatures, magnesite. 

The effects of calcite 
The effects of calcite decomposition are not superimposed on the volatile 

evolution temperature zone of the oil shale used (Fig. 10). In N, these are 
therefore more clearly recognisable than for siderite or magnesite and 
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measurement and assessment are not interfered with by conflicting oil shale 
effects. 

In general the effects are similar to siderite and magnesite, modified as 
follows. 

. (A) In flowing N,. the calcite effects occur at a still higher temperature 
range, i.e., 680-780°C with CO, again liberated over a 100°C range and 
well above the oil shale volatile evolution feature. The decomposition is by a 

single endothermic reaction under all atmospheres. This occurs at tempera- 
tures diagnostically above those of siderite or magnesite relative to which it 
has similar detection limits. 

. (B) In flowing CO,. here a more marked diagnostic up-scale movement, 
i.e., - 150°C is accompanied by a marked reduction in the calcite peak size 
compared to its duplicate sample determination in N, (Fig. 10). 

This somewhat disconcerting but diagnostically valuable feature has been 
confirmed by a number of check runs of other mixtures of calcite with this 
oil shale. Further investigations of this phenomenon are nearing completion 
and are intended for separate publication. 

The effects of dolomite 
The effects of dolomite (the double carbonate, CaMg(CO,),) are not 

superimposed on the volatile evolution zone of the oil shale used (Figs. 6 and 

7). 
In N, the dolomite effect (Fig. 6) is similar to the TG and DTA curve 

modification produced by calcite and although it occurs at the somewhat 
lower temperature range of 650-750°C the 100°C range and detection limits 
are the same. 

(A) In flowing N,: although two decomposition steps are involved these 
coalesce in N, as dolomite content falls (Fig. 4). These are represented by a 
single endothermic feature (Fig. 6) which does not remain unmodified by 
other furnace atmosphere conditions [18]. 

(B) In flowing CO,: here new phenomena result whereby for all con- 
centrations: (1) down to the limits of detection the characteristic two-endo- 
thermic-peaked DTA curve [18] and TG weight-loss areas are clearly defined 
and separated; (2) the actual parting (temperature separation) of the two 
reactions is increased as, although the upper temperature reaction moves up 
scale the lower one falls or remains at the same temperature (Fig. 7 and ref. 

8). 
Thus, the diagnostic two-peaked DTA configuration may always be 

obtained to distinguish dolomite from calcite with a somewhat increased 
detection limit. 

Curves in CO, also show that dolomite may be distinguished from 
comparable content mixtures of calcite with magnesite. Although not il- 
lustrated such DTA peaks occur in the positions of these individual minerals 
(cf. DTA curves in CO,; Figs. 7,9 and 10). 
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The effects of ankerite 
The effects of ankerite (the triple carbonate, Ca(Mg,Fe)(CO,),) are not 

superimposed on the oil shale volatile evolution zone (Fig. 11). 
In N, the ankerite effect is similar to that of dolomite and calcite but with 

a temperature range of 630-750°C with an increased temperature spread of 
- 120°C and similar detection limits (cf. Figs. 6, 10 and 11). 

(A) In flowing N,: although three decomposition steps are involved, these 
coalesce in N, as the ankerite content falls and are represented by a single 
endothermic feature (upper half of Fig. 11) which does not remain unef- 
fected by different furnace atmospheres [18]. 

(B) In flowing CO,: here the modifications are similar to dolomite with 
the additions that: (1) the three diagnostic weight loss and endothermic 
reactions are clearly defined and separated; (2) the lowest temperature DTA 
peak moves down scale whilst the other two higher temperature peaks move 
up scale compared to the single peak position as determined in N, (cf. Fig. 
11, lower and upper parts). 

Thus, the three-peaked DTA configuration may always be obtained to 
distinguish ankerite from dolomite or calcite. 

Recently published related work [20] has established that the middle DTA 
peak and associated weight loss increases with rising Fe content, which also 
causes the first decomposition reaction to occur at progressively lower 
temperatures. 

The effects of kaolinite 
The thermal effects of kaolinite are composed of two well-developed 

reactions shown on the DTA curve as one endotherm between 450 and 
550°C and one sharper exotherm between 980 and 1010°C (Fig. 12). The 
endothermic feature is caused by kaolinite dehydroxylation and is accompa- 
nied by a TG curve weight-loss due to water evolution. The exothermic 
feature is not accompanied by any weight variation and is attributed to the 
recrystallisation of a spine1 phase [17]. 

The variable atmosphere TG and DTA curves in Fig. 12 establish the 
following. 

(1) In flowing N,: (1) the kaolinite decomposition reaction occurs in the 
temperature zone 450-550°C which is mainly within the oil shale volatile 
yield range; (2) this decomposition contributes over a range of - 100°C 
valueless H,O vapour to the oil shale volatile yield; (3) the presence of 
kaolinite is indicated most conclusively by the presence of its DTA “1000°C” 
exothermic peak, as its endothermic peak may be obscured by the similar 
effects of oil shale, siderite and/or magnesite in the 450-600°C region; (4) 
the resultant of the two reactions of kaolinite is still considerably endother- 
mic and will be even more so if the retorting temperature is too low to cause 
the exothermic recrystallisation. 

(B) In flowing CO,: as neither N, or CO, gas atmospheres effect H,O 
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Fig. 13. Simultaneously determined TG and DTA curves obtained in flowing N, and CO, 
from duplicate samples of the oil shale diluted with 20% pyrite. 

evolution or recrystallisation reactions, DTA curves of kaolinite are similar 
whichever gas is used. 

However, the endothermic peak would be expected to move up scale in 
atmospheres of increased partial pressure of H,O vapour. 
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The effects of pyrite 
The effect of pyrite decomposition is superimposed on the uppermost part 

of the oil shale evolution zone (Fig. 13). In N, the DTA effect is clear but 
less well-developed than for siderite and magnesite, between which its 
decomposition peak lies. On the TG curve the weight-loss resulting from 
decomposition cannot be specifically identified or is lost within the oil shale 
volatile yield zone. 

The single endothermic decomposition reaction of pyrite is followed 
immediately by exothermic oxidation peaks in the presence of oxygen. The 
configuration of these will depend on the degree of oxygen availability and 
the resultant heat balance is strongly exothermic under such conditions. 

The variable atmosphere TG and DTA curves in Fig. 13 establish the 
following. 

(A) In flowing N,: (1) the pyrite decomposition reaction occurs in the 
temperature zone 510-570°C which is within the oil shale volatile yield 
range; (2) this decomposition contributes over a range of - 60°C sulphur 
the presence of which in the oil shale volatile yield is detrimental; (3) the 
presence of pyrite may be detected by its single sharp endothermic decom- 
position peak and comparable TG weight loss and its content evaluated 
down to l-2%; (4) the endothermic decomposition of pyrite in an inert 
atmosphere is heat absorbing and again robs heat from the retorting process. 
However, in air, oxidation will immediately follow to form the deleterious 
gases, SO,. Such oxidation effects are very strong, thus, the overall resultant 
effect in air is strongly exothermic. 

(B) In flowing CO,: as neither N, or CO, gas atmospheres affect the 
sulphide decomposition reaction, the TG and DTA effects should be com- 
parable. However, in CO, the pyrite effects appear somewhat better defined 
although their temperature position remains constant. The improved resolu- 
tion appears due to a slightly earlier completion of the hydrocarbon yield. (A 
similar effect is evident on the DTA curves of coal containing pyrite as 
determined in N, and CO, [22].) 

DISCUSSION AND CONCLUSIONS 

As the variable inorganic contents of oil shales are usually high ( > 50%) 
the mineralogy is particularly important, due to the decomposition products 
released, their possible recombination and because of the endothermic or 
exothermic nature of the reactions involved. The magnitude of these reac- 
tions, assessable by TG and DTA, is applicable to retorting technology and 
deposit quality assessment. 

Specifically, the common oil shale minerals examined herein have di- 
agnostically different thermal effects which may be clearly identified and 
generally quantified from simultaneously determined DTA and TG curves. 
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The range of detection limits varies, but for many minerals it is at least 
l-2%, while the anhydrous carbonate minerals together with kaolinite and 

pyrite are best suited for assessment by these methods. 
Anhydrous carbonate mineral identification may be confirmed by their 

predictable DTA peak movements when determined in CO, compared to N,. 
Carbonate, clay and sulphide minerals on decomposition produce the value- 
less gases CO,, H,O and SO,, respectively, which in most cases will be 
produced in the oil shale or retorting temperature range. 

The volatile matter yield temperature zone should be well characterised by 
TG/DTA for each oil shale deposit, as it may change laterally or from one 
seam to another in response to variations in kerogen type, rank and 
associated minerals. 

For given maximum retorting temperature conditions TG and DTA will 
indicate the identity of the minerals and which will decompose at what 
temperatures, under various heating rates and atmosphere conditions. The 
type and magnitude of the associated endothermic and exothermic effects 
may also be assessed. 

The availability of MgO and CaO (produced by separate decomposition 
reactions in dolomite and ankerite) for SO, fixation is temperature depen- 
dent under specific atmosphere conditions. Thus, MgO is released at a 
considerably lower temperature than CaO and at temperatures which are 
further reduced by progressive substitution of Fe for Mg in this mineral 
lattice. This, in turn, lessens the amount of MgO available from this mineral 
source as Fe substitution progresses. 

In addition, these thermal analysis methods have the potential to provide 
a comparable method for the assessment of the effectiveness of oil shale 
beneficiation products, additives and catalysts. 
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