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DTA techniques were employed to study the thermal and structural characteristics 
of hydrated aluminium oxides and aluminous clays of the Pipra pelitic rocks from dis- 
trict Sidhi, India. Detailed microscopic investigations, X-ray and chemical analyses 
reveal that these clays were derived by the localized weathering of arkosic metasedi- 
ments. The chemical and normative behaviours have confirmed their formation by the 
isochemical metamorphism of arkose, aided by a little granitization and followed by 
minor retrogression. A tentative correlation between the thermal and structural 
changes of these oxides and clay minerals at various transition temperatures has nicely 
displayed the presence of kaolinite, diaspore and gibbsite. The exothermic curves of 
kaolinite confirm the recrystallization. The presence of kaolinite in the clay fractions 
indicates the detrital origin. 

Identification of clay minerals 

Clay minerals like kaolinite, halloysite, diaspore, gibbsite, nacrite, and dickite, 
etc. are practically impossible to identify with the help of an optical microscope, 
due to their natural occurrence in perfectly homogeneous and apparently pure 
condition, and it is not possible to apply any treatment to remove impurities [1 ]. 
Clay minerals are commonly too small for individual study under the petro- 
graphic microscope and only the average composite effect can be observed accord- 
ing to their orientation and distribution. Morgenstern and Tehalenko [2] have 
developed a device, introducing a photoelectric cell to obtain a quantitative 
measure of the intensity of the light transmitted through a sample on the petro- 
graphic microscope. They interpreted the degree of particle orientation by com- 
paring the observations with predicted birefringent behaviour of an aggregate. 
In addition, it is possible to measure the refractive index and birefrigence of clay 
mineral particles. Electron microscopy has also played a vital role in the identi- 
fication of clay minerals. It reveals an approximate shape and size of the clay 
particles, and sometimes their thickness, but no structural detail is discernible. 
The large depth of focus of the electron optical system makes possible examination 
of rough or even curved surfaces of clay minerals. In contrast clay mineral analysis 
by X-ray diffraction is generally quantitative [3]. A quantitative method of X-ray 
analysis has also been supported by Taylor and Norrish [4]. The X-ray method 
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has been employed in crystal structure analysis to obtain information on the 
degree of disorder in the clay mineral lattice, to follow changes in mineralogical 
compositions induced by heat and to derive data on the minerals in a sample, 
but the information obtained by this method is not adequate for interpreting the 
genesis of Pipra clays. 

Infrared spectroscopy (IR) has been extensively applied in clay mineralogy: 
it reveals crystal structural and bonding characteristics within the molecule and 
has proved useful in clay mineral identification when there is ambiguity in the 
interpretation of the X-ray diffraction pattern. The application of IR techniques 
has been described by Keller and Pickett [5] and the pioneer work of Keller, 
Barnes and Bradley has been of help in clay mineralogy. In clay minerals infrared 
absorption bands can not be assigned and interpreted, due to interactions of 
neighbouring ions and substantial effects from the closest neighbouring ion or ions 
in the second co-ordination sphere [6]. The identification of kaolin has been made 
by infrared analysis, kaolin displaying a band at 3.698 __+ 2 cm -1 not shown by 
chlorites and kaolinites [7, 8]. The IR spectra of layer lattice silicates have been 
discussed by Farmer and Russel [9], but infrared absorption of the kaolinite 
group of minerals is not universally accepted. It is agreed that the OH group 
the shorter the wawe length corresponding to its natural frequency of vibration. 
[10]. The authors have also applied this device to Pipra clays, using the Nujol 
technique with a Perkin-Elmer infrared spectrophotometer. 

Thermogravimetry is an analytical technique concerned with measurement of 
weight changes in samples on heating and has been reviewed by Coats and Red- 
fern [11 ]. The modifications pertaining to this technique have been described by 
Wendlandt [12]. The application of this technique to clay minerals has considerable 
value, since many reactions which affect clays on heating are accompanied by 
evolution or absorption of a gaseous component. Moisture is lost by many clay 
minerals on heating and these changes are of course accompanied by a corre- 
sponding loss inweight, as commonly evident by DTA. Some oxidation reactions 
in which oxygen is absorbed from the air are accompanied by a gain in weight, 
but the reactions which involve only energy changes, such as crystal inversion, 
crystallization and fusion, are not detectable with this method. 

Chemistry of the clay minerals 

The authors have taken recourse to the rapid methods of silicate analysis [13, 14] 
in analyzing these clays and refractory minerals. Clay samples were separated 
by standard methods. Silica and alumina were determined spectrophotometri- 
cally, and alkali metals on a flame-photometer, while a Spekker absorptiometer 
was used for the calorimetric determination of iron and titanium. Calcium and 
magnesium were analyzed by volumetric methods against ethylenediaminetetra- 
acetic acid (EDTA) using screened calcein and O-cresolphthaleine complexone 
indicators, respectively, whereas MgO was determined against a standard dichro- 
mate solution. H20 was determined by the modified Penfield method. The instru- 
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mental  techniques, the underlying principles and the accuracy o f  the results in 
the analysis o f  clays and refractory minerals have already been described by  
Mehro t r a  et  al. [ 1 5 - 1 8 ] .  All the chemicals used in the chemical  analysis were 
o f  analar  grade. 

The  part ial  chemical  analysis o f  clay minerals (Table 1) has been compared  
with the other  analyses [19]. A m o r p h o u s  silica and a lumina are c o m m o n  consti- 
tuents o f  the kaolinite g roup  o f  minerals  and considerable care has been taken  
in interpreting the significance of  the A1/Si rat io o f  kaolinites. The  clay minerals 
o f  the present  area contain slightly more  a lumina than  silica. This may  be due 
to the presence o f  diaspore and/or  gibbsite besides kaolinite in the clay fract ions 
[16]. Kaol ini te  has the same SiO2/A12Oa rat io as halloysite, bu t  the water  content  
is lower. The SiO2/A120 3 rat io  for  the various kaolinite samples suggested that  

Table 1 

Chemical analysis of kaolinite, diaspore and gibbsite 
(weight per cent oxides) 

Oxides 1 5. I 6. 7. 8 . [  

SiO2 
A1203 
Fe203 
MnO 
MgO 
CaO 
K~O 
Na20 
TiO2 
*Others 
H20 

Total 

1. 

2. 

3. 

4. 
5. 

6. 
7. 
8. 

43.30 
41.03 

0.40 

0-~22 

n.d. 
0.16 

i 

14.80 

2. 3. 4. 

44.06 44.81 43.84 
39.44 37.82 38.85 
0.80 0.92 0.46 

0.26 0.35 0.36 
0.06 0.43 * 
n.d. n.d. * 
n.d. n.d. * 
-- 0.37 1.03 
-- -- 0 77 

15.22 15.37 13.54 

5oo. 7 

2.64 1.37 
79.10 84.23 

1.78 - -  

- 
1 2  0.10 

- -  I - -  

I 

16.44 14__67 

100.08 100.~- 

Average chemical analysis of Pipra kaolinites 
[15, 171. 
Kaolinite, in vermicular grains from kaolin 
U.S.A.; Analyst F. A. Gonyer [31]. 

-- 2.80 
77.95 61.57 

6.60 0.561 
i 

i~ 6 
1Joo 35_02 

100.00 100.15 

9. 10. 

1.03 2.78 
64.92 62.80 
tr. 0.44 

tr. 0.03 
0.17 0.20 

- -  0.04 

3 4 . 1 2 ]  38.74 

100.24 i 100.03 
F 

(average analysis of 30 kaolinite samples) 

scams in bauxite, Saline County, Ark., 

Kaolinite associated with arkosic sand from Mexia, Texas, U.S.A.; Analyst F. A. 
Gonyer [31]. 
Chemical analysis of kaolinites from Macon, Georgia, U.S.A. [32]. 
Average chemical analysis of Pipra diaspores (average analysis of 20 diaspore samples) 
[161. 
Diaspore, Pyrophyllite deposit, Shokozan, Bingo Prov., Japan (Yoshiki, 1933) [33]. 
Diaspore (ferrian), Ural Mts. (quoted by Palache et al., 1944) (Includes P205 0.45) [33]. 
Average chemical analysis of Pipra gibbsites (average analysis of 15 gibbsite samples) 
[16, 17]. 

9. Gibbsite, Klein-Tresny, Moravia (Kovar, 1901) [33]. 
10. Gibbsite, Kodikanal, Madras, India (Warth, 1902; See Palache et al., 1944) [33]. 
n.d. = not determined. 
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most of the variations are due to impurities. The average Fe203 content of the 
kaolinite samples is higher than the standard average values for halloysite, but is 
considerably higher still than the value of the well-crystallized kaolinites. The 
TiO 2 content of kaolinite is apparently dependent on the source of the mineral. 
When feldspar is the major source of the clay and is of hydrothermal origin, the 
TiO2 content of kaolinite is low; when the source is a biotite-schist or biotite 
granite, the TiO 2 content is relatively high. In the clay samples of the present area 
the TiO2 content is usually less than 1%. MgO, CaO, K20 and Na20 are usually 
present in kaolinite samples. Weaver and Pollard [20] have stated that most 
kaolinites contain appreciable amounts of MgO. Electron-probe studies [21] 
indicate that some of the MgO is related to TiO 2, IYe20 3 material and some is 
present in biotite, as revealed by the clay samples of the area. Therefore, the 
chemical analysis of the kaolinites from the lowest metamorphosed unit, namely 
quartz-kaolin-sericite schist, co-ordinates with the results of DTA. It has been 
shown that the progressive regional metamorphism (isochemical metamorphism) 
of these clays leads to the formation of sillimanite and corundum-bearing rocks 
of the area. 

Experimental 

Differential thermal analysis 

Differential thermal analysis has been found to be an important tool for the 
study of the structural changes occurring in solids during thermal treatment and 
this technique is employed most commonly for qualitative analysis of clay minerals; 
however, some attempts at quantitative analysis have also been made. The param- 
eters which affect the quantitative application of DTA have been described 
by Barral and Rogers [22] and Yammamoto [23]. DTA supplements the informa- 
tion obtained by optical microscopy, X-ray diffraction studies, infrared spectro- 
scopy, thermogravimetry and the determination of magnetic susceptibility, but 
even then difficulty arises in identifying clay minerals associated with impurities 
which obscure the other effects by undergoing oxidation. In such cases these tech- 
niques fail to give a clear picture. By the application of DTA, with control of the 
furnace atmosphere, such effects can be annulled. This technique has proved 
useful in revealing more specific information which is not adequately available 
by other methods. 

The peaks resemble "spectral bands" and bear three points of interest, namely 
the initiation of the reaction, the significance of the peak apex and the area under 
the peak. 

Factors controlling the nature of  the thermal curves 

The nature of the thermal curves depend mainly on various factors, including 
the particle size of the samples, the mode of packing of the samples, the heating 
rate and the dilution of the samples. The furnace atmosphere has a pronounced 
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effect on DTA results. Full control of the atmospheric composition and pressure 
greatly increases the versatility, but does not yet give the technique full self- 
sufficiency as an analytical procedure for clay mineralogy. Thus, the alternate 
use of inert and oxidizing atmospheres will permit differentiation of thermal 
decomposition from oxidative degradation. Within reasonable limits, pressure 
will have little effect on a condensed-phase transition, but it will strongly influence 
reactions where gaseous matter is evolved. For example, operation with increasing 
pressures of water vapour will inhibit a dehydration reaction, thereby permitting 
precise identification of the peak associated with such reactions. 

DTA of Pipra clay minerals 

After separation of clay minerals by utilizing standard methods, the Pipra 
clays were subjected to DTA. This method of thermal analysis has been regarded 
as a valuable adjunct to the other methods for the study of the thermal and struc- 
tural characteristics of these clays. The instrumental technique and its applications 
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Fig. la. DTA curve of kaolinite and gibbsite 
Fig. lb. DTA curve of kaolinite 

Fig. lc. DTA curve of kaolinite, gibbsite and diaspore 
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have already been described by Ramchandran and Bhattacharya [24], and Meh- 
rotra et aL [15-18]. The various curves (Fig. l a - e )  thus obtained reveal the 
physico-chemical and structural details of the clay mineral of the area. 
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Fig. ld. DTA curve of gibbsite and diaspore 
Fig. le. DTA curve of kaolinite and gibbsite 

Fig. If. DTA curve of Georgia-kaolinite (after Gillot) 

Results and discussion 

The most characteristic DTA of kaolinite is depicted in Fig. la, which refers 
to a kaofinite sample. With the start of heating loss of mechanical water is seen 
within the temperature range 50 to 180 ~ and is followed by the appearance of 
aluminium hydrite (gibbsite) between 180 and 440 ~ On further heating, disordered 
kaolinite with a characteristic endothermic curve appears in the temperature 
range 440 to 750 ~ This endothermic curve is followed by the exothermic curve of 
recrystallized (ordered) kaolinite, the peak temperature being 998 ~ As shown 
in Fig. lb, a small endothermic peak occurs with kaolinite at about 105 ~ caused 
by the evolution of adsorbed water. At 520 ~ the main endothermic peak corn- 
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mences, with the tip of the peak at about 600 ~ this corresponds to the decomposition 
of the mineral and elimination of hydroxyl groups as water. A further peak, which 
is exothermic, occurs at about 1000 ~ this is probably associated with recrystalliza- 
tion. Figure lc is the curve of the third clay sample. The appearance of gibbsite 
covers a large integral in the diagram up to the range 490 to 630 ~ This indicates 
a larger quantity of gibbsite compared to diaspore in the sample subjected to 
DTA. The endothermic curves of gibbsite and diaspore are followed by the endo- 
thermic curve of kaolinite (disordered) in the temperature interval 630 to 820 ~ 
On further heating, recrystallization starts, as shown by the exothermic curve of 
kaolinite in the range of 1020 ~ Figure ld refers to the DTA of sample IV. The 
portion of the curve between 50 and 160 ~ pertains to the mechanical water adsorbed 
during preparation of the sample. On further heating, the gibbsite fraction appears, 
within the temperature range 160 to 425 ~ (endothermic). Diaspore is less hydrated 
than gibbsite and therefore, with further rise of the temperature, its corresponding 
endothermic curves appear between 425 and 640 ~ Therefore, the sample contains 
a mixture of diaspore and gibbsite. Impurities of the natural clay fractions are 
detected within the temperature ranges 640 to 750 ~ ( M g - F e  carbonates) and 
750 to 1000 ~ (CaCO3), the nature of the curve being endothermic. The curve of 
the last sample is shown in Fig. le, where the loss of mechanical water appears 
up to 130 ~ and is followed by the endothermic curve of gibbsite (130 to 450~ 
The diaspore component is not seen in this diagram and the endothermic curve 
of disordered kaolinite is observed in the temperature range 450 to 910 ~ , followed 
by ordered (recrystallized) kaolinite, showing an exothermic peak at 1005 ~ 

On the basis of the DTA of the clay minerals, including aluminium hydroxides, 
and interpretation of the patterns of the curves [10, 16, 25], it is seen that these 
exceptionally high almninous clays are strictly contained in the lowest meta- 
morphosed unit, i.e. quartz-kaolin-sericite schist comprises diaspore (e-A1OOH), 
gibbsite (v-AI(OH)3) and kaolinite (A1203, 2 SiO2, 2 H20 ). Both disordered and 
ordered kaolinites are present in the samples of clay fractions. The assumption 
of the authors that the present sillimanite and corundum-bearing rocks have been 
formed by the progressive regional metamorphism (isochemical metamorphism) 
of diasporic clays (derived from the localized weathering of arkose) is supported 
by the presence of diaspore and gibbsite. The diaspore fraction appears within 
the temperature range 425 to 640 ~ and the nature of the peak being endothermic. 
Diaspore is less hydrated than gibbsite and the endothermic curves of gibbsite 
commence within the temperature range 160 to 440 ~ The endothermic curves 
of kaolinite (disordered) cover the temperature range 440 to 750 ~ followed by the 
exothermic curve at 998 to 1020 ~ confirming recrystallization. The presence of 
kaolinite in the clay fractions indicates the detrital origin [15]. 

Problem of origin 

The origin of clay minerals is a most controversial and fascinating problem in 
clay mineralogy. The kaolinite and halloysite group of minerals appear to be the 
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result of a genetic process; leaching by sulphuric acid produced by the alteration 
of pyrites [1] seems to be one of the more common weathering processes. In the 
alteration of granitic rocks and pegmatites, mica is more likely to alter to kaolinite 
and feldspar to halloysite [26]. Mica contains a more appreciable quantity of 
titanium than the feldspars, which would account for the differences in their 
alteration products. Souza et al. [27] are of the opinion that kaolinites and 
halloysites were formed by weathering of porphyritic granite. Konta [28] described 
kaolinite as a residual weathering product from leucocratic granite, high in musco- 
vite. The pioneer clay mineralogist Keller et  al. [29] reported on the occurrence 
of these minerals, formed by the action of hot spring water on rhyolitic volcanic 
rocks in Mexico, and suggested that high concentrations of Si and At in solution, 
low pH (about 3.5) and sulphate as the solvent anion, allow the formation of 
halloysite rather than the other kaolinite minerals. A few clay mineralogists have 
stated that kaolinite is formed by the leaching of alkaline rocks, primarily the 
feldspars and micas, but practically any silicate rock or mineral will alter to kaoli- 
nite if the leaching conditions are sufficiently favourable for a long period of time. 
Brindley [27] has performed investigations on the crystal structural relations of 
kaolinite and halloysite minerals and has strongly pleaded a similar origin. The 
Pipra clays were subjected to various modern scientific techniques, and it was 
found that these exceptionally high aluminous clays were derived by the localized 
weathering of arkosic metasediments, which have been assumed the parent of the 
granitic rocks of the area. These granitic rocks were formed by the isochemical 
metamorphism of arkose, aided by a little granitization and followed by a minor 
retrogression. The presence of kaolinites in the clay fractions indicates a detrital 
origin [15, 16]. The clays are of wide-ranging industrial importance in the ceramic 
and refractory industries. These clays can be suitably utilized as fire clays and for 
the manufacture of porcelain ware, etc. [3, 30]. 
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R~st;M~ -- Les caract6ristiques thermiques et structurales des oxydes d 'a luminium hydrat6s 
et des argiles des rochers p41itiques Pipra du district de Sidhi (Inde) contenant  de l 'a luminium 
ont 6t6 6tudides par ATD. Les examens au microscope et par  rayons X ainsi que l 'analyse 
chimique ont  r6v616 que ces argiles proviennent  de l '6rosion localis6e des m6tas6diments 
arkosiques. Les comportements  chimiques et normatifs  ont confirm6 leur formation par  m6ta- 
morphisme isochimique de l 'arkose, facilit6e par  une faible granitisation et suivie d 'une r6- 
trogression mineure. Une tentative de corr61ation, ~t diverses temp6ratures de transition, entre 
les changements de comportement  thermique et de structure de ces oxydes et min6raux argi- 
leux a montr6 net tement  la pr6sence de kaolinite, de diaspore et de gibbsite. La pr6sence de 
kaolinite dans les fractions d'argile indique son origine d6tritique. 

ZUSAMMENFASSUNG -- Die DTA wurde zur Untersuchung der thermischen und strukturellen 
Charakterist ika hydratisierter Aluminiumoxide und aluminiumhaltiger Tonarten der Pipra 
Pelitfelsen aus dem Bezirk Sidhi, Indien, eingesetzt. Die eingehenden mikroskopischen Unter-  
suchungen, die R6ntgen-  und chemische Analyse zeigt, dab diese Tonarten durch die lokali- 
sierte Erosion arkositischer Metasedimente entstanden sind. DaN chemische und daN norma-  
tive Verhalten best/itigten ihre Bildung dutch isochemischen Metamorphismus yon Arkose, 
unterstiJtzt durch ein wenig Granitisierung und darauffolgende geringe Retrogression. Ein 
Versuch der Korrelat ion zwischen den thermischen und strukturellen Anderungen dieser 
Oxide und Tonmineral ien bei verschiedenen Obergangstemperaturen zeigte deutlich die An- 
wesenheit yon Kaolinit ,  Diaspora und Gibbsit. Die exothermen Kurven von Kaolinit  be- 
st/~tigen die Rekristallisierung. Die Gegenwart  yon Kaolinit  in den Tonfrakt ionen weist auf 
ihren Gebr/ inchs-Ursprung hin. 
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Pe3~oMe - -  I/IcuoYm30nariBi MeTO~I,I )~TA ~n~ H3y~eHH~ Teptc~ecrmx R cTpyKTypHbrX xapaK- 
TepHCTrr~ r r~poor ,  riceft a~oMHrmfl rI aJItOMRH~IeBblX IgBaClIOB B FopHBIX nopo~ax  Ka pa~ona  
C~4~ix~t B ~IH~HrL ~ e T a ~ n b l e  Marpocro rm~ecrae  rtcc~e~oaarm~, periTrenorpa~n~ecKH~ H XrIMn- 
~ecrd~ aHaym3~,~ CBHZ[eTeJIbCTBylOT, HTO o6pa3oBaHae aJIIOMORBaClIOB IIpoH3oIIIJIO BcJIe~CTBHe 
BbmeTprmariHa apro3rrbrx MeTaoca~KoB. I4x X~Mnqec~oe noae~eHHe TaK~e ~O~Taep~aeT ,  ~To 
Onn 06pa3oBaJIHCb BcHe~CTBRe H3OXnM~t~tlecI<oro MeTaMOp~a3Ma apro3J, t, npoTeKa~oliIero c BErlH- 
H~IBaH~eM FpaHRTOB C nocae~y~omm~ He3HaqVlTeJIBHt, IM peFpeCCOM. ~)~CrtepHMeHTaTtBHa~t KOp- 
peaatInn Me~r~y TepMH~eclcVlMH R cTpyKTypHBIrr H3MeHeH~MH rH~IpoorI~ce~ R FYlHHO3eMOB C 
pa3J~H~HbrMrI Te~meparypaM~ nepexo~a acno n o r a a a n a  r~pHcyTCTB~te raoarmaTa ,  anacnop~t  

r~66cKTa. ~H~oTepMnqecra4e KpH_~bIe ~aonr~nrtTa nO~tTBep~uH ero perp~cTanmt3attrtro. IIprI- 
CyTCTBRe ~aomiH~Ta B rJH4HO3eMHB~X qbpartmax rto~ITBep~aeT ero n p o n c x o ~ e ~ a e  ra~  cne~- 
CTBHe ~3Hamaaanvta FOpHBIX IlOpO~ IlpR TpeHKH. 

J. Thermal Anal 16, 1979 


