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Abstract-The 16-8-, 8-5-, 5-2-, 2-1-, 1-0.5-, 0.5-0.3-, 0.3-0.1-, and < 0. I-~m size fractions were 
centrifuged from a Georgia (U.S.A.) sedimentary kaolin and a hydrothermal kaolin from the Sasso mine 
(Italy) and analyzed by scanning electron microscopy (SEM), X-ray powder diffraction (XRD), infrared 
spectroscopy (IR), differential thermal analysis (DT A) and thermogravimetry (TGA) together with the 
corresponding whole rocks. All size fractions of the Georgia sampie consisted dominantly of well-crys­
tallized, fine-grained kaolinite, associated with minor quantities ofsmectite. Some halloysite-like elongate 
partic!es were noted by SEM in the intermediate size fractions, minor amounts of quartz were identified 
in the coarsest size fractions, and < 1 % noncrystalline material and traces of organic material were 
suspected in the finest size fraction. The crystallinity ofthe kaolinite as measured by XRD and IR varied 
moderately with size. IR suggested that nacrite-like stacking disorder increased with decreasing size for 
particles < 5 ~m in size. 

In the Sasso sam pie kaolinite dominated all size fractions and was accompanied by dickite in the coarse 
and by halloysite in the fine size fractions. Regular mixed-layer iLlite/smectite (I/S) was present in all size 
fractions and domina ted in the finest. Abundant quartz and traces of alunite were identified in the wh oie 
rock and coarsest size fractions. The kaolinite in this sampie showed marked variation in stacking order 
and crystallinity, as shown by changes in XRD, IR, and DT A patterns. 

The observed compositional and structural variations in the size fractions ofthe Georgia sedimentary 
kaolin are smalI, as expected from formational environment, which was characterized by low temperatures 
and relative stable genetic conditions. The much more marked differences in composition within the size 
fractions ofthe Sasso hydrothermal kaolin are likely a result ofthe broad range oftemperatures and fluid 
chemistry of its formational environment. The sequence dicJcite-well-crystallized kaolinite-kaolinite-hal­
loysite is probably temperature-dependent. 

Key Words-Dickite, Halloysite, Infrared spectroscopy, Kaolinite, Particle size, Thermal analysis, Scan­
ning electron microscopy, X-ray powder diffraction. 

INTRODUCTION ~m) are commonly separated to assess sampie com-
Most clays are formed in environments character- position. Very fine size fractions are typically enriched 

ized by the presence and movement oflarge quantities in and more clearly display, for example, mixed-Iayer 
of fluids. The amount and physicochemical properties minerals, smectites, and noncrystalline phases. Clay 
of these fluids may vary widely during the life of the studies have not, however, addressed why mineralogy 
multiphase systems which govem the formation ofmost and structural types vary with particle size (as, e.g., in 
clay mineral assemblages. Due to the fine particle size the kaolins described by Olivier and Sennett, 1972; 
of the clays, the differences in nucleation and growth Galan et al., 1977; Kocsardy and Heydemann, 1980; 
energy of the species, and the variability in duration, and Hassanipak and Eslinger, 1985). Experimental data 
strength, and location of the genetic phases, different from a whole rock or a <2-~m size fraction may refer 
microenvironments may concentrate different min- to the dominant component only and mask the exis­
erals. These microenvironments are often character- tence of substantial quantities of other mineralogical 
ized by different particle-size ranges. or structural phases. For example, Brindley et al. (1963) 

In clay studies, specific size fractions (20-2 and < 2 and Keller and Haenni (1978) showed that for mi-
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crometer-size mixtures ofkaolin minerals large amounts 
of a specific polymorph would not be detected on X-ray 
powder diffraction (XRD) traces because ofthe mask­
ing effect of a dominant mineral or one whose XRD 
reflections overprinted those of other phases. 

In the present work, a systematic investigation by 
XRD, scanning electron microscopy (SEM), infrared 
spectroscopy (IR), differential thermal analysis (DT A), 
and thermogravimetry (TGA) was carried out on a 
sedimentary and a hydrothermal kaolin in order to 
define the variations in composition and crystallinity 
of the phases within their several size fractions. The 
analysis of the whole rock and re la ted size fractions by 
different techniques gave a detailed picture of the tex­
ture, mineralogy, and structural characteristics of the 
single species. On the basis of SEM, XRD, IR, DT A 
and TGA data an attempt was made to define the 
sequence ofevents which led to the composition ofthe 
final mineral assemblages in these two genetically dif­
ferent types of kaolin deposits. 

SAMPLES AND EXPERIMENTAL 

Two types of kaolins were studied: (I) a Cretaceous, 
sedimentary kaolin from the McNeal-Bloodworth mine 
in Wilkinson County, Georgia, U.S.A. (Kaolin 915 
Regular, from the Georgia Kaolin Company); and (2) 
a hydrothermal kaolin from the Monte Sughereto-Sas­
so mine (Cerveteri, Latium, Italy), which was formed 
by the alteration of Plio-Pleistocene acidic volcanics. 
Field and other data for the Georgia sam pie may be 
found in Hinckley (1965), Murray (1976), Keller (1977), 
Hurst (1979), and Hassanipak and Eslinger (1985); for 
the Sasso sam pie, in Keller et al. (1977), Lombardi and 
Sheppard (1977), Lombardi and Mattias (1979), and 
Mattias and Caneva (1979). 

Size fractionation was carried out on 300 gofsampie. 
The material was disaggregated with a rubber hammer 
and wet sieved, and the < 44-/-Lm size fraction was mixed 
for 20 min with 200 ml of distilled water in a shaker 
and for 10 min in a blender. An 8-10% (wt./vol.) 
aqueous suspension was centrifuged as many as 20 
times for appropriate times and speeds (Tanner and 
Jackson, 1947) to obtain eight size fractions: 16-8, 8-
5,5-2,2-1,1-0.5, 0.5-0.3,0.3-0.1, and < 0.1 /-Lm. The 
fractions were then dried at 40°-50°C. The size sepa­
rates are described below as equivalent spherical di­
ameter (e.s.d.) homogeneous fractions; therefore, due 
to the hydrodynamic behavior of kaolin plates and 
elongate halloysite particIes, the separates have only a 
nominal relation to the indicated size ranges. 

XRD was carried out on a Philips diffractometer 
using oriented mounts on glass slides and random 
mounts prepared according to the method ofByström­
Asklund (1966). SEM studies were carried out on spec­
imens newly broken to expose fresh , natural fracture 
surfaces. The specimens were not chemically etched or 

ground, thereby avoiding possible artifacts. The sur­
faces were lightly sputtered with a thin film of gold to 
carry away any excess charge from the electron beam. 
Energy dispersive X-ray spectra (EDX) were obtained 
when necessary to confirm the identification of mate­
rials. IR spectra of cIay fractions (I mg), incorporated 
in 170-mg, 12-mm diameter KBr disks, were recorded 
over the range 4000-240 cm- I on a Perkin-Elmer 580B 
spectrometer. The spectra were obtained at room tem­
perature or after heating the sam pie at 150°C for 16 hr 
to remove adsorbed water. A Perkin-Elmer DT A 1700 
and a Stanton Redcroft Simultaneous Thermoanalyzer 
STA 783 were used for DTA and TGA work, respec­
tively. 

OBSERVATIONS FROM SCANNING 
ELECTRON MICROGRAPHS 

SEM studies of the size fractions showed that the 
e.s.d . size assignments were in good agreement with 
the observed sizes ofthe separate aggregates and crys­
tallites, ifplaty habits are considered. In contrast, par­
ticles having an elongate tubular form were as much 
as three times larger than the e.s.d. obtained from phys­
ical laws that are valid for spherical bodies. This dis­
crepancy is possibly due to the fact that elongate par­
ticIes have a hollow center and therefore are lighter in 
weight than equivalent-size platy crystals. 

In the Georgia kaolin sam pie, SEM observations on 
fracture surfaces of the whole rock showed that stacks 
and aggregates of kaolinite were the only immediately 
obvious visible components of the sampie. Cleavage 
steps occurred about every 0.05-1 /-Lm along the stacks, 
wh ich represent compact crystals. Among the stacks 
were spaces in which well-developed individual ka­
olinite crystals were randomly dispersed in the form 
of relatively porous aggregates. This texture may be 
inherited from the parent rock and/or a possible sec­
ondary crystal growth. The coarse stacks of plates oc­
curred within a matrix of much finer flakes or cIay. 
Although visual assessments were not quantitative, the 
natural size distribution of this cIay (Figure IA) ap­
peared to be more-or-Iess bimodal, and the cIay con­
sisted of coarse stacks and fine particIes, with inter­
mediate sizes occurring in relatively smaller amounts. 

For the Sasso kaolin sampie, specimens ofthe whole 
rock and coarser fractions still preserved structura1 fea­
tures ofthe parent rock. Its pore-space distribution was 
inhomogeneous, and the bulk sampie has a high po­
rosity. The Sasso sampie consisted of compact con­
centrations of well-developed plates (Figure IB) and 
loosely compacted assemblages of plates and tubes 
(Figure I C). Most kaolinite (and dickite) in the whole 
rock appeared to be weil crystallized and to consist of 
euhedral plates in reasonably well developed stacks. 
Only a few coexisting kaolinitic particles were anhe­
dral. The halloysite particIes were always small (max-
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Figure I. Scanning elcctron micrographs 01' whole rock sampIes: A. Georgia kaolin. showing the bimodal sizc distribution 
oflarge pocKets oCkaolinitc Wirhin a matr;'. oChner crystals and ftakes (original magnihcation = 4000x); B, C, D emphasize 
thc mhomogeneity of thc Sasso. hai>. i1\ drothermal kaolin. B. morphology ofkaolinite, developmcnt oftypical "books" and 
high porosity oC thc material (original magnilicaüon = 2000 x). C. cluster of clongate halloysite crystals within the kaolinite 
platcs (original magnilication = 6000 x). [), smectitc-typc or illite/smectite mixed-Iayer morphology (original magnification = 

2000x). 
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imum length <3-4 ~m) and were dispersed between 
kaolinite (and dickite) plates or dustered in interplate 
pore spaces. 

The presence of illite in this sampie was not con­
firmed; the Srodon method (Srodon, 1980) gave am­
biguous results. SEM-EDX showed sm all areas ofsome 
ofthe intermediate size fractions which contained only 
K-rich alumosilicates. Illite and mixed-layer I1S par­
tides having curved edges and locally lying over ka­
olinite plates were noted in specific areas ofthe fracture 
surfaces ofthe whole rock (Figure ID). 

The coarser size fractions (16-8 and 8-5 ~m) ofboth 
sampies (Figure 2) were composed chiefly ofaggregates 
and stacks ofkaolinite plates, whereas single crystallites 
were present in subordinate amounts. In the Sasso sam­
pIe, incompletely argillized aggregates and elongate 
halloysite partides were noted attached to, or inter­
spersed among stacks and aggregates of platy crystals. 

The number of aggregates in the 5-2- (Figure 3) and 
2-1-,um size fractions ofthe Georgia sam pie was very 
small. The kaolinite plates in these and other fine size 
fractions were generally euhedral. The kaolinite flakes 
of the Sasso sam pie (Figure 3B) had irregular and an­
gular edges; few elongate partic!es were found in this 
sampie. Single flakes and elongate partic!es dominated 
the < 1-~m size fraction and showed different mor­
phologies with respect to components in the coarser 
fractions. 

The kaolinite plates in the <0.5-~m size fraction of 
the Georgia sam pie were also euhedral. Their texture 
(Figure 4A) was secondary, induced by size fraction­
ation and mounting of SEM stubs; original stacks of 
partic!es were apparently not preserved. Tubular elon­
gate crystals (as in Figure 2A) were observed more 
frequently in the finer size fractions than in the coarser 
size fractions. Because EDX showed only Al and Si to 
be present, they must be halloysite. The fine size frac­
tions ofthe Sasso sampie contained abundant elongate 
partides, considerably longer than the e.s.d. value (Fig­
ures 4B and 4D). Kaolinite flakes had angular edges 
and locally occurred in stacks a few plates thick. In the 
finest fractions, irregularly shaped K-rich flakes were 
also noted that were probably mixed-layer I/S as in­
dicated by other techniques (vide infra). 

X-RAY POWDER DIFFRACTION RESULTS 

Georgia kaolin sampie 

Relatively weIl crystallized kaolinite is dominant in 
the Georgia kaolin sam pie (Figure 5). In the wh oie rock 
and the 16-8-,8-5-, and <0.5-,um size fractions a dear 
rise of the background in the small-angle region (at 
about 7°20) can be seen in the XRD patterns of both 
the random and oriented-slide preparations. The ther­
moanalytical curves ofthe same specimens (vide infra) 
showed a low-temperature endothermic DT A peak 
which is consistent with the presence of a minor amount 

of smectite. Fine-grained minerals such as smectite may 
also be trapped within the aggregates of kaolinite in 
the coarser size fractions. 

In his investigation of Georgia kaolins, Hinckley 
(1961, 1965) proposed a ranking method to assess the 
degree of "crystal perfection" of kaolinites. His rank­
ing is based on the variations in sharpness and relative 
intensity of groups of XRD peaks obtained from ran­
domly oriented slide preparations, as marked at the 
base ofFigures 5 and 8. The so-called Hinckley index 
ranks kaolinites from dass 6 (most highly crystalline) 
to dass 1 (most poorly crystalline). The kaolinite in 
the Georgia sam pie fell in dass 4 in all size fractions 
> 8-5 ~m. Finer size fractions were not as highly crys­
talline and showed peak heights and sharpnesses typ­
ical of dass 3 kaolins (Figure 5). 

The kaolinite 001 peak did not change position as a 
function of partide size, but its symmetry (Figure 6) 
varied with stacking disorder, as revealed also by IR 
spectra (vide infra). 

Sasso kaolin sampie 

In contrast to the Georgia sam pie, the Sasso hydro­
thermal kaolin showed much greater compositional and 
structural variations with size, as may be seen from 
the oriented-mount XRD patterns (Figure 7). In ad­
dition to the 001 peaks of the kaolin minerals, peaks 
typical ofa mixed-layer mineral were observed, which 
were identified by glycerol and heat treatments (not 
reported) as a 40/60 regular I/S. The I1S was identified 
in the coarser size fractions, but was dominant in the 
finest size fractions. A few EDX analyses that showed 
the existence of an aluminosilicate containing potas­
sium only, associated with the dominant kaolin min­
erals, suggest that illite mayaiso have been present, 
together with the mixed-layer mineral, as is typical of 
other sam pies of the Sasso area (Mattias and Caneva, 
1979). 

Kaolinites having different degrees of crystal perfec­
tion were found to coexist with dickite in the coarser 
size fractions and with halloysite in the finer size frac­
tions. Hinckley (1961) divided the 108 Georgia kaolins 
he studied into six dasses on the basis of degree of 
crystal perfection. In the Sasso kaolin size fractions, 
effects attributable to all six dasses were distinguished 
(Figure 8), although the XRD peak intensities of ka­
olinite were apparently influenced by the presence of 
dickite and halloysite in the coarser and finer size frac­
tions, respectively. In the finest size fractions, no at­
tribution to a Hinckley's dass could be made, probably 
because the kaolin minerals' reflections were masked 
by the reflections of the abundant mixed-layer phase. 

The XRD patterns of the random mounts of the 
whole rock and coarser size fractions (Figure 8) of the 
Sasso sam pie are typical of well-crystallized kaolin­
group minerals. The 001 peak asymmetry (Figure 9) is 
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Figurc 2. ~canning cleclron micrographs .,1' si/e : faction, u1' the (Jcorgla ami Sasso kaolins. ;\. Georglil kaolin. 16-~-iJm 

fraclion con:al11mg well-devclopcd books of pbt\ k,jolinilc and cluster's 01 elongatc crystals (originai magnilication ~ 6000 x). 
B. Sasso kaOlin 16·-1';->1111 li'action conta1ll1t1g a \dnct\ ofpar1Jclc morpho!ogles (origlllal magnillcation ~ 1500 X) and possibly 
SOI11(' incompletcl\ altered rock fi-agmcJ1ls. C. C;corgra kaulrn. 8-5-,011 ti'action (original magJ1lfication = 6()OO x). D. Sasso 
kaolin. 8-5-Illl1 (OrIginal magnilication ~ Sc,(iU \. :\latcrIal in C and Dappears to be composed 01' packets 01' kaolinitc. 
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Figure 3. Scanmng elcctron micrographs 01 51/C '"raction5 01' A. Cieorgw kaolin and B. Sasso kaolin 5-2-).i.lll fractlOns (origmal 
magnitication = (,(JOO y) containing dominantl\ plat\ particlcs. although cach plalc may hc scvcral flake~ thiek. C Georgia 
kaolin. 1-0.5-iJm IraclioD (onginalmagnitication = ! (I.DOO -<) 15 plaly. D. Sasso kaolin. !-0.5-iJm fractior (origmal maglllfl­
cation = 15.000 x) consists or both p!atv ami c!ongatc particks. 
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Figurc 4. Scanning elcctron micrograph, ofsi/c fr'actiom: A. Cicorgia kaolin. 0.5-0,3-1'111 fraction containmg weIl-de\cloped 
platy crystals 01' kaolinllc (onglllal magnillcalion = 20.CJOO X). 13. Sasso kaolin, 0.5-0.3-)lm fraction contains fcwer well­
developcd kaolinite crystals associatcd with clongal<: morphologies (original magnillcation = 15,000 x). C, Gcorgia kaolin. 
<O.l-I'm fraction still contains well-dc\ elopcel kaolinite platy crystals (origlllal magnilicatlOn = 65.000 x). D, Sasso kaolin, 
<O.l-)lm fraction contallls both plat: anel c!ongalc morphologies (original magniflcation = 65,000 x). 
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GEORGIA 

\ ~~l' 
~ 

60 50 40 20 10 
-29, Cu Ko. radiation 

Figure 5. X-ray powder diffraction traces ofthe whole rock 
and size fractions ofthe Georgia kaolin. Random slides, 1·20/ 
min scanning speed, Ni-filtered CuKa radiation. Crystallinity 
class (H.C.) according to Hinckley (1963) is indicated at left. 

a measure of the degree of crystalline disorder; but 
despite our using a range of different experimental con­
ditions, no doublet was ever observed. The corre­
sponding DT A curves (Figure 15) showed dehydrox­
ylation reactions at temperatures significantly higher 
than for the kaolinite dehydroxylation peak at 575°C, 
suggesting that dickite (or nacrite) might be present. 
An alternative explanation for this high temperature 
endotherm is that it was due to large partides ofhighly 
crystalline kaolinite; however, large partides of such 
kaolinite can probably be discounted from the IR re­
sults (vide infra) and from grain-size separation ofsam­
pIes from the Sasso mine. These separations showed 
(Lombardi and Mattias, 1979) that natural mixtures 
of dickite and kaolinite exist, with dickite being con­
centrated in the coarser size fractions. Thus, the pres-

GEORGIA 

I 5-2 

I IJm 

JlL 
13 12 11 

0.5-0.3 
IJm 

13 12 

2-1 
IJm 

11 

0.3-0.1 
jJm 

13 

13 12 11 13 12 11 13 

°29 Cu K~ radiation 

1-0.5 
IJm 

12 11 

cO.lllm 

12 JI 

Figure 6. Variation ofd(OOI) with particle size for the Geor­
gia kaolin. Oriented mounts, O.5°20/min scanning speed, Ni­
filtered CuKa radiation. 

ence of the less abundant component was masked on 
the XRD traces, as was found by Keller and Haenni 
(1978) in artificial mixtures. In the finer size fractions, 
halloysite was abundant, as shown also by SEM and 
IR. In these fractions, scanned at low speed, a 00 I 
doublet was noted, together with a sharp decrease of 
the height/width ratio of the peak (Figure 9). In the 
whole rock and coarser size fractions quartz and alunite 
were identified as major and minor constituents, re­
spectively; their XRD peaks were detected down to the 
l-O.5-ILm size fractions. 

INFRARED SPECTRA 

Georgia kaolin sampie 

The IR spectra (Figure 10) of all partide-size frac­
tions of the Georgia kaolin were typical of kaolinite­
dominated sampIes (Farmer, 1974). A difference in the 
kaolinite crystallinity of the diverse size fractions was 
shown by variations in the relative intensities of the 
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SASSO m .l m .l. 

J0 l 
• ml 

J;J 
• 

jJ. l
m1 

~m 

mJ 

I I ""1 ,--_-':1 __ ':-' 
10 3 20 10 3 

-29 Cu Ka radlaflon 

Figure 7. SmalJ-angle X-ray powder diffraction traces ofthe 
most significative size fractions of the Sasso kaolin. Oriented 
mounts, I028/min scanning speed, Ni-fiitered CuKa radia­
tion. k, indicates kaolin-group minerals' peaks; m.l. , peaks of 
mixed-Iayer minerals. 

absorption bands in the OH-stretching region (3800-
3500 cm- I). In the spectra ofthe two coarsest fractions, 
the intensities of the 3620- and 3652-cm- ' bands rel­
ative to that at 3695 cm- I was greater than what would 
be expected for pure, well-crystallized kaolinite (Farmer, 
1974). These enhanced intensities suggest the presence 
of either a sm all amount of dickite, or, more probably, 
a small proportion of dickite-like stacking in the l6-
8- and 8-5-JLm size fractions . For all size fractions 
smaller than 5 JLm, the spectra showed a different pat­
tern of band intensities: only the 3652-cm- ' band 
showed enhanced intensity relative to the 3695-cm- ' 
band, all other bands showing a pattern consistent with 
kaolinite, i.e., the 3620-cm- ' band was significantly 
weaker than that at 3695 cm- I. From a careful com­
parison ofthe relative intensities ofthe OH absorption 
bands in spectra of the three kaolinite polymorphs, 
kaolinite, dickite, and nacrite (Farmer, 1974), this en­
hancement ofthe 3652-cm- ' band probably indicates 
the presence ofnacrite as a separate phase or ofnacrite­
like stacking in the kaolinite structure. The latter is 
more likely because the observed peak position at 3652 
cm- I is some 5 cm- I high er than the value reported for 
pure nacrite (Farmer, 1974). 

In the 1600-200-cm- ' region, the Si-O (apical) band 
shifted from 1096 cm- I for the 8-5-JLm fraction, to 
1105 cm- I for the 5-2-JLm fraction and to 1110 cm- I 

for the O.5-O.3-JLm fraction (Fgure 11); moreover, it 
was scarcely resolved from the in-plane Si-O vibration 
near 1118 cm -I. This difference in position was an 
effect of decreasing particle size and arose purely from 
physical size (thickness mainly) of the particles in re­
lation to the wavelength of the radiation of the ab­
sorption maximum (Farmer and Russell , 1966). 

SASSO 

60 50 40 30 
·26 Cu Ko. radiation 

~m 

8-5 
~m 

5- 2 
~m 

2-1 
~m 

1-0.5 
~m 

05-03 
~m 

Q3-0.1 
~m 

L.l 

20 

Figure 8. X-ray powder diffraction traces ofthe whole rock 
and size fractions of the Sasso kaolin . Random preparation, 
I02/J/min scanning speed, Ni-filtered CuKa radiation. Crys­
talJinity class (H.C.) according to Hinckley (1963). a, indicates 
peaks of alunite; q, quartz; and m.l. , mixed-Iayer minerals. 

The 800-cm- ' doublet in the spectra of the coarser 
fractions suggests the presence of minor quartz. From 
the relative sharpness ofthe 3620-cm- ' kaolinite band 
and the absence of a marked increase in its intensity, 
little or no I/S was identified by IR in any of the size 
fractions of the Georgia sam pie. 
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SASSO 

2-1 

13 12 13 12 13 12 

0.3-0.1 ACO.ll1m 
11m 

13 12 n 13 12 \f 

°29 Cu KOr. radiation 

Figure 9. Variations ofOO I peak shape ofkaolin-group min­
erals with particle size. Effect of halloysite is evident in liner 
size fractions. Oriented mounts, O.2So29/min scanning speed, 
Ni-filtered CuKa radiation. 

Sasso kaolin sampie 

The IR spectra of the size fractions of the Sasso 
kaolin (Figures 12 and 13) reftected the compiex min­
eralogy ofthis kaolin. As in the Georgia sampie, with 
decreasing particle size to 1-0.5 /-Lm, an increasing dis­
order was shown by an increase in dickite-like stacking 
(increase in intensity ofthe 3652-cm- 1 band). Particle 

z o 
t 
a: o 
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I:D 
-< 
lfI. 

GEORGIA 

3800 

16-8 
11 m 

2 -1 
J-Im 

1 - 0.5 t----_ 
11 m 

0.5-0.31--__ ..... 
11m 

0.3-0.1 r----_ 
J-Im 

<0.1 J-Irn----

3500 1600 

11 (em-Il 

Figure 10. Infrared spectra of size fractions of the Georgia 
kaolin. KBr disks were heated 16 hr at 150°C. 

size fractions < 0.5 /Lm, however, showed features in 
the OH-stretching region that were more consistent 
with the presence of halloysite. The general pattern of 
silicate absorption bands closely resembled that of 
Wagon Wheel (Colorado) halloysite (Van der Marel 
and Beutelspacher, 1976). In the finest fraction, I/S 
and/or illite absorption bands were dominant (broad 
underlying OH-stretch at 3623 cm- I and band at 825 
ern- I). The Si-O (apical) band at 1095 cm- I was sig­
nifieantly different from that shown by the Georgia 
kaolin, partly due to the <2-/Lm size particles in the 
Sasso sam pie being larger and somewhat thicker than 
those in the Georgia sam pies (the particles in the > 2-
/Lm fraction ofthe Sasso sam pIe were thinner than those 
in the eorresponding size fraction ofthe Georgia sam­
pie) and also partly due to the presence of halloysite. 
The haJloysite and I1S eontributions are more clearly 
seen in Figure 13. From its characteristic absorption 
band at 3550 cm- 1, halloysite was just detectable in 
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Figure 11. Infrared spectra from 950 to 1200 cm- 1 of the 
Georgia kaolin. KBr disks were heated 16 hr at 150°C. 

the l-O.5-~m size fraction and was abundant in the 
0.5-0.3- and 0.3-O.1-Jlm size fractions. The 3550-cm- 1 

band is particularly characteristic of halloysite, possi­
bly arising from surface OH that are hydrogen-bonded 
to interlayer water molecules (Kodama and Oinuma, 
1963). In the sampies studied here, the band disap­
peared after interlayer and absorbed water was re­
moved by heating the KBr disk at 150°C (Figure 12). 
The spectrum of the <O.I-Jlm size fraction also sug­
gests the presence of halloysite, but identification is 
tentative because ofthe dominance ofIlS bands. Quartz 
was abundant in the 32-16-Jlm size fraction, significant 
in the 16-8-Jlm size fraction, and not detectable by IR 
in smaller size fractions. 

Parker (1969) reported a method for assessing par­
tiele shape and degree of crystallinity of kaolinites by 
comparing the hydroxyl band intensities of sampies in 
random orientation in KBr disks and in preferred ori­
entation in sedimented preparations. Because of un­
certainties in the degree of orientation ofkaolinite par-
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Figure 12. Infrared spectra of size fractions of the Sasso 
kaolin. KBr disks were heated 16 hr at 150°C. 

tieles of different sizes and shapes, the method was not 
used in the present investigation. 

THERMOANAL YTICAL RESUL TS 

The most significant DT A curves of the whole rock 
and partiele-size fractions are reported in Figures 14 
and 15. 

Georgia kaolin sampie 

The DT A curves of all size fractions > 0.3-0. 1 Jlm 
exhibited the characteristic peaks of kaolinite. The 
temperature ofthe main endothermic dehydroxylation 
peaks was the same for all size fractions, although the 
asymmetry of the peak increased progressively with 
decrease of partiele size. According to Bramao et al. 
(1952), higher asymmetry indexes correspond to less 
well crystallized forms. The differences in crystallinity 
among the size fractions ascertained from DT A data 
agree with those from IR and XRD data, which also 
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Figure 13. Infrared spectra from 3800 to 3200 ern-I ofthe 
Georgia kaolin. KBr disks were not heated. 

showa continuous, progressive decrease in crystallinity 
with decreasing particle size. Taking into account the 
kaolinite content as calculated from TGA data (not 
reported), the area ofthe main endothermic DT A peak 
decreased with particle size. The exothermic peak tem­
perature was the same for all size fractions, although 
its intensity decreased with decreasing particle size. A 
smalI, low-temperature, endothermic effect barely vis­
ible in the DT A pattern of the whole rock and of the 
16-8-JLm size fraction, but plainly evident in the 0.3-
0.1- and <O.I-JLm size fractions, may have arisen from 
a small amount of allophane. In support of this pos­
sibility, a sodium bicarbonate/dithionite treatment ex­
tracted 0.5% Si02 and 0.3% Al20 3 from the <O.I-JLm 
size fraction. The small shoulder at about 400°C might 
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rock 
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5bo 
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Figure 14. Differential thermal analysis curves ofthe whole 
rock and size fractions of the Georgia kaolin. Perkin-Elmer 
1700 DT A; heating rate = 10°C/min; sam pie weight = 100 
mg; static air. 

be due to traces of organic material which has been 
reported as present in various Georgia kaolins. Its re­
lated weight loss is about 0.3%. 

Sasso kaolin sampie 

In the coarsest size fractions (16-8, 8-5, and 5-2 JLm) 
of the Sasso sam pie the main kaolinite endothermic 
peak temperature ranged from 565° to 570°C; in the 
finer size fractions and in the whole rock, the temper­
ature range (Figure 15) was 545°-550°C. Holdridge and 
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Figure 15. Differential thermal analysis curves ofthe whole 
rock and size fractions ofthe Sasso kaolin. Netzsch apparatus; 
heating rate = 10·C/min; sam pie weight = 100 mg; static air. 

Vaughan (1957) and Smykatz-Kloss (1974a, 1974b) 
attributed such differences to variations in the degree 
of structural order and in the stacking order and style 
of the type indicated also by the results obtained in 
this work by XRD and IR analyses. For the whole rock 
and 16-8- and 8-5-/lm size fractions, the broad peak 
at 680°-700°C suggests the possible presence of large 
partic1es of either well-crystallized kaolinite (Keokuk­
geode type) or dickite. The presence of dickite is more 
likely because: (1) the XRD traces of the coarsest size 
fractions of the Sasso sam pIe were close to that of 
dickite; Mattias and Caneva (1979) by heat and DMSO 
treatments of kaolins from the same area ascertained 
its presence; (2) in sam pIes from the same area, a sep­
aration at the <5-/lm level divided a coarser dickite­
rich fraction from a finer kaolinite-rich fraction (Lom­
bardi and Mattias, 1979); (3) aseries of kaolins from 
the Sasso area with various kaolinite/dickite ratios was 

studied by Lombardi and Sheppard (1977); the XRD 
and DT A-TGA patterns ofthe kaolinite-rich members 
of this series were similar to those obtained for the 
whole rock and 16-8- and 8-5-/lm size fractions in this 
work. 

In the finest size fractions, the differences in size, 
peak temperature, and shape ofthe main dehydroxyl­
ation peak appeared to be related to the substantial 
amount of I1S present with respect to kaolin minerals, 
and to the significant amount ofhalloysite, as observed 
by SEM and indicated by IR. The increase in the hal­
loysite content with the decrease in particle size was 
supported by the increase in magnitude of the low­
temperature « 200°C) endotherm due to the loss of 
adsorbed water from size fractions between 5-2 /lm 
and 0.3-0.1 /lm. The DTA pattern of the <O.I-/lm 
fraction was markedly different due to the dominance 
ofnon-kaolin clay minerals. The peak temperature and 
morphology of the high-temperature exothermic peak 
of the kaolin-group minerals were similar for all size 
fractions, except the finest. The height and area were 
roughly proportional to the kaolin-group mineral con­
tent ofthe sampie as calculated from the TGA curves 
(not reported). In all DT A curves a small endothermic 
effect immediately preceded the 980°-985°C exother­
rnie peak. According to Holdridge and Vaughan (1957 
and literature cited therein), this peak is typical ofwell­
crystallized kaolinite. SEM shows that even in the 
smaller size fractions, kaolinite crystals are euhedral, 
despite the fact that XRD traces showed clear evidence 
of a marked variation of crystallinity with particle size. 

In the <O.I-/lm fraction, the thermal effects were 
mainly those ofl/S, which predominated over the ka­
olin-group minerals. 

MINERALOGICAL COMPOSITION OF 
THE TWO KAOLIN SAMPLES 

The mineralogical composition of the Georgia and 
Sasso sampies, as derived from the entire set of anal­
yses ofboth whole rocks and particle size fractions, are 
summarized as follows. The Georgia sam pIe consists 
of dominant, well-crystallized, fine-grained kaolinite 
and minor quantities of elongate halloysite-like par­
ticles and smectite. Traces of organic material and mi­
nor amounts of quartz are present in the coarser frac­
tions, and minor amounts of noncrystalline components 
appear to be present in the finest fractions. The Sasso 
sam pie consists of dominant kaolinite of various grain 
sizes and crystallinities, dickite in the coarser and hal­
loysite in the finer fractions, regular mixed-Iayer I1S in 
the finer fractions (becoming dominant in the finest), 
and abundant quartz and traces of alunite in the whole 
rock and coarser fractions. The results ofa semi-quan­
titative mineralogical analysis based on XRD and ther­
moanalytical data of this sam pie are given in Figure 
16. 
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Figure 16. Semi-quantitative assessment of the mineralog­
ical composition in the various size fractions of the Sasso 
kaolin, as derived from X-ray powder diffraction and ther­
moanalytical data. Kaol, kaolinite; Hall, halloysite; Ill, illite; 
Smec, smectite. Tic marks on abscissa correspond to 25%, 
50%, and 75%. 

DISCUSSION 

This work demonstrates that more than one analyt­
ical technique should be used to acquire the compo­
sitional and structural picture of the constituents of a 
clay sam pie. As shown by the data presented here, size 
is associated with much more compositional and struc­
tural changes in the hydrothermal Sasso kaolin sam pie 
than in the sedimentary Georgia kaolin sam pie. If only 
the whole rock or large-particle size fractions are ana­
lyzed, constituents which are abundant in smaller par­
ticle size fractions may not be detected if only one 
analytical technique is used. For example, the <0.1-
J.Lm size fraction of the Sasso kaolin sam pie displayed 
mineralogical properties wh ich departed significantly 
from those ofthe whole rock sam pie. As a consequence, 
analysis ofthe wh oie rock permitted only partial insight 
into its constituents. Moreover, XRD, IR, and DT A 
patterns are often dominated by species which are most 
sensitively detected by these techniques but which are 
not necessarily the most abundant. For example, the 
XRD pattern of well-crystallized kaolinite disguises 
that ofless well crystallized kaolinite; many ofthe DT A 
peaks of the illitic component are in part overlapped 
by those of the kaolin minerals. 

In the Georgia kaolin sampie the crystallinity ofthe 
dominant kaolinite decreased slightly with decreasing 
particle size and exhibited moderate changes in type 
of stacking. Similar size-induced changes in crystallin­
ity were reported by Hassanipak and Eshnger (1985) 
in the 2-1-, 1-0.5- and <O.5-J.Lm Georgia kaolin size 
fractions from both Cretaceous and Tertiary deposits. 
Based on 00 18 values which, for a given sampie, de­
creased with increasing crystallinity and size, the above 
authors inferred "that post-sedimentation recrystalli­
zation resulted in larger than average crystallite sizes 
having higher c.I. (crystallinity index) values and that 
this recrystallization occurred in a warmer environ­
ment and/or in the presence of ground waters with a 
lower 00 18 relative to that in which the original kaolin 
crystallized. " 

Halloysite did not constitute a major phase in the 

Georgia kaolin sampie. In the 16-8-J.Lm size fraction 
ofthe sampie analyzed, a small cluster ofelongate par­
ticles (halloysite?) was identified; however, the amount 
of such particles was so small that they could not be 
detected after clay dispersion. The amount of non­
crystalline material in the <O.I-J.Lm fraction of the 
Georgia kaolin sam pie, determined by chemical ex­
traction, proved to be minimal « 1 %). N onetheless, 
W. F. Bundy and H. H. Murray (Georgia Kaolin Com­
pany, unpublished work, referenced in Grim, 1972) 
stated that even tiny amounts of noncrystalline ma­
terial undetected by electron micrographs can influence 
dispersion, viscosity, and other properties ofthe Geor­
gia kaolin. 

The complex assemblages ofthe size fractions ofthe 
Sasso kaolin appear to be the product of a multiphase 
hydro thermal process ranging over a broad spectrum 
of temperatures and fluid chemistries. The well-crys­
tallized dominant kaolinite and dickite are the result 
ofthe main stage ofhydrothermal alteration ofthe local 
rhyolites and quartz latites. O/H isotope data (Lom­
bardi and Sheppard, 1977) indicate that such alteration 
occurred at temperatures <80°C. Such alteration pro­
cesses are still active today; low-temperature CO2- and 
halogen-rich fluids percolating through the altered vol­
canics can still be observed in the field. This fact sug­
gests that the dickite --> well-crystallized kaolinite --> 

less weIl crystallized kaolinite sequence in the various 
size fractions may be mainly temperature-dependent. 

Halloysite is abundant in the fine fractions of the 
Sasso kaolin where both 1 O-Ä and 7 -Ä halloysites have 
been detected (Lombardi and Mattias, 1979). It is ran­
domly scattered throughout the sampie in clusters either 
between or on top of the kaolin plates. Halloysite is 
more abundant in alunite-rich sampies from alteration 
areas where sulfur isotope data point to recent super­
gene processes as responsible for most of the alunite 
(Field and Lombardi, 1972). This finding supports the 
proposition that at least part ofthe halloysite was formed 
during a late stage of development of this kaolin. In 
the Sasso kaolin, I/S is present in all the fractions and 
dominates the very fine ones. It is never the sole com­
ponent in any particle size fraction, but minor amounts 
of it, combined with illite, have been encountered in 
most of the sam pies from the Sasso and genetically 
similar Tolfa areas (Lombardi and Mattias, 1979). The 
I/S must have formed in an alteration environment 
less acidic than that giving rise to the kaolin minerals. 
I1S (and illite) thus likely represents a late stage in 
which waters percolating through altered porous vol­
canics in an environment rich in noncrystalline silica 
were conducive to the formation of the 2: 1 clay min­
erals. 

Despite the fact that only two kaolin sampies were 
examined in the present study, it indicates that greater 
stress should be placed on examining the composi­
tional homogeneity of different size fractions of a given 
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day sam pie. Many days defined as "homogeneous" 
may only be such because ofscanty data on their min­
eralogy. This study has shown that size fractions may 
involve an enrichment in a given phase that could 
substantially influence the industrial processing of ka­
olin. As a result, day processing should incorporate 
provisions for detecting possible enrichment or deple­
tion in specific constituents upon size fractionation. 
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