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Abstract—Previous studies of the defect structure of kaolinite have examined samples having a restricted
Tevel of defects. This study examined nine kaolinite samples having a large diversity of defect contents,
as indicated by Hinckley indexes ranging from 1.44 to 0.18. The samples were chosen so as to cover this
range in as regular a manner as possible. The types and abundances of the defects were determined by
examining the X-ray powder diffraction profiles for the 02,11 and 20,13 bands. The diffraction intensities
were measured by counting for a fixed time in steps of 0.01°28. Analysis of these diffraction profiles
indicated that (1) the major defect is the existence of a translation between adjacent layers, which is not
the usuval ¢, (approximately a/3), but is related to that translation by the pseudo-mirror plane coincident
with the long diagonal of the unit cell; (2) the existence of a few C layers among the B layer stacking is
a minor defect; (3) many of the samples could be accurately modeled only by assuming the existence of
two kaolinite phases; (4) the existence of only a few C layers in some samples does not support the idea
of a continuous series from kaolinite to dickite through disordered intermediates; and (5) the Hinckley
indexes of several samples depend on the relative proportions of the two types of kaolinite in the mixture.

The nine kaolinite samples fall into three groups: those having a low to moderate abundance of defects
(Hinckley index > 0.43) are mixtures of two types of kaolinite (one almost free of defects, the other richer
in defects); those having low Hinckley indexes (0.43 to 0.18) are single phases with different proportions
of defects; and those which contain a single type of kaolinite, unlike the others in the nature of the
interlayer translations and the greater abundance of C layers. The agreement between calculated and
observed X-ray diffraction profiles is excellent for all specimens, except one sample (from Charentes) for
which the fit is acceptable but not perfect.

Key Words—Crystallinity, Defect structure, Hinckley index, Kaolinite, Stacking faults, X-ray powder
diffraction.

Resumeé—Les précédentes études des défauts structuraux de la kaolinite ont porté sur des échantillonnages
restreints. Dans cette étude, ont été examinés neuf échantillons de kaolinite présentant une large diversité
dans Pabondance des défauts, et choisis de fagon a couvrir, de maniére aussi réguliére que possible, le
domaine de variation de I'indice d’Hinckley (de 1,44 a 0,18). Les types et abondances des défauts ont
été déterminés 4 partir des bandes 02,11 et 20,13 d’enregistrements de diffraction X de poudres. Les
intensités ont été enregistrées en pas a pas, avec un pas de 0,01°0, et un comptage 4 durée constante.
L’analyse des profils de diffraction indique que: (1) le principal défaut est I’existence d’une translation
entre feuillets adjacents qui n’est pas la translation habituelle (approximativement —a/3), mais celle qui
s’en déduit par le pseudo miroir passant par la grande diagonale de la maille élémentaire; (2) I’existence
de feuillets C, au sein des empilements majoritairement composés de feuillets B, est um défault mineur;
(3) 1a plupart des écantillons ne peuvent é&tre correctement modélisés que si 'on suppose ’existence de
échantillons ne conforte pas I'idée d’une série continue allant de la kaolinite 4 la dickite, via les inter-
médiaires que seraient les kaolinites désordonnées; et (5) I'indice d’Hinckley de plusieurs échantillons
dépend de la proportion des deux types de kaolinites dans les mélanges.

Les neuf échantillons de kaolinite se répartissent en trois groupes: ceux du premier groupe, qui ont une
faible ou moyenne abondance de défauts (indice d’Hinckley >0,43), sont des mélanges de deux types de
kaolinites (’'une presque sans défauts, I"autre riche en défauts); ceux du second groupe, qui ont un faible
indice d’Hinckley (0,43 4 0,18), sont monophasés avec différentes proportions de défauts; le troisiéme
groupe contient un seul echantillon, qui se distingue des autres par la nature de la translation entre feuillets
et par la plus grande abondance en feuillets C. L’accord entre les intensités de diffraction expérimentales
et calculées est exellent pour tous les énchantillons, excepté celui du troisiéme groupe, pour lequel I'accord
est acceptable, mais non parfait

has been the object of numerous qualitative studies,

INTRODUCTION such as those of Brindley and Robinson (1946), Murray

The determination of structural defects in kaolinite  (1954), and Brindley (1961). Several quantitative stud-
samples from X-ray powder diffraction {XRD) data ies have since appeared, notably by Mitra (1963), Mitra
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and Bhattacherjee (1969a, 1969b, 1970) and Noble
(1971). One of the most recent examinations of this
problem (Plangon and Tchoubar, 1977) suggested the
existence of several types of layers in disorderd ka-
olinite samples and, thus, the existence in these sam-
ples of dickite sequences. In other words, if a pure
kaolinite consists of the sequence —-BBBB—, in the ter-
minology of Bailey (1963), a disordered kaolinite would
contain the sequence -BCBCB~. This idea was recon-
sidered by Brindley et a/. (1986), who suggested, based
on electron paramagnetic resonance, infrared spec-
troscopy, and XRD, that a continuous series exists
between defect-free kaolinite and dickite by way of
disordered structures.

The model proposed by Plangon and Tchoubar
(1977), while generally considered to be the best model
of the defect structure of kaolinite, is not completely
satisfactory because of (1) crystal chemical arguments,
and (2) the fact that some features of the observed XRD
profiles are not accurately reproduced by the model.
As pointed out by Bookin et al. (1989), some of the
defects introduced by Plancgon and Tchoubar have a
high energy (distortions of the layers, unfavorable
stacking sequence, etc.) and therefore are unlikely in
the low-energy environments where kaolinite typically
forms. To remedy this weakness, Bookin et al. (1989)
proposed that the defects in kaolinite arise from (1) the
coexistence in crystals of structural fragments (B layers
only) of right- and left-handed kaolinite each generated
by different interlayer vectors; and (2) the presence of
some C layers in a predominantly B-layer structure.

XRD profiles calculated by Plangon and Tchoubar
(1977) were in good agreement with their observed
diffraction patterns near the major peaks, but the cal-
culated background between peaks was systematically
weaker than observed. This discrepancy existed for the
02,11 reflections of well-crystallized kaolinite and for
the 20,13 reflections of poorly crystallized kaolinite.
Their work was based on only a few kaolinite samples;
e.g., three of the four samples came from the same
region of Charentes, France, and all were relatively rich
in defects. Subsequent studies of kaolinite samples hav-
ing a wider range of defect contents indicated that the
model was unsatisfactory.

To resolve this problem, the defect structure of ka-
olinite was re-examined using highly accurate XRD
intensity data that were collected from a suite of clays
that sampled systematically, to the extent possible, the
total range of defect structures as estimated by the
Hinckley index (Hinckley, 1963). Such a collection was
characterized by Brindley et al. (1986), and the samples
for the present study were chosen from this collection.
In addition, one kaolinite, from Charentes, of a type
not represented in the Brindley er al. collection, was
examined. The defect model used was that described
by Bookin ez al. (1989), and the goal of the present
study was to reproduce the entire X-ray diffraction
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profile, including interpeak background as well as peak
heights and shapes.

EXPERIMENTAL

An examination of the suite of samples described by
Brindley et al. (1986) showed that many of the samples
had similar Hinckley indexes, chiefly because in the
Brindley et al. collection many of the samples were
actually different size fractions of the same sample.
Inasmuch as the purpose of the present work was to
sample the variety of defect structures represented in
the collection, only a subset of the entire collection was
examined.

The kaolinite samples were used as supplied and
were fabricated into small spheres using the spray-drying
technique of Cline and Snyder (1983). This method
produced a sample which had no preferred orientation,
simplifying the interpretation of the XRD intensities.
The XRD intensities were measured with a Siemens
D500 diffractometer using CuKea radiation and a
graphite monochromator. The intensities were mea-
sured every 0.01°28 and recorded as counts/5 seconds.
The XRD pattern was recorded under these conditions
between 5.0° and 50.0°26. From these data, intensities
from the regions of interest for the analysis of the defect
structure, the 02,11 (9° to 13°) and 20,13 (17° to 21°)
bands, were extracted. The 001 reflection was used to
estimate the average number of layers in the diffracting
domains. All samples were examined under the same
experimental conditions, thereby removing the possi-
bility of artifacts due to changes in the diffractometer.
Because the analysis examined the intensities over a
limited region of 20, the intensities required no cor-
rection for Lorentz and polarization effects.

CHARACTERISTICS OF THE
DEFECT MODEL

Interpeak background

Kaolinite samples having high to medium Hinckley
indexes (1.50-0.50) show sharp 02,11 reflections and
clearly visible separations of the 111 and 111 reflec-
tions. The 021 and 021 reflections have non-negligible
intensities, and, at the same time, the interpeak back-
ground is very high.

We were unable to reproduce the totality of the ob-
served XRD using the defect model of Plancon and
Tchoubar (1977) or the model of Bookin et al. (1989).
This lack of success in reproducing the observed pro-
files using a single kaolinite sample is understandable
inasmuch as the introduction of any type of defect
softens the modulation of the XRD profile, i.e., the
reflections broaden and the peak intensity weakens. For
this reason, neighboring reflections, such as 111 and
111, which are well separated in kaolinite samples hav-
ing few defects, rapidly become indistinguishable as
the level of defects rises. At the same time, low intensity
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reflections having large Miller indexes, such as 021,
tend to disappear in the background. Given the diffi-
culty of reproducing sharp, well-separated peaks (as in
a low-defect kaolinite) with a relatively high back-
ground between the peaks (as in a high-defect kaolin-
ite), a model consisting of a mixture of two kinds of
kaolinite was tried, one kaolinite nearly free of defects
and the other rich in defects and having a 02,11 band
with practically no modulation. Details of the devel-
opment of the two-phase model were presented in
Plancon et al. (1989). Such a model, as will be seen,
reproduces very well the experimental XRD profiles
of kaolinite samples having medium- to high-Hinckley
indexes examined in this study.

Peak positions in the 20,13 band

The XRD patterns of kaolinite samples having small
values of the Hinckley index differ in two important
ways from kaolinite samples having larger Hinckley
indexes: the distance between the 131 and 131 reflec-
tions is smaller for the disordered kaolinite samples
than for the low-defect samples, and the 131 reflection
is shifted toward the 131 reflection. Previously Plangon
and Tchoubar (1977) accounted for this shift by intro-
ducing a special parameter describing the so-called
monoclinic character of the sample. This parameter
was an artificial construction which is not necessary if
the defect model allows the existence of C layers among
a matrix of B layers. As the proportion of C layers
increases, the ensemble of layers in the crystal must
approach a monoclinic symmetry.

Modulation of the 02,11 band

A second problem arises with the recognition that
the existence of C layers is not sufficient to explain the
observation that the 02,11 reflections for the most dis-
ordered kaolinite samples appear as an almost un-
modulated band. Following Bookin et al. (1989), how-
ever, the trar_l)slations between adjacent layers should
be not only £,, which is characterisﬁc of a perf_;ectly
ordered kaolinite (~a/3) but also ¢,, related to ¢, by
the mirror plane m that passes through the long di-
agonal of the unit cell. These two translations corre-
spond to right-handed and left-handed kaolinite. Be-
cause of the approximately trigonal symmetry of the
basic kaolinite layer, a third vector, Z,, exists which
corresponds to monoclinic kaolinite. A crystal chem-
ically accurate model of the defect structure should
allow the existence of these three translations; the prob-
abilities of each are variable parameters that must be
determined by fitting the calculated diffraction profile
to the observed profile.

The lengths and directions of these three vectors are
fixed by the structure of the kaolinite layer; however,
each translation may be perturbed slightly both in di-
rection and magnitude. This possibility follows from
the observation that the stable stacking of one kaolinite
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layer on another is characterized by a rather broad
potential energy minimum (Giese, 1982). In this sit-
uation, small displacements of one layer with respect
to the adjacent layer result in negligible changes in the
interlayer hydrogen bond distances. The perturbation
of the three translations can be incorporated in the
defect model in the form of a Gaussian distribution
whose width is related to the extent of perturbation,
i.e., a very narrow distribution corresponds to a very
small perturbation.

PARAMETERS OF THE
INTENSITY CALCULATION

The theoretical diffraction intensity was calculated
using the formalism proposed by Plangon (1981). This
approach is based on the representation of the diffrac-
tion intensity as the product of matrices. The distri-

" bution of the structural defects, as suggested by the

potential energy calculations of Giese (1982), must be
considered as involving interactions between nearest
neighbor layers; that is, a Reichweite of 1. For such a
distribution, the matrices have dimensions equal to
the number of different types of layers present in an
individual crystal. In the present study, the calculation
involves 2 x 2 matrices.

The average intensity diffracted by a stacking of lay-
ers is given by

I(3) = M Spur R(A-W-R), )
where
M p—
R=1I+ 22MM”Q~,and

n=1

M is the number of layers in the crystal, 4 is the matrix
of amplitudes, W is the matrix of abundances, and Q
is the matrix of phases.

The A matrix depends only on the atomic arrange-
ment (the crystal structure) of the different layers in
the stacking. In the following discussion, the B layers
(in the Bailey notation) are referred to as type-1 layers,
and Clayers are referred to as type-2 layers. The general
term for the matrix describing this structure has terms
of the type:

Aij = F*;(E)F;(E),

where F; is the structure for layer / taking the center of
the ditrigonal hole as the origin. The coordinates of the
C layers are then obtained from those of a B layer by
a simple inversion of the y coordinates. The calcula-
tions reported here are based on the atomic coordinates
of Drits and Kashaev (1960), with a change in the
tetrahedral rotation by 2° or 4°. For all calculations,
the parameters of the unit cell in the ¢, b plane are those
of Goodyear and Duffin (1961), with a = 5.155, b =
8.959 A, and vy = 89.94°.
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In Eq. (1), Wis a diagonal matrix whose terms, ¥,
represent the proportions of the /th layer in the stack-
ing. For a defect-free kaolinite, W, (= W) = 1 (only
B layers) and W,, (= Wc) = 0 (no C-layers). Values
of W, that differ from 0 represent the monoclinic char-
acter of the sample. The Q matrix depends only on the
displacements between layers. Its terms are a function
of the amplitudes and the probabilities of the trans-
lations bgtween layers. The first translation between B
layers, (f,)gg, is that of the unit cell determined by
Goodyear and Duffin (1961), with slight modifications.

(1)ss = —0.3689% — 0.0223b + 7.1557,

where 7 is a unit vector perpgndicular to the a,b plane.
"l;he second translation, (f,)zz, is obtained from
(t,)z5 by symmetry with reference to the pseudo-mirror
plane that passes through the centers of the vacant
octahedral sites. Taking into account the fact that the
unit cell is C-centered, the value for the translation is

(15 = —0.3488 % + 0.3051 b + 7.155 7

The third translation, (?O)BB, lies in the a,b plane
coincident with the pseu_go-mil;ror plane and has a
modulus equal to that of ¢, and ¢,, as follows:

(t)ss = —0.31514 — 0.3151 b + 7.155 7

”I:)he translations (;k) 5C are tILe same as the translations
(t)gs, and the translations (tk)_gc = (t)cg are obtained
starting with the translations (¢,); by inversion of the
y coordinates. .

Related to each translation ( z,),; is a probability ( Do) i
Because of the symmetry between the B and C layers,
the ratio between the probabilities is assumed to be
independent of the type of layer in question; that is,
(p2)/(p1);and (p,),/(p,); donotdepend on i or j. With
this assumption, the specification of the defects due to
translations is determined by giving values to p,, p.,
and p,.

For stackings made up only of these translations, the
ij term of matrix Q is given by:

2
Q= X (p9elris@y. )
k=0

If the translations between layers are not absolutely
fixed in direction and length, the variation about the
average values can be described by a Gaussian distri-
bution. To accommodate this distribution, matrix Q
is multiplied by:

[—72(h202+ k202))
€ >
where 6, and §, are, respectively, the characteristic
widths (in fractions of the unit cell) of the distribution
along a and b. The kaolinite samples examined in this
study were adequately modeled by a single parameter,
6 (ie., 8, = 4,).
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RESULTS

The defect structure of each of the samples was de-
termined by trial and error by varying the types of
defects as discussed above and the frequency of each.
The correct specification of the defect structure was
taken to be that which gave a good fit between exper-
imental and calculated profiles for the 02,11 and 20,13
bands, including peak heights, widths, and the inter-
peak backgrounds. Any examination of the fit between
the experimental intensities and the calculated profiles
should consider that the calculated diffraction profiles
do not contain the 002 and 003 peaks, which are part
of the experimentally recorded data. In addition, some
of the kaolinite samples contained small amounts of
impurities, mainly quartz (sample C3) and mica (sam-
ple III-MP). The impurity peaks are indicated in the
profiles. The values of the parameters used in the cal-
culations for all the kaolinite samples are presented in
Table 1.

The results indicated that the samples can be grouped
into three broad categories. The first consists of sam-
ples (II1-1, IV-L, and V-G) that (1) are monomineralic,
(2) do not have well-defined 021 and 021 reflections,
and (3) have reflections 110 and 111 that can be con-
sidered as simple modulations in the 02,11 region. The
agreement between observed and calculated profiles for
the kaolinite samples in category 1 is shown in Figure
1. These samples are not very different from each other,
and this group is referred to below as the MD (for
medium crystallinity) group. For the MD kaolinite
samples, the proportion of Clayers (i.e., the monoclinic
character) is not very important, comprising only 6—
7% of the layers.

Category 2 samples (I-A, E-1, II-D, II-MP, and III-
MP) can only be described as a mixture of two types
of kaolinite, one containing relatively few defects (des-
ignated BC) and the other (designated MC) having a
defect structure similar to the MD kaolinite samples
(Plangon et al., 1989). This group is referred to as the
TP kaolinite group (for two phase). The experimental
and observed XRD profiles are shown in Figure 2, and
the relative proportions of the two types of kaolinite
in each of the samples are given in Table 2.

The third category consists of a single sample, C3
from Charentes. Any kaolinite sample in this group is
highly disordered, as shown by the observation that
not only is there almost no modulation to the 02,11
band, but also the 20,13 band differs greatly from those
of the other two groups. The monoclinic character of
sample C3 is obvious, and the background between the
131 and 131 reflections is abnormally intense. Al-
though the agreement between the experimental and
calculated intensities (Figure 3) is not as good as for
the other two groups, sample C3 appears to be a mix-
ture of two phases, ~5% of the low-defect type ka-
olinite seen in the TP kaolinite samples and ~95% of
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Table 2. Relative proportions of low defect kaolinite (BC of
Table 1) in the nine kaolinite samples of this study.!

Proportion of BC-type

2 00 Sample Hinckley index kaolinite
5 I-A 1.44 0.60
£ o0 El 1.14 0.45
II-D 1.00 0.30
100 1I-MP 0.81 0.15
- III-MP 0.57 0.10
DD.ZY 0.;3 0.25 0.;7 0.29 0.37 Q;Q ﬂ.:‘ 0.43 0.45 III—I 0'43 0'0
IV-L 0.32 0.0
C3 0.25 0.05
V-G 0.18 0.0

Intensity

Intensity

L
0.29

S (A1)

Figure 1. Experimental X-ray powder diffraction profiles
(solid line) for the 02,11 and 20,13 bands of the MD-type
kaolinite samples (III-I, IV-L, and V-G) and calculated pro-
files (dashed line). Intensities are total counts per 5-s interval.
Defects present in these samples are enumerated in Table 1.

a highly disordered type of kaolinite (referred to as C3,.
in Table 1). The monoclinic character of the C3_.-type
kaolinite is due to the relatively high proportion of C
layers (85%), and the high background between the 131

Sample notation and Hinckley indexes were taken from
Brindley et al. (1986), except for sample C3, which was taken
from Plangon and Tchoubar (1977).

! Samples I-A, E1, II-D, II-MP, and III-MP are binary mix-
tures of the BC-type kaolinite, in the proportion indicated,
and the remainder is MC-type kaolinite; samples HI-I, IV-L,
and V-G are single phase (no BC-type kaolinite) having a
defect structure described in Table 1; sample C3 is a mixture
of the BC-type kaolinite, as indicated, the remainder being
the C3,, kaolinite described in Table 1.

and 131 reflections can be explained by the greater
variation in the direction and lengths of the interlayer
translations (6 = 0.08) for this sample, compared with
the other kaolinite samples in this study.

DISCUSSION

On the basis of the defect structures that were de-
termined for the collection of kaolinite samples in this
study, several observations can be made. Perhaps the
most unexpected is that kaolinite samples which might
normally be classed as medium to well-crystallized (ac-
cording to their Hinckley index) are mixtures of two
types of kaolinite, one being nearly defect free. In fact,
for those kaolinite samples that are mixtures, the
Hinckley index is directly related to the relative pro-
portion of the high-defect component (Plangon ef al.,
1989). This conclusion is based on intensity data from
hk bands and should not be confused with the results

Table 1. Parameters describing the defect structure of the different types of kaolinite samples.!

Material é We D D Do Ac® M Ry; Ry
I11-1 0.04 0.07 0.60 0.28 0.05 0 40 225 175
IV-L 0.04 0.06 0.58 0.32 0.04 —4 40 225 175
V-G 0.04 0.07 0.57 0.33 0.03 -2 40 225 175
BC phase 0.02 0.00 0.98 0.02 0.00 0 40 225 175
MC phase 0.02 0.03 0.60 0.32 0.05 0 40 225 175
C3,. phase 0.08 0.15 0.55 0.25 0.05 -4 30 200 200

6 = the parameter describing the uncertainty in direction and distance of the interlayer translation vectors; W, = the
proportion of C layers; p; = the probability of the occurrence of t;; Aa® = the change in tetrahedral rotation for the Drits and
Kashaev (1960) kaolinite structure; M = the average number of kaolinite layers in the coherent diffraction domain; R, =
the radius (in A) of the diffraction domain in the 001 plane; this is assumed to be cylindrical; the value is for the 02,11 band;
R,, = the radius (in A) of the diffraction domain for the 20,13 band.

! Samples I1I-1, IV-L, and V-G are kaolinite samples of type MD; the BC and MC are the two kaolinites which mix to
form the TP-type kaolinite samples (see Table 2); and the C,, mixes with the BC-type kaolinite to form the C3 kaolinite

sample (see Table 2).
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0.25 0.27 0.39

L
0.23

029 037 0.45

HI-MP

400 1

w
8
8

Intensity

100
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Figure 2. Experimental X-ray powder diffraction profiles
(solid line) for the 02,11 and 20,13 bands of the TP-type
kaolinite samples (I-A, El, II-D, II-MP, and III-MP) and
calculated profiles (dashed line). Intensities are total counts
per 5-s interval. Calculated profiles are based on a mixture
of two kaolinite phases: one having few defects (BC kaolinite)
and the other having a moderate amount of defects (MC
kaolinite). Defect structures of both components are described
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L
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L L
0.2% 0.25 0.2¢

Figure 3. Experimental and observed X-ray powder diffrac-
tion profiles for C3 kaolinite. Intensity scale is in arbitrary
units; observed data were taken from Plangon and Tchoubar
(1977). Peak marked X is due to an impurity (probably quartz).

of the study of Deluca and Slaughter (1985), who used
only the 001 reflection of the Keokuk kaolinite, a ma-
terial having a high Hinckley index. The two types of
kaolinite in the TP kaolinite samples of this study have
identical d(001) values, whereas Deluca and Slaughter
proposed that the Keokuk kaolinite is a mixture of
structures having different d(001) values. The present
study was not designed to test their proposal, and the
hk reflections are probably relatively insensitive to the
presence of materials having slightly different values
of d(001).

The results of the calculations for the TP group of
kaolinite underline the danger in using the Hinckley
index as a measure of the “crystallinity” of a kaolinite.
The present study and that of Plangon ez al. (1989)
demonstrate that a difference in the Hinckley index of
two kaolinite samples could be due either to a real
difference in the defect structure of the two or simply
to a difference in the proportions of the two types of
kaolinite present as a mixture.

The presence of two phases in many of the kaolinite
samples of this study also suggests a possible expla-
nation for the greater degree of structural order seen
in oblique electron diffraction images of a given ka-
olinite than seen in the XRD profile. It is quite possible
that in the preparation of the sample for electron dif-
fraction, the higher defect component is eliminated
from the mixture. Such a physical separation was re-
ported by Tettenhorst and Corbaté (1986) for a ka-
olinite from Lewistown, Montana. Interestingly, the
high-defect size fraction (<0.5 um) of the Lewistown
kaolinite has a X-ray powder diffraction (XRD) pattern
that closely resembles the MC-type kaolinite of this
study, and, similarly, the Lewistown low-defect size
fraction (2-15 pm) has an XRD pattern analogous to

(—

in Table 1; relative proportions of the two components in
each kaolinite are given in Table 2. Peaks marked M in the
HI-MP sample are contributed by a 10-A mica-like impurity.
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that of the BC-type kaolinite. Based on the present
study, the coarse fraction of the Lewistown kaolinite
is probably a mixture of the BC and MC kaolinite
fractions, because the Hinckley index of the Lewistown
kaolinite is 1.3 (Tettenhorst and Corbatb, 1986),
whereas the index for the pure BC kaolinite is 1.76. In
the Lewistown kaolinite, the coarse fraction contains
predominantly platy particles, whereas the fine fraction
is rich in elongate particles, supporting Keller’s idea
that elongate particles and plates are different kinds of
kaolinite (Keller and Haenni, 1978).

Subtle changes exist in the structure of the individual
layers of kaolinite samples in groups MD and C3, which
are apparently a result of the layer stacking. As pointed
out above, even the regular alternation of B and C
layers in a disordered kaolinite does not lead to the
dickite structure, inasmuch as the location of the va-
cancy at the corner of the cell having v = 90° makes
the C layer a defect layer (in dickite, ¥ = 90° and both
layer cells are equivalent). Moreover, rotation angles
for the tetrahedra and octahedra differ for the B layers
of dickite (Bookin et al., 1989). The occurrence of C
layers among B layers probably induces a distortion of
the layer structures so that they are more similar. The
different tetrahedral and octahedral rotations required
by the observed XRD profiles strongly supports the
idea of real variations in the atomic coordinates of
different defect-rich kaolinite samples.

The aim of this study was to determine which defects
are present and to what degree in the suite of kaolinite
samples examined. Good agreement between the ob-
served and calculated XRD profiles was the criterion
for accepting the correctness of the defect model. For
the defects used in these calculations, the principal
defect in disordered kaolinite samples (the groups C3
and MD) appears to be the stackir_l)g of the layers ac-
cording to £, rather than the usual ¢,.

All samples except one contain <8% C layers. For
these samples, a reasonable fit may also be achieved
between observed and calculated XRD profiles by as-
suming that the inter-layer vector is a variable param-
eter. Thus, whether and to what extent C layers are
present cannot be established unambiguously. For the
samples examined here, the main stacking sequence
for adjacent layers is that of the right-hand and left-
hand kaolinite in a ratio of 2:1 and a random alter-
nation of #, and ¢,. Monoclinic, kaolinite-like stackings
exist in <5% of the samples; however, demonstrating
the existence of this stacking is beyond the present
accuracy of the present calculations. Using the poten-
tial energy calculations for different stackings of ka-
olinite layers (Giese, 1982) and the relation

Do
ptp

= e(—AE/kT)’

the difference between the cohesion energy for triclinic
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and monoclinic polytypes can be readily evaluated. For
T = 300-400 K, the triclinic stacking has an advantage
of AE = 2 kcal/mole over the monoclinic stacking.

The 15% of C layers which were found in sample C3
supports the existence of dickite-like layers in some
disordered kaolinite samples; for this sample the ob-
served and calculated XRD patterns were in poor
agreement if the content of C layers was set to zero,
regardless of the types or abundances of the other de-
fects introduced into the calculation.

In view of these results, the suggestion of Brindley
et al. (1986) that a continuous series of structures exists
between kaolinite and dickite in the form of defect-
rich intermediates seems doubtful. The chief difficulty
is that Brindley et al. (1986) assumed the Hinckley
index to be proportional to the position and width of
the hydroxyl infrared bands for kaolinite and dickite.
The present results clearly indicate that the magnitude
of the Hinckley index is not related to the C layer
content of the kaolinite. Moreover, according to the
calculations of the present study, C layers are randomly
distributed among the B layers. A continuous series
between kaolinite and dickite requires a regular alter-
nation of B and C layers, i.e., the sequence CC is for-
bidden for W, < 0.5. Thus, an extrapolation of the
amount of defects by increasing W, to 0.5 leads to a
defect structure having a diffraction profile containing
no reflections characteristic of the two-layer structure
of dickite. Values of W, of 20-25%, in fact, produce
diffraction profiles which have not been reported for
natural kaolinite samples; W = 0.15 must therefore
be the upper limit for this type of defect.
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