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Abstract—To overcome the existing uncertainty in the interpretation of kaolinite “crystallinity” indices
(KCLs), such as HI (Hinckley, 1963), IK (Stoch, 1974; Stoch and Sikora, 1966), QF (Range and Weiss,
1969), AGFI (Aparicio and Galán, 1999; Aparicio et al., 2006), and WIRI (Chmielová and Weiss, 2002).
Their values obtained for a representative collection of 30 kaolinite samples were compared with the results
of modeling the corresponding X-ray diffraction patterns. It is shown that all the studied samples comprise a
mixture of almost defect-free high-ordered kaolinite (HOK) and defective low-ordered kaolinite (LOK)
phases. The HOK content shows correlation with the crystallinity index values described by different regres-
sion equations. The correlation is most prominent for HOK and the Hinckley index (HI), which is described
by the quadratic equation HOK (%) = 12.236 HI2 + 25.464 HI ‒ 1.2622 with the correlation factor R2 =
0.993. The obtained equations can be used to find HOK and LOK concentrations in natural kaolinites. Com-
parison of the structural parameters of defective kaolinites obtained by modeling their XRD patterns with
those of Expert System (Plançon and Zacharie, 1990) showed that the latter sometimes predicts: (1) one-
phase highly defective kaolinites, whereas their diffraction pattern modeling establishes a mixture of HOK
and LOK phases; and (2) in two-phase samples, the content of the low-defect phase (ldp) is greater than
100%.
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INTRODUCTION

Kaolinite Al2Si2O5(OH)4 is a dioctahedral mineral,
with the layer structure consisting of one octahedral
Al‒O(OH) and one tetrahedral Si–O sheets (1 : 1)
related to each other in a kaolinite layer via the apical
oxygen atoms of tetrahedra. The adjacent kaolinite
layers are united in the kaolinite structure due to the
hydrogen bonds of OH groups located on the basal
octahedral surface of one layer with oxygen atoms
forming the basal tetrahedral surface of the adjacent
layer. In the octahedral sheet of the kaolinite layer,
three different cationic octahedral sites (A, B, and C),
one of which is vacant and the other two are occupied
by Al cations, differ in the arrangement of OH groups
and oxygen atoms. In the base-centered unit cell of
kaolinite described in (Bailey, 1993), the tetrahedral
sheet is located at the 1 : 1 layer base, and the vacant
position B is located on the long diagonal of the unit
cell. Thus, the defect-free kaolinite has a one-layer tri-
clinic (1Tc) structure and represents a regular alterna-
tion of layers related by simple translation (Bish and
von Dreele, 1989).

Most varieties of natural kaolinites there are char-
acterized by defective structure (Bailey, 1988; Brind-
ley et al., 1986). In (Bookin et al., 1989) based on a
comprehensive analysis of possible defects in the
kaolinite structure, it was concluded that distortions of
the real structure of 1 : 1 layers do not allow stacking
faults, such as the mutual rotation of layers by 120°,
the layer displacements by b/3, and the model of alter-
nating layers with different positions of the octahedral
vacancy proposed in (Brindley and Robinson, 1946;
Murray, 1954; Plançon and Tchoubar, 1977). Accord-
ing to (Bookin et al., 1989), periodicity of a two-
dimensional kaolinite layer can be described both as
an orthogonal cell {a0, b0, γ0} (γ0 = 90°) and as two
enantiomorphic oblique cells {a1, b1, γ1} and {a2, b2, γ2}
(γ1,2 ≠ 90°), which are interrelated by a mirror plane
passing through the vacant octahedron and the center
of ditrigonal ring of the tetrahedral sheet of the kaolin-
ite layer. Two enantiomorphic oblique cells and their
corresponding vectors of interlayer translations t1 and
t2, are interrelated by a mirror plane, make up a same
defect-free structure of the right- and left-hand
kaolinites indistinguishable by diffraction methods.
The random alternation of vectors t1 and t2 inside indi-
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274 SAKHAROV, DRITS
vidual kaolinite crystallites will create right and left
kaolinite structural fragments consisting of layers with
the same type of vacancy and, thus, cause structural
disorder in kaolinite. Due to the approximately trigo-
nal symmetry of the kaolinite layer, a translation vec-
tor t0 passing along the mirror plane can also exist in
the kaolinite structure. Therefore, model of the defec-
tive kaolinite structure should be governed by the
probability of layer translations Wt1, Wt2, and Wt0,
respectively, which can be determined by careful mod-
eling of the experimental diffraction pattern. Based on
this model, experimental X-ray diffraction patterns
(XRD) of natural kaolinites were simulated in (Drits
et al., 2021; Plançon et al., 1989; Sakharov et al.,
2016). It was shown that the studied samples consist of
a physical mixture of two different populations of
kaolinite crystallites with high-ordered (HOK) and
low-ordered (LOK) structures occurring with differ-
ent ratios in different samples.

Direct observation of stacking faults in the kaolin-
ite structure was first carried out in (Kogure, 2011;
Kogure and Inoue, 2005; Kogure et al., 2010). They
demonstrated HRTEM images providing insight the
types of these defects. The most common stacking
faults were caused by the random alternative transla-
tions of kaolinite layer onto the translation vectors t1 ≈
–а/3 and t2 ≈ a/6 – b/6, which are interrelated by a
pseudo-mirror plane passing through the vacant octa-
hedron of the kaolinite layer. In some particles, the
stacking faults were observed either as isolated inser-
tions of single layers having an interlayer translation
vector t2 into an ordered sequence of layers with trans-
lation t1 or as an alternation of two types of multilayer
blocks comprising layers with translations t1 or t2. In
particular, it turned out that the diagenetic kaolinite
sample includes only defects related with the alterna-
tion of interlayer translations t1 or t2, but lacks defects
related to the presence of layers with different posi-
tions of the octahedral vacancy or rotation of layers at
+/– n60°. In contrast, the sedimentary kaolinite sam-
ple contains both types of defects, but defects of the
second type (layers with different vacancies or mutual
rotations) are extremely rare. These data fully con-
firmed the defect structure of kaolinite proposed in
(Bookin et al., 1989).

Direct observation of the enantiomorphism of
kaolinite crystals was established in (Samotoin, 2010,
2011; Samotoin and Bortnikov, 2011). Using the
methods of vacuum Au decoration and transmission
electron microscopy, they unraveled the existence of
right- and left-handed kaolinite micro- and macro-
crystals produced by ancient crust weathering.

Mathematical methods for modeling XRD patterns
of defective layer crystals are complicated and, there-
fore, not used in conventional studies of kaolinites. To
assess the perfection of kaolinite structure for both
industrial purposes and geological tasks, the “crystal-
linity” indices are often used (Aparicio and Galán,
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1999; Aparicio et al., 2006; Chmielová and Weiss,
2002; Hinckley, 1963; Range and Weiss, 1969; Stoch,
1974; Stoch and Sikora, 1966), based on simple mea-
surements of X-ray diffraction peak heights measured
in the region of 02l and 11l reflections as the most sen-
sitive to structural defects. It is usually assumed that
the kaolinite crystallinity indices (KCIs) evaluate
some generalized degree of order-disorder in their
structures, including a set of various defects. However,
authors of the corresponding papers did not provide
any justification for why certain measurements on
XRD powder patterns are related to these coefficient-
indices with parameters of the defective structure of
kaolinites. Obviously, all these coefficients do not
carry any physical meaning and are therefore empiri-
cal. They are used when it is not required to know the
nature and distribution of defects in the kaolinite
structure, but it is necessary to somehow discriminate
the samples. It was noted for the first time in (Plançon
et al., 1988) that the Hinckley crystallinity index (HI),
in its classical sense, evaluates neither the types nor the
number of different structural defects. However, this
index is nonlinearly related to the proportions of two
kaolinite types in the models of defect structures. At
the same time, they did not establish the relationship
of the HI index with the composition of real kaolinite
samples, although it may be very important for a
deeper understanding of the nature of these minerals.

In contrast to the crystallinity indices, the Expert
system (Plançon and Zacharie, 1990) uses a set of rel-
atively simple measurements on an experimental dif-
fractogram to estimate some real structural parame-
ters of natural kaolinites. In several publications (Apa-
ricio and Galán, 1999; Aparicio et al., 2006;
Chmielová and Weiss, 2002; González et al., 1999), a
correlation has been established between the data of
the Expert System and the kaolinite crystallinity indi-
ces. However, no wide comparison of both data with
the results of modeling experimental XRD patterns
was conducted.

In the present work, in addition to the studied col-
lection of 18 kaolinite samples (Drits et al., 2021), 12
more samples were studied by modeling XRD pat-
terns, with the determination of the content of HOK
and LOK phases, as well as their structural parame-
ters. For all 30 samples, we calculated different KCI
values and their comparison with the HOK values. In
addition, we analyzed all kaolinite samples using an
Expert System (Plançon and Zacharie, 1990) and
compared the obtained results with the data on mod-
eling diffraction patterns.

MATERIALS AND METHODS
The collection of 18 previously studied kaolinite

samples (Drits et al., 2021) was supplemented with 12
new samples (Keok1D, Keok2D, Keok3D, Keok4D,
Kaol-3, Mag1, 5914, Ma-4, S218, 5920, Bor-2, and
6194), which, like the previous ones, were studied by
AND MINERAL RESOURCES  Vol. 58  No. 4  2023



STRUCTURAL HETEROGENEITY AND CRYSTALLINITY INDICES 275
X-ray powder diffraction. The location of all samples
and their genesis are given in Table 1. Samples
Keok1D, Keok2D, Keok3D, and Keok4D were
extracted from the geode by careful grinding and siev-
ing through a <0.1 mm sieve. The remaining eight
samples were not subjected to any pretreatment,
except for short-term grinding with a rubber pestle in
a small water volume, followed by the extraction of
<0.001 mm fractions from suspension. All new sam-
ples contained insignificant amounts of impurities.

Powder diffractograms were obtained using a
Bruker D-8 Advance X-ray diffractometer (Bruker
AXS Corporation, Karlsruhe, Germany; 40 kV, 40 mA;
Bragg–Brentano θ/θ configuration; goniometer
radius 250 mm) equipped with a scintillation detector
of CuKα radiation in the 2θ range of 8°–65° at a scan-
ning step of 0.05° 2θ. The high quality of diffracto-
grams was provided by an exposure of 150 s per step,
which significantly reduces random fluctuations in
diffracted intensity. The horizontal and anti-scattering
slits with fixed divergence for the incident beam had a
width of 0.5°; for the diffracted beam, the receiving slit
of detector was 0.04°; and the vertical divergence of
both beams was limited by two 2.5° Soller slits. The
flat rectangular sample holder (3.0 × 2.5 × 0.5 cm)
and side-loading preparation significantly reduced the
predominant orientation of particles.

RESULTS

Modeling of experimental X-ray diffraction patterns

A collection of 18 kaolinite samples of different
genesis was studied by modeling the XRD patterns in
(Drits et al., 2021). The results showed that the sam-
ples consist of two phases: high-ordered (HOK) and
low-ordered (LOK) phases formed by the same
B-vacant kaolinite layers, but differing sharply in the
content of stacking faults. The HOK phase has an
almost defect-free structure, in which 97–100% of
layer pairs are connected by the translation vector t1,
and no more than 3% of layer pairs make up the enan-
tiomorphic fragments with translations t2 only in some
samples. On the contrary, the LOK phase has a highly
defective structure, in which three vectors of layer
translations t1, t2, and t0 randomly alternate in the fol-
lowing ratios Wt1 (0.55‒0.60) : Wt2 (0.35‒0.45) : Wt0
(0–0.05). In addition to these structural defects, the
LOK phase often contains “arbitrary” stacking faults
(Wa) associated with random shifts of layers to arbi-
trary translations and/or with rotations of adjacent
layers to arbitrary angles. However, the content of such
defects in the LOK phase did not exceed 10%. The
quality of coincidence between the calculated and
experimental XRD patterns could be improved slightly
due to defects associated with variations in the length
of interlayer translations along the a and/or c* axes in
both HOK and LOK phases.
LITHOLOGY AND MINERAL RESOURCES  Vol. 58  N
In this work, experimental diffraction patterns of 12
new kaolinite samples (Keok1D, Keok2D, Keok3D,
Keok4D, Kaol-3, Mag1, 5914, Ma-4, S218, 5920,
Bor-2, and 6194) were successfully modeled using the
same two-phase model of the defective structure. The
best agreement between the experimental and calcu-
lated diffraction patterns was achieved by the trial-
and-error method when we changed both structural
parameters of the HOK and LOK phases, as well as
their content in the sample, and evaluated by the pro-
file factor Rp (Table 2). The concentrations of layer
translations Wt1, Wt2, and Wt0 in the HOK and LOK
phases in individual samples remained within the
same values as in the previously studied samples (Drits
et al., 2021). It can only be noted that for some new
samples, the maximum content of arbitrary stacking
faults (Wа) increased to 15% (Table 2).

The results of modeling experimental diffracto-
grams of the entire collection of 30 kaolinite samples
suggested the following conclusions. All samples
turned out to be a mixture of HOK and LOK phases
with their ratio varying from 86 : 14 to 4 : 96 (Table 2).
Individual HOK and LOK phases in different samples
do not differ too much from each other both in terms
of the content of layer translations Wt1, Wt2, Wt0, and
arbitrary stacking faults Wa (Table 2). Therefore, it
can be assumed at the qualitative level, that both of
these two phases do not change much in terms of the
defect degree in different samples. Table 2 shows that
sizes of the coherent scattering domains (CSD) in the
plane of layers ab, D, and the total number of layers in
crystallites (N) for HOK and LOK phases are usually
the same or very close for the same sample. Finally,
the degree of particle orientation (α) corresponding to
different HOK and LOK populations in the same
sample is also the same or very close (Table 2). All
these features of the real structure of kaolinite samples
indicate that the ratio of HOK and LOK phases is the
main factor that governs intensity distribution in the
diffraction pattern. At the same time, as shown in
(Drits et al., 2021; Plançon et al., 1989; Sakharov
et al., 2016), HOK crystallites make the main contri-
bution to the position, width, and intensity of 02l and
11l reflections at 2θ = 19.0°–24.5°, whereas LOK
crystallites contribute only to background scattering as
a wide and asymmetrical “hump” and to the reflection
profile 020. In Fig. 1a, the comparison of fragments of
an experimental diffractogram in this angular region
for sample G5 and the diffractograms calculated for an
optimal mixture of HOK and LOK phases shows the
best correspondence of diffraction patterns. The lower
part of Fig. 1a shows the corresponding contributions
of the HOK and LOK phases to the resulting diffrac-
tion pattern.
o. 4  2023
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Table 1. Location and genesis of the studied samples

No. Sample Genesis Deposit

1 Keok-1 Hydrothermal Warsaw geode, Keokuk, Iova, USA
2 Keok-2 Hydrothermal Warsaw geode, Keokuk, Iova, USA
3 Keok1D Hydrothermal Warsaw geode, Keokuk, Iova, USA
4 Keok2D Hydrothermal Warsaw geode, Keokuk, Iova, USA
5 Keok3D Hydrothermal Warsaw geode, Keokuk, Iova, USA
6 Ch-76 Sedimentary Coal deposits, Shanxi province, northern China
7 Keok4D Hydrothermal Warsaw geode, Keokuk, Iova, USA
8 Keok-3 Hydrothermal Warsaw geode, Keokuk, Iova, USA
9 E-4 Weathering Elenin deposit, granite remnant, Ukraine

10 Keok-4 Hydrothermal Warsaw geode, Keokuk, Iova, USA
11 An Weathering Angren deposit, remnants of felsic effusive and extrusive rocks, Uzbekistan
12 Dec Hydrothermal From veins, Decazeville, France
13 Pr Weathering Prosvyanov deposit, granite remnant, Dnepropetrovsk region, Ukraine
14 Ch-67 Hydrothermal Suzhou, China
15 Sd Weathering Sedlets deposit, granite remnant, Czech Republic
16 Vl Weathering Vladimir deposit, Ukraine
17 KGa-1b Weathering CMS, Warren County, Georgia, USA
18 Sm Weathering Smolyansk deposit, Ukraine
19 Kaol-3 Unknown Unknown
20 KGa-1 Weathering CMS, Warren County, Georgia, USA
21 Mag1 Weathering Eleninsk deposit, Magnitogorsk
22 G-5 Weathering Warren County, Georgia, USA
23 Im Weathering 'Hywite Alum’ raw kaolinite (“ball clay”) from Devon (Imerys, UK)
24 MA4 Sedimentary Shulepovo deposit, Ryazan
25 5914 Sedimentary Shulepovo deposit, Ryazan
26 S218 Sedimentary Shulepovo deposit, Ryazan
27 5920 Sedimentary Shulepovo deposit, Ryazan
28 6194 Sedimentary Shulepovo deposit, Ryazan
29 Bor-2 Sedimentary Borovichi deposit, Tver region
30 KGa-2 Weathering CMS, Warren County, Georgia, USA
Measurements on diffractograms required to determine 
the crystallinity indices and structural parameters

of Expert System
To reliably determine the crystallinity indices and

structural parameters of the Expert System, it is nec-
essary to have a high quality diffraction pattern with
minimized f luctuations of the diffracted intensity and
to unify the procedure of all measurements on the dif-
fractogram. The high quality of diffraction pattern is
achieved by long-term exposure at each scanning step
and, as a rule, is chosen experimentally for each spe-
cific design of the diffractometer. In the case of our
device equipped with a scintillation detector, exposure
time was 150 s at the measurement point. We used
EXCEL spreadsheets for specific measurements on
LITHOLOGY 
the diffractogram. After normalizing all intensities of
the experimental diffraction pattern to its maximum
value taken as 100, we determined the minimum val-
ues for constructing the necessary background lines
and the maximum values for finding the correspond-
ing reflection peak positions. For each background
line, we obtained a straight-line equation, which was
used to calculate the peak heights needed to calculate
the crystallinity indices or structural parameters of
Expert System. To determine the full width of diffrac-
tion peaks at half maximum (FWHM), values of the
corresponding intensities were found by approximat-
ing with straight lines the experimental points on the
left and right “slopes” from its maximum. The
EXCEL plot with a diffraction pattern, background
AND MINERAL RESOURCES  Vol. 58  No. 4  2023



STRUCTURAL HETEROGENEITY AND CRYSTALLINITY INDICES 277
Table 2. Contents of the high-ordered (HOK) and low-ordered (LOK) phases and their structural parameters obtained
by modeling diffraction patterns of natural kaolinites

No. Sample Phase C, % Wt1 Wt2 Wt0 Wa N D, Å α, degr. Rp, %

1 Keok-1
HOK 86 1 0 0 0 80 100‒1100 90

18.8††
LOK 14 0.55 0.45 0 0 60 100‒1100 80

2 Keok-2
HOK 80 1 0 0 0 50 100‒1000 150

15.8††
LOK 20 0.55 0.45 0 0 50 100‒1000 150

3 Keok1D
HOK 80 1 0 0 0 65 100‒1100 120

20.0††
LOK 20 0.55 0.45 0 0.10 65 100‒1100 120

4 Keok2D
HOK 80 1 0 0 0 65 100‒1100 120

~20.0††
LOK 20 0.55 0.45 0 0 65 100‒1100 120

5 Keok3D
HOK 77 0.99 0.01 0 0 65 100‒1100 120

20.1††
LOK 23 0.55 0.45 0 0 65 100‒1100 120

6 Ch-76
HOK 76 1 0 0 0 35 100‒900 110

11.1
LOK 24 0.55 0.45 0 0.10 35 100‒900 110

7 Keok4D
HOK 73 0.99 0.01 0 0 65 100‒1100 120

19.3††
LOK 27 0.55 0.45 0 0 65 100‒1100 120

8
Keok-3

HOK 69 0.98 0.02 0 0 60 100‒1100 90
11.6

LOK 31 0.55 0.45 0 0 60 100‒1100 90
9

E-4
HOK 68 0.98 0.02 0 0 65 100‒1000 140

8.3
LOK 32 0.55 0.45 0 0 65 100‒1000 140

10 Keok-4
HOK 68 1 0 0 0 50 100‒800 120

11.6
LOK 32 0.55 0.45 0 0 50 100‒800 120

11 An
HOK 63 0.98 0.02 0 0 28 100‒900 70

11.7
LOK 37 0.55 0.43 0.02 0.05 28 100‒900 70

12 Dec
HOK 55 0.98 0.02 0 0 50 100‒900 120

9.8
LOK 45 0.55 0.45 0 0 50 100‒900 120

13 Pr
HOK 55 0.98 0.02 0 0 18 100‒900 60

11.7
LOK 45 0.55 0.43 0.02 0.05 18 100‒900 60

14 Ch-67
HOK 54 0.98 0.02 0 0 30 100‒900 100

9.3
LOK 46 0.55 0.45 0 0.04 30 100‒900 100

15 Sd
HOK 41 0.98 0.02 0 0.06 18 100–900 75

10.3
LOK 59 0.60 0.38 0.02 0.05 18 100–900 75

16 Vl
HOK 37 0.98 0.02 0 0 18 100‒700 90

9.7
LOK 63 0.55 0.43 0.02 0.05 18 100‒700 90

17 KGa-1b
HOK 37 0.98 0.02 0 0 25 100‒800 160

10.3
LOK 63 0.55 0.45 0 0.04 25 100‒800 160

18 Sm
HOK 36 0.97 0.03 0 0 18 100–700 180

9.3
LOK 64 0.55 0.43 0.02 0.05 18 100–700 180

19 Kaol-3
HOK 36 0.98 0.02 0 0.03 18 100‒900 65

15.6††

LOK 64 0.60 0.35 0.05 0.10 18 100‒900 65

20 KGa-1
HOK 27 0.97 0.03 0 0 45 200‒800 90

10.0
LOK 73 0.58 0.37 0.05 0.05 45 200‒800 90

21 Mag1
HOK 23 0.98 0.02 0 0 14 100‒700 70

11.3
LOK 77 0.55 0.40 0.05 0.10 14 100‒600 70
LITHOLOGY AND MINERAL RESOURCES  Vol. 58  No. 4  2023
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lines, and peak widths served as a test of measure-
ments. As an example, Figs. 1b‒1d shows fragments of
the diffraction pattern of sample G5 and the corre-
sponding measurements on them for calculating the
crystallinity indices HI, QF, and IK, respectively.

According to (Aparicio, et al., 2006; Chmielová
and Weiss, 2002), the determination of crystallinity
indices AGFI and WIRI requires first the mathemati-
cal decomposition of the diffraction profile in the
region of 02l and 11l reflections to individual maxima
using a Pearson VII function and an asymmetric Pear-
son VII function, respectively, and the subsequent
determination of peak intensities. Their FWHM val-
ues are also needed for calculating the WIRI value. All
necessary calculations in this work were carried out
using the Fytik software (Wojdyr, 2010). Figures 1e
and 1f show examples of the diffraction profile
decomposition for sample G5 to find the crystallinity
indices AGFI and WIRI. It should be noted that the
EXCEL spreadsheet constructed for one sample and
the corresponding crystallinity index can be used for
another sample, replacing only the corresponding
equations of background lines. Only sometimes, small
changes in the minimum values may be required to
LITHOLOGY 
correct the background lines or maximum values for
the positions of diffraction peaks.

Determination of kaolinite crystallinity indices
The Hinckley index (Hinckley, 1963) is the most

common empirical parameter that is widely used to
assess the perfection degree of various kaolinites. On
the powder diffractogram (Fig. 1b), intensities of 1 0
and 11  reflections (denoted as A and B, respectively)
are measured relative to the background line drawn
between the bases of these peaks; the intensity of 1 0
reflection (denoted as C) is measured relative to the
background line of the entire diffractogram; then the
ratio (A + B)/C is calculated. According to the litera-
ture data, this dimensionless number or the Hinckley
“crystallinity” index denoted as HI varies from ~0.2 to
~1.7 for natural kaolinites. The higher the HI value, the
higher the perfection degree of the kaolinite structure.

As noted in (Drits et al., 2021; Plançon et al., 1989;
Sakharov et al., 2016), the HOK phase in the region of
02l and 11l reflections contributes mainly to their
intensities, whereas the notable background separating
these reflections from the general background line of

1
1

1

Wt1
, Wt2

, Wt0—probabilities of layer translations t1 = –0.2200a0 + 0.1722b0, t2 = –0.2200a0 ‒ 0.1722b0, and t0 = 0.3698a0 (Drits et al.,
2021) in the defect structure of kaolinite; Wa—probability of arbitrary stacking defects; N—average number of layers in crystals; D—
dimensions of the coherent scattering domains on ab plane of crystal, defined by the uniform distribution from the minimum to maxi-
mum value; α—parameter of a Gaussian function describing the particle orientation in sample; Rp—profile factor characterizing the
degree of inconsistency between the experimental and calculated diffraction patterns; †—structural parameters of the one-phase model;
††—high Rp values are related to impurities whose diffraction patterns were not modeled.

22
G-5

HOK 18 0.98 0.02 0 0 18 100‒700 110
11.3

LOK 82 0.55 0.40 0.05 0.05 18 100‒700 110

G-5† LOK 100 0.75 0.20 0.05 0.05 18 100‒700 110 11.3

23 Im
HOK 18 0.98 0.02 0 0 18 100‒700 100

11.0
LOK 82 0.55 0.43 0.02 0.05 18 100‒700 100

24 Ma-4
HOK 15 0.98 0.02 0 0 12 100‒700 110

10.8
LOK 85 0.55 0.35 0.10 0.10 12 100‒700 90

25 5914
HOK 13 0.98 0.02 0 0 11 100‒800 50

10.6
LOK 87 0.55 0.35 0.10 0.15 11 100‒800 60

26 S218
HOK 12 0.98 0.02 0 0 11 100‒800 57

11.2
LOK 88 0.55 0.35 0.10 0.10 11 100‒800 57

27 5920
HOK 12 1 0 0 0 11 100‒800 70

12.1
LOK 88 0.55 0.35 0.10 0.15 11 100‒800 70

28 6194
HOK 9 0.98 0.02 0 0 10 100‒700 70

14.3
LOK 91 0.55 0.35 0.10 0.10 10 100‒700 70

29 Bor-2
HOK 6 0.98 0.02 0 0 9 100‒800 60

12.4
LOK 94 0.65 0.25 0.10 0.15 9 100‒800 55

30 KGa-2
HOK 4 0.98 0.02 0 0 20 100‒700 120

10.9
LOK 96 0.58 0.37 0.05 0.07 20 100‒700 120

No. Sample Phase C, % Wt1 Wt2 Wt0 Wa N D, Å α, degr. Rp, %

Table 2.  (Contd.)
AND MINERAL RESOURCES  Vol. 58  No. 4  2023
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Fig. 1. Determination of structural defects in kaolinites by the diffraction pattern modeling (a) and the “crystallinity” indices
(b‒f): HI (Hinckley, 1963) (b), QF (Range and Weiss, 1969) (c), IK (Stoch, 1974) (d), AGFI (Aparicio et al., 2006) (e), WIRI
(Chmielová and Weiss, 2002) (f); IA, IB, ID, IC, FWHMA, FWHMB, FWHMD, FWHMC—intensities of peaks A, B, D, and C
and their corresponding peak widths at half width.
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the diffractogram is the a result of the contribution of
the LOK phase. In fact, the Hinckley index evaluates
in a simplified way the HOK phase contribution to
total intensity of the diffractogram by calculating the
ratio of the sum of 1 0 and 11  reflections belonging
to the HOK phase relative to the sum of the intensities
from 1 0 reflection of the HOK phase and the back-
ground from the LOK phase. Table 2 shows the HOK
and HI values for the studied samples. It turned out
that the Hinckley index and the HOK phase content
shows a correlation described well by the quadratic
equation

1 1

1

LITHOLOGY AND MINERAL RESOURCES  Vol. 58  N
(1)

with correlation factor R2 = 0.993 (Fig. 2). It should be
noted that the regression curve is very close to the ori-
gin—the point for which the HI and HOK values
should be zero. It is obvious that now the Hinckley
index acquires a certain meaning via the HOK value.
By calculating HI for the studied kaolinite and using
Eq. (1), it is possible to obtain an important structural
parameter (HOK), indicating the ratio of defective
(LOK) and almost defect-free (HOK) crystallites in
the sample.

= + −2HOK (%) 12.236 HI 25.464 HI 1.2622
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Fig. 2. Relationship between HOK and Hinckley crystallinity index (HI).
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Fig. 3. Relationship between HOK and QF index.
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The kaolinite crystallinity index QF (Range and

Weiss, 1969) is another simple and widely used empir-

ical parameter for assessing the perfection degree of

kaolinite samples. It calculates the ratio of the area

under the diffraction pattern between 11  and 02

reflections (F1, Fig. 1c) to the area of the rectangle

formed by the peak 11  heights and the distance from

its top to peak 02  as the base (F1 + F2, Fig. 1c). It is

believed that kaolinites with QF = 0.20–0.45 are low

defective, kaolinites with QF = 0.45–0.60 are medium

1 1

1

1

LITHOLOGY 
defective, and kaolinites with QF > 0.60 are highly
defective (Aparicio et al., 1999; Chmielová and Weiss,
2002; González et al., 1999). The HOK vs. QF cor-
relation is described by a linear equation

(2)

with R2 = 0.977 (Fig. 3).

The kaolinite crystallinity index IK (Stoch, 1974;
Stoch and Sikora, 1966) uses the intensity ratio of reflec-

tions 020 (C, Fig. 1d) and 1 0 (D, Fig. 1d). Usually, its
value ranges from 0.4 to 1.4 and it is considered that the

= − +HOK (%) 169 QF 106.8

1
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Fig. 4. Relationship between HOK and IK.
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disordered and ordered kaolinites have IK > 1.0 and <0.7,
respectively. Figure 4 shows the HOK/IK correlation
described by the quadratic equation

(3)

with R2 = 0.98. Equations (2) and (3) can be used to
find the HOK phase content in samples for which the
QF and IK values are measured.

Unlike all previous crystallinity indices, the kaolin-
ite crystallinity index AGFI (Aparicio and Galán, 1999;
Aparicio et al., 2006) uses the decomposition of the
diffraction profile in the region of 02l and 11l reflec-
tions into individual maximums using the Pearson VII

function. Measuring the heights A, B, and C of 1 0,

11 , and 020 reflections, one can calculate the ratio
AGFI = (A + B)/2C (Fig. 1e). This index was devel-
oped and used by the authors for kaolinite samples
containing impurities of quartz, feldspar, illite, smec-
tite, chlorite, halloysite, iron hydroxides, and amor-
phous silica. However, it should be noted that decom-
position of the diffraction profile into individual max-
imums is not always unambiguous and exclusive, since
the number of peaks and the position of some of them
may be unknown. Moreover, for a complex profile
composed, as we now know, of contributions from the
HOK and LOK phases (Fig. 1a), any decomposition
into individual peaks described by the Pearson VII
function will be incorrect. Nevertheless, the HOK vs.
AGFI correlation is described well by the quadratic
equation

(4)

= − +2
HOK (%) 41.009 IK 149.85 IK 136.55

1

1

= + −2

HOK (%)

20.632 AGFI 105.75 AGFI 54.801
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with R2 = 0.98 (Fig. 5). At the same time, if we assume
that HOK = 100% for the Keokuk sample (Bish and
von Dreele, 1989) whose structure was refined by the
Rietveld method, corresponding measurements on its
diffractogram yield AGFI = 2.56, and AGFI = 6.32,
according to Eq. 4. However, if we approximate the
experimental points in Fig. 5 with a linear equation
instead of quadratic equation,

(5)

with R2 = 0.935 (Fig. 5), then, according to Eq. 5, the
value of HOK = 100% is achieved at AGFI = 2.69,
which is significantly closer to the measured value of
AGFI = 2.56 than for the quadratic equation.

The kaolinite crystallinity index WIRI, i.e., weigh-
ing intensity ratio index proposed in (Chmielová and
Weiss, 2002) represents a modified AGFI version

including 020, 1 0, 11 , as well as 1  reflections in
the case of kaolinites, in which the latter reflection is
manifested in the diffraction pattern. In addition, these

authors normalized intensities 020, 1 0, 11 , and 1
reflections to their corresponding FWHM values as the
products of coefficients w1 = 1/FWHM(020), w2 =

1/FWHM(1 0), w3 = 1/FWHM(11 ), and w4 =

1/FWHM(1 ). They also used an expression for the
exponent so that the WIRI values vary between 0 and 1:

(6)

In this paper, the diffraction profile was decomposed
using the asymmetric Split Pearson VII function. If we
construct the AGFI vs. WIRI correlation (Table 3),
including all data for the samples studied in this paper,
as well as samples studied in (Chmielová and Weiss,

= −HOK (%) 42.438 AGFI 14.385

1 1 1 1

1 1 1 1

1 1

1 1

= − − +
+

1 2

3 4

{ [ ( ) (WIRI 1 exp w I 1 10 w I 11 1

w I 1 1 1 w I 02

)

( )] ( 0)}.
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Fig. 6. Relationship between crystallinity indices AGFI and WIRI.
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Fig. 5. Relationship between HOK and crystallinity index AGFI.
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2002, Table 4), then it is described well by the sextic

equation

(7)

with R2 = 0.94 (Fig. 6). A similar correlation of HOK

and WIRI values is described by the quintic equation

6 5

4 3

2

AGFI 256.01 WIRI 816.29 WIRI

1046.5 WIIRI 688.14 WIIRI

243.84 WIIRI

243.121 WIRI 3.5621

= −
+ −

+
− +
LITHOLOGY 
(8)

with R2 = 0.955 (Fig. 7).

Expert System (Plançon and Zacharie, 1990)

In contrast to the empirical crystallinity indices
HI, QF, IK, AGFI, and WIRI, the Expert System is

=
− +

− + −

5

4 3

2

HOK (%) 2119.3 WIRI

5258.5 WIIRI 4982.6 WIIRI

2313.0 WIIRI 621.27 WIRI 72.759
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Table 3. Content of the high-ordered HOK phase in natural kaolinites and corresponding crystallinity indices HI, QF, IK,
AGFI, WIRI and ldp values characterizing the content of low-defect phase, according to Expert System

No. Sample HOK HI QF IK AGFI WIRI ldp

1 Keok-1 86 1.80 0.15 0.41 2.53 1 113

2 Keok-2 80 1.70 0.18 0.44 2.44 0.99 105

3 Keok1D 80 1.69 0.15 0.41 2.45 1 89

4 Keok2D 80 1.69 0.15 0.48 2.18 1 86

5 Keok3D 77 1.73 0.19 0.47 2.13 0.99 86

6 Ch-76 76 1.67 0.2 0.45 2.22 0.99 86

7 Keok4D 73 1.61 0.19 0.49 2 0.98 72

8 Keok-3 69 1.59 0.21 0.55 1.81 0.97 70

9 E-4 68 1.58 0.23 0.53 1.77 0.98 61

10 Keok-4 68 1.65 0.22 0.52 1.85 0.98 59

11 An 63 1.48 0.31 0.59 1.55 0.92 42

12 Dec 55 1.31 0.29 0.64 1.42 0.93 43

13 Pr 55 1.31 0.34 0.69 1.42 0.94 43

14 Ch-67 54 1.33 0.3 0.62 1.53 0.99 37

15 Sd 41 1.04 0.42 0.94 1.01 0.75 36

16 Vl 37 1.08 0.41 0.87 1.12 0.85 15

17 KGa-1b 37 0.98 0.38 0.86 1.06 0.85 0

18 Sm 36 0.90 0.45 0.92 1.04 0.78 13

19 Kaol-3 36 1.00 0.41 0.87 1.06 0.88 0

20 KGa-1 27 0.79 0.44 0.95 0.91 0.73 40

21 Mag1 23 0.64 0.52 1.06 0.89 0.76 0

22 G-5 18 0.63 0.52 1.13 0.87 0.43 11

23 Im 18 0.58 0.54 1.27 0.79 0.47 0

24 MA4 15 0.48 0.52 1.32 0.7 0.42 102

25 5914 13 0.48 0.55 1.25 0.76 0.41 112

26 S218 12 0.46 0.56 1.24 0.74 0.52 94

27 5920 12 0.43 0.56 1.31 0.74 0.38 87

28 6194 9 0.34 0.55 1.35 0.78 0.43 0

29 BOR-2 6 0.39 0.61 1.28 0.8 0.39 9

30 KGa-2 4 0.22 0.61 1.32 0.68 0.32 0
based on a systematic analysis of numerous diffraction
patterns calculated by the authors for structural mod-
els including various types of defects in the kaolinite
structure. This system assumes the measurement on
an experimental diffractogram of seven parameters in
the region of 02l and 11l reflections and four parame-
ters in the region of 20l and 13l reflections designated
in Figs. 8a and 8b or in (Plançon and Zacharie, 1990,
Figs. 1a, 1b) by numbers from 1 to 7 and from 8 to 11,
respectively. Depending on their values, the computer
program (expkaol.com) determines whether the given
sample is one-phase or two-phase. For a two-phase
sample, the program calculates the content (in %) of a
well-crystallized kaolinite phase (Wp). In (Plançon
and Zacharie, 1990), this phase is designated as ldp
(low defect phase). In terms of structure, the ldp phase
LITHOLOGY AND MINERAL RESOURCES  Vol. 58  N
is similar to the HOK phase, since it has Wt1 : Wt2 =

0.98 : 0.02 (Plançon et al., 1989). Therefore, we will

use hereafter the ldp designation instead of Wp. In the

case of a one-phase sample, the system calculates the

proportion of translation defects (p), the content of

layers with a vacancy in the octahedral site C (WC), the

average number of layers in crystallites (N), and the

value of translation length variations around the aver-

age value (δ). All crystals of one-phase samples estab-

lished in (Plançon and Zacharie, 1990) contained rel-

atively high concentrations of stacking faults and,

therefore, should be considered as low order phases.

Application of this approach to the studied kaolin-

ite collection showed that it includes both two-phase

and one-phase samples. Figure 9 compares the ldp
o. 4  2023
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Fig. 7. Relationship between HOK and crystallinity index WIRI.
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Fig. 8. Measurements used in the Expert System. (a) in the region of reflections 02l, 11l ((1) height of peak 1 0 measured from
the diffractogram background line; (2) height of peak 1 0 measured from the background line drawn between reflections1 0 and
11 ; (3) height of peak 11 ; (4) distance between reflections 020 and 002; (5) distance between reflections 1 0 and 02 ; (6)
height of background between reflections 1 0 and 11 ; (7) FWHM–full width at half ref lection 002; (b) in the region of reflec-
tions 20l, 13l ((8) distance between reflections 1 0 and 131; (9) height of peak 1 1; (10) height of background between reflections
1 1 and 131; (11) height of peak 131.
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values obtained using the Expert System and the HOK
values based on the modeling of experimental diffrac-
tion patterns. It shows that the HOK vs. ldp correlation
is described well by the linear equation

(9)

with R2 = 0.982. All samples identified by Expert Sys-
tem as one-phase and low-ordered fell on the ordinate
axis, while the modeling of their diffractograms
showed the presence of the HOK phase (4–18%) (Fig. 9,
Table 3). It should be noted that discrepancies in the
estimation of the number of phases were also pointed

= +HOK (%) 0.6836 ldp(%) 9.4399
LITHOLOGY 
out in (Plançon and Zacharie, 1990) based on the

study of natural kaolinites using Expert System and

the method of XRD pattern modeling (samples C3

and III-Mp in (Plançon and Zacharie, 1990, Table 1).

On the other hand, Expert System predicts the ldp

content greater than 100% for several samples from

this collection (Keok-1, Keok-2, Keok1D, and

Keok2D) (Fig. 9).

If we now plot the HOK and ldp correlation with

HI on one plot, they are described by different regres-

sion curves with different correlation coefficients R2
AND MINERAL RESOURCES  Vol. 58  No. 4  2023
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Fig. 9. Relationship between HOK and ldp.
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Fig. 10. Relationship of the Hinckley crystallinity index (HI) with values of HOK (black circles) and ldp (crosses).
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(10)

(cf. Eqs. (1) and (10)). The closest agreement between

the HOK and ldp values is observed at HI ~ 1.00,

whereas their values differ markedly in different direc-

tions at HI < 0.70 and HI > 1.30. If the regression

curve of the HOK vs. HI correlation (Fig. 10) almost

coincides with the origin, then Expert System predicts

average HI ~ 0.3 for the one-phase low-ordered sam-

ples (ldp vs. HI correlation at ldp = 0, Fig. 10), with HI

variations from 0.22 to 0.63 (Table 3). Taking the

= +
− =

2

2

ldp (%) 19.891 HI 31.475 HI

12.286, 0.974R
LITHOLOGY AND MINERAL RESOURCES  Vol. 58  N
HOK values obtained by modeling experimental dif-
fraction patterns as true, the corresponding ldp values
at HI < 0.70 are underestimated and, conversely, over-
estimated at HI > 1.30 (Table 3, Fig. 10). These dis-
crepancies can be caused by the following fact: Expert
System was based on the analysis of diffraction pat-
terns calculated for various models of the defect struc-
tures of kaolinite, whereas the HOK values for the
analyzed samples were obtained by modeling their
experimental diffractograms.

As already mentioned above, Expert System often
predicts one-phase samples at small HI values (e.g.,
G5, S218, 5920, Bor-2, 6194, and KGa-2 with HI =
o. 4  2023
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0.63–0.22). However, the HOK and ldp values are
close for samples Im, Ma4, and 5914 with HI = 0.58–
0.48 (Table 3). The largest difference between the
HOK and ldp values (18%) was established for sample
G5. Therefore, it is interesting to compare the simula-
tion results of this sample for the two-phase and one-
phase models. In Figs. 11a and 11b fragments of an
experimental diffractogram of sample G5 in the 2θ
region containing 02l, 11l, and 002 reflections are
compared with diffraction patterns calculated for the
two-phase and one-phase models. The corresponding
structural parameters are given in Table 2. It should be
noted that a comparison of the calculated diffraction
patterns for both models in the entire 2θ region from
reflection 001 to reflection 060 showed that they
almost do not differ anywhere, except for the region
highlighted in Figs. 11a and 11b with reflections 02l,
11l and 002. The two-phase model (Fig. 11a) almost
lacks any significant differences between the experi-
mental and calculated profiles of the compared pat-
terns, except for a small intensity difference at ~22-
23.5° 2θ, probably, due to the presence of a small dia-
spore admixture in the sample. Position of reflections

1 0, 11 , and 02  on the diffractogram are deter-
mined entirely by the contribution of the HOK phase
(close to the positions of these reflections for a perfect
kaolinite), since the contribution from the LOK phase
provides only high background scattering at these 2θ
values. The profile factor characterizing the degree of
discrepancy between the compared diffraction pat-
terns (Rp = 8.17%). Notably large differences between
the experimental and calculated patterns in this 2θ
range (Fig. 11b) are observed in the case of a one-
phase model. Due to an increase in the concentration
of layer translations t2 in the one-phase model (Wt2 =

0.20, Table 2), as compared with their content in the
HOK phase of the two-phase sample (Wt2 = 0.02,

Table 2), one can see a notable shift of reflection 02
toward small 2θ angles (Fig. 11b). Consequently, pro-
file factor for the compared patterns increases to Rp =
8.56%. According to (Plançon and Zacharie, 1990),
Expert System uses this effect to identify the one-
phase and two-phase samples. However, in the com-
parison of the calculated diffraction patterns for the
two-phase and one-phase models with the diffracto-
gram of sample G5, preference should likely be given
to the two-phase model as better corresponding to the
experimental pattern. Since Expert System identified
this sample as one-phase, it cannot be considered a
reliable method for the unambiguous structural inter-
pretation of such samples.

DISCUSSION

Do one-phase samples exist?

Among all of kaolinite samples studied by the mod-
eling of experimental diffraction patterns, we did not
find any one-phase and highly defective sample. On

1 1 1

1

LITHOLOGY 
the other hand, we also did not detect any one-phase
and low-defective kaolinite. From the diffraction
point of view, the two-phase low-ordered samples
should exhibit relatively weak and wide (but notable)

intensity modulations close in position to 1 0, 1 0,

and 11  reflections of kaolinite against the back-
ground of a wide and intense “hump” in the 19°–25°
2θ region, whereas the two-phase and highly ordered
samples in this region should demonstrate a notable
background scattering between the well-resolved
kaolinite reflections 02l and 11l. It is rather easy to
detect these features of diffractograms for kaolinite
samples with 10 < HOK < 80, but much more difficult
for samples with HOK < 10 and HOK > 80. At the
same time, one-phase kaolinites of variable degrees of
defect may exhibit diffraction effects close to those
observed for the two-phase samples. As example, Fig. 12
shows fragments of the calculated diffraction patterns
containing reflections 02l, 11l, and 002 for the two-
phase and one-phase models, in which all structural
parameters of individual phases are the same, except
for the occurrence probabilities of layer translations
Wt1 and Wt2. As is evident from Fig. 12, for any one-

phase kaolinite structure with the given Wt1 : Wt2 ratio,

it is possible to choose such a ratio of HOK and LOK
phases in the two-phase model that the calculated dif-
fraction patterns for both models will differ by no more
than 4.5%. Moreover, if we compare these patterns
over the entire 2θ range from reflection 001 to 060,
they coincide completely, except for the highlighted
fragment in Fig. 12. Hence, diffraction methods aver-
aging the structural characteristics of individual crys-
tallites can be unsuitable for determining the structural
heterogeneity of natural kaolinites. Therefore, it is not
surprising that Expert System, as shown above, some-
times poorly identifies the two-phase samples with
HOK < 20, taking them for the one-phase and highly
defective. At the same time, the Hinckley index, as we
saw above, turned out to be a very sensitive parameter
for two-phase samples, both with high and low LOK
phase content.

Based on the study of kaolinite samples by model-
ing experimental diffractograms, three samples (III-I,
IV-L, and V-G) were classified as one-phase kaolin-
ites in (Plançon et al., 1989, Fig. 1, Tables 1, 2). Dif-
fraction patterns of these samples almost lack modu-

lations of kaolinite ref lections 1 0 and 11 , although
the corresponding HI was estimated at 0.43, 0.32, and
0.18 based on these reflections (Plançon et al., 1989,
Table 2). It is possible that these samples are also two-
phase. This discrepancy can be related to the following
fact: experimental diffractograms were simulated by
these authors not simultaneously for the entire diffrac-
tion pattern, but separately in two selected fragments
with reflections 02l, 11l, and 20l, 13l and without tak-
ing into account the contribution of basal reflections
002 and 003. Moreover, the authors improperly
allowed different CSD sizes in the plane of ab layers

1 1

1

1 1
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Fig. 11. Comparison of a fragment of the experimental diffractogram of sample G5 in the region of reflections 02l and 11l with
the diffraction patterns calculated for the two-phase (a) and one-phase (b) model of the kaolinite defective structure (structural
parameters of models are presented in Table 2; An—anatase).

19 20 21 22 23 24 25 26 27
2�, deg

002

020

110
(a)

(b)

111

Rp = 8.17%

021

Rp = 8.56%

An

An
when modeling individual fragments of diffractograms
with indices 02l, 11l and 20l, 13l (Plançon et al., 1989,
Table 2). Our collection of kaolinites lacked any sam-
ple, with the diffraction pattern showing only a
“hump” of background scattering in the 02l and 11l
reflection region without notable intensity modula-

tions close to the positions of reflections 1 0 and 11 .

Obviously, the one-phase HOK can be considered
a Keokuk sample, whose structure was refined by
D. Bish and von Dreele by the Rietveld method. Its

1 1
LITHOLOGY AND MINERAL RESOURCES  Vol. 58  N
powder diffraction pattern lacks any background scat-

tering between reflections 020, 1 0, 11 , and 1

(Bish and von Dreele, 1989, Fig. 2). According to our

estimates, the HI value for this sample is ~2.00. If we

assume that HOK = 100% for this sample, the corre-

sponding point on the HOK versus HI plot (Fig. 2)

almost coincides with the regression curve. Appar-

ently, it can now be argued that the HI value for natu-

ral kaolinites varies from 0 to 2.00, and the corre-

sponding HOK value ranges from 0 to 100%.

1 1 1 1
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Fig. 12. Comparison of diffraction patterns in the region of reflections 02l and 11l calculated for the one-phase (solid line) and
two-phase (circles) models of kaolinite defective structure. The content of layer translations in the one-phase model (Wt1 : Wt2 :
Wt0) is shown in the figure near each curve. In the two-phase model of HOK and LOK, Wt1 : Wt2 = 0.98 : 0.02 and Wt1 : Wt2 :
Wt0 = 0.50 : 0.45 : 0.05, correspondingly; all remaining structural parameters of individual phases are similar in both models; the
HOK : LOK ratio is shown near each curve. Rp—profile factor characterizes the discrepancy degree of diffraction patterns cal-
culated for the one-phase and two-phase models.
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Possible explanation of the formation of HOK and LOK 
phases in a single sample

Manifestation of enantiomorphism in kaolinite
minerals was demonstrated experimentally by the
methods of vacuum decoration and transmission elec-
tron microscopy on the growth patterns of elementary
kaolinite layers with a thickness of 7Å (Samotoin,
2010; Samotoin and Bortnikov, 2014). These results
indicate that both right- and left-handed triclinic
kaolinite crystals are formed easily in nature, which
cannot be distinguished by diffraction methods. At the
same time, all known refinements of the kaolinite
structure show that its 1 : 1 layers lack symmetry ele-
ments and are characterized by an oblique base-cen-
tered layered unit cell with γ < 90°, but at the same
time contain a pseudo-mirror plane passing along the
long diagonal of this cell (Bish, 1993; Bish and von
Dreele, 1989; Drits and Kashaev, 1960; Neder et al.,
1999; Sutch and Young, 1983; Zvyagin, 1960); i.e.,
identical atoms are located at close, but still different
distances on both sides of this diagonal. At the same
time, one should agree with the concept in (Bookin
et al., 1989) that from the crystal-chemical and struc-
tural points of view, real distortions of the kaolinite
layer allow only stacking faults related to the alterna-
tion of enantiomorphic right- and left-hand kaolinite
fragments interrelated by a glide plane. Hence, the
layers most likely have a real mirror plane in such
defective 1 : 1 structures. Thus, the HOK phase in
kaolinite samples is likely characterized by a triclinic
structure, where 1 : 1 layers do not have a mirror plane
and, therefore, only the ordered right- or left-handed
crystals having only a few number of random stacking
faults can grow. On the contrary, kaolinite layers in
LOK phase crystals always have a mirror plane. There-
fore, the left- and right-handed enantiomorphic frag-
ments are formed easily in crystallites due to random
defects in the stacking of identical layers related to the
alternation of layer translations t1 and t2 in approxi-

mately equal proportions. Apparently, the different
ratio of HOK and LOK phases in different samples
depends on their genesis, geological setting, formation
mechanism, and others.

Why is knowledge of the real kaolinite structure 
important for interpreting experimental data?

Recently, a combination of the synchrotron radia-
tion XRD and X-ray/Neutron pair distribution func-
tion was used in (Lee and Xu, 2020) to determine the
average and local structure of natural Murfreesboro
kaolinite from the S.V. Bailey collection (Department
of Geosciences, University of Wisconsin-Madison,
USA). The aim of the work was to demonstrate the
new possibilities of modern methods for studying the
structure of exclusively dispersed mineral objects, for
which the single-crystal methods cannot be applied.
Probably, the choice of this sample was based on the
firm belief of the authors that its structure is highly
LITHOLOGY AND MINERAL RESOURCES  Vol. 58  N
ordered and devoid of any defects. As already men-
tioned above, the two-phase kaolinite samples are
characterized by a diffraction pattern, in which reflec-
tions 02l and 11l appear against the background of a
wide and intense “hump” in the 19°–25° 2θ region.
Exactly such intensity distribution is recorded in this
region in the given sample (Lee and Xu, 2020, Fig. 5).
Therefore, it can be assumed that the studied kaolinite
is actually a two-phase variety containing both high-
ordered (HOK) and low-ordered (LOK) phases.
Determination of the HI value from their diffraction
pattern (Lee and Xu, 2020, Fig. 5) showed that HI =
0.79. Using Eq. (1), we find that HOK = 26.5%.
Hence, only one-third of crystallites in the sample
have a perfect or almost perfect structure, while two-
thirds of other crystallites are highly defective. It
should be noted that the HOK and HI values, as well
as diffraction pattern of the Murfreesboro sample
almost coincide with the corresponding values for the
international standard KGa-1 (The Source Clays
Repository of The Clay Mineral Society) whose real
structure and two-phase composition were confirmed
by modeling its experimental diffraction pattern
(Sakharov et al., 2016). Therefore, the results of appli-
cation of these powder methods for a sample with a
high content of stacking faults cannot be considered
reliable.
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