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INTRODUCTION

Finely dispersed dioctahedral K�bearing mica�
ceous minerals are widespread in diverse geological
settings of the Earth’s crust (S�rodon�, 1999; Moore and
Reynolds, 1989, 1997; Drits and Kossovskaya, 1990,
1991; Drits et al., 1983). Idealized structure of these
minerals is made up of 2 : 1 layers linked by interlayer
K cations. Each 2 : 1 layer is composed of an octahe�
dral sheet sandwiched between tetrahedral sheets. In
the dioctahedral 2 : 1 layers, two of three symmetri�
cally independent octahedra are occupied by cations.
Succession of 2 : 1 layers forms one�layer monoclinic
structure corresponding to 1M polytype. In natural
samples, such periodicity is often disturbed due to
stacking faults caused by the relative rotation of adja�
cent layers at ±120°or n60° (n = 0, 1, 2, …, 5). Ideal�
ized structural formula of the considered mineral
group can be represented as follows:

Kx + y(Si4 – xAlx) O10(OH)2,R R3 2
2( )y y
+ +

−

where R3+ and R2+ correspond to the trivalent (Al,
Fe3+) and divalent (Mg, Fe2+) octahedral cations,
respectively.

Depending on the cationic composition of octahe�
dral and tetrahedral sheets of 2 : 1 layers, the following
main mineral varieties are distinguished: illites (x >
0.2; R3+ > R2+, Al > Fe3+), glauconites (x > 0.2; R3+ >
R2+, Fe3+ > Al), aluminoceladonites (R3+ ≈ R2+, Al >
Fe3+, x < 0.2), and celadonites (R3+ ≈ R2+, Fe3+ > Al,
x < 0.2). All low�temperature (i.e., formed at T <
150°C) dioctahedral K�bearing micaceous minerals
are characterized by two features. First, the interlayer
K cations occupy most, but not all available, interlayer
sites. Therefore, the sum of K cations in the micaceous
interlayers (x + y) varies for different samples between
0.65 and 0.85 (S�rodon� et al., 1986; Sakharov et al.,
1990, 1999) as calculated per О10(ОН)2. Second, the
interlayer spaces of the considered mineral group, as
the predominant micaceous layers, contain a minor
amount of expandable smectite interlayers. In other
words, the finely dispersed dioctahedral micaceous
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minerals usually have a mixed�layer structure, in
which up to 20% of smectite interlayers are distributed
between micaceous layers with variable order�disorder
degree (Reynolds, 1980, 1988; Drits and Sakharov,
1976; Drits and Tchoubar, 1990).

Determination of the content and alternation
order of micaceous and smectite interlayers in the
mixed�layer illite–smectite and glauconite–smectite
structures is discussed in (Reynolds and Hower, 1970;
Reynolds, 1985; Drits and Sakharov, 1976; Drits et al.,
1983, 2010; Drits and Tchoubar, 1990; McCarty et al.,
2009; S�rodon� et al., 1980, 1981, 1984; Sakharov and
Lanson, 2013). The most efficient approach to the
structural study of sample is obtaining the best fit
between the calculated and experimental XRD pat�
terns containing basal reflections. It is believed that
the structural parameters, at which the best fit is
attained, adequately describe the sample structure
(Sakharov et al., 1999; Drits et al., 1997b, Lanson
et al., 2009; Drits et al., 2005). Such an approach is
sufficiently time�consuming and requires the applica�
tion of special softwares. Therefore, in practice the
structural characteristics of mixed�layer minerals are
usually determined by another method. To implement
this method, several researchers (Drits and Sakharov,
1976; Reynolds, 1980, 1988; Drits et al., 1983;
S�rodon�, 1980, 1981, 1984; Watanabe, 1981) carried
out systematic calculations of XRD patterns for the
dioctahedral mixed�layer illite–smectites and glauco�
nite–smectites, which differ in the content and distri�
bution pattern of different layers.

These data were used to determine the diffraction
criteria, which allow the identification of a certain
mixed�layer phase without preliminary calculations.
Moreover, a series of graphical methods was proposed
to establish the types of layers, their concentrations,
and distribution. These methods are based on the
analysis of positions of basal reflections recorded on
XRD pattern from the oriented ethylene glycol�satu�
rated specimens. It is obvious that the lower the con�
tent of smectite layers in the micaceous sample struc�
ture, the weaker their influence on the position of
basal reflections. At sufficiently low contents of smec�
tite layers, the position of basal reflections depends on
the thickness of the coherent scattering domains
(CSDs) and instrumental factors rather than on con�
centrations of expandable interlayers. Under these con�
ditions, the graphical methods reported in literature
seem to be low efficient, because they do not provide
accurate determination of small amounts of smectite lay�
ers in the structure of mixed�layer minerals.

Moore and Reynolds (1989) based on Mering's
principals (Mering, 1949) proposed another way to
determine the low contents of layers of one type in a
matrix of another layer type. According to one of these
principles, broadening of the basal reflection of
mixed�layer structure with random distribution of A
and B layers depends on its distance to the nearest
basal reflection, which corresponds to the periodical

structure consisting of either layers A or layers B. This
offers an opportunity to determine the minor contents
of a component by analyzing the broadening of basal
reflections observed in the XRD pattern of a two�com�
ponent mixed�layer structure.

The main advantage of the proposed approach is as
follows: it does not require the determination of exact
position of basal reflections from the analyzed mixed�
layer sample. Unfortunately, Moore and Reynolds
(1997) did not provide a detailed description of physi�
cal principles underlying the “Q rule,” which was rec�
ommended to use for estimating the degree of broad�
ening of basal reflections corresponding to a certain
mixed�layer phase. For this reason, as far as we know,
Q�rule has not yet been applied for the analysis of nat�
ural mixed�layer phases.

The aim of this work was to consider in detail the
methodological aspects of this approach, its opportu�
nities and limitations with respect to the highly dis�
persed dioctahedral varieties of K�bearing micaceous
minerals (illites and glauconites), which contain small
amounts of expandable smectite layers and have rela�
tively thin CSDs. This problem was solved using soft�
ware allowing the simulation of diffraction patterns
from structural models of the considered group of
micaceous minerals with small amounts of smectite
layers. High efficiency of the application of this pro�
gram was exemplified by the study of diverse natural
mixed�layer minerals (Drits et al., 2011; Drits et al.,
1997b, 2002a, 2005; Sakharov et al., 1999; Lanson
et al., 2009; Lindgreen et al., 2002, 2008; McCarty
et al., 2008, 2009).

OBJECTS AND METHODS

We studied the globular dioctahedral micaceous
glauconite–illite varieties collected from the Upper
Proterozoic successions of North Siberia and
described in detail by Ivanovskaya et al. (2012). Sam�
ple names in the present paper are as in the above
work. In addition, we studied glauconite sample 37/71
from the Lower Ordovician of Latvia (collection of
T.A. Ivanovskaya) and the hydrothermal illite sample
RM30, which represents the standard accepted by the
Clay Mineralogical Society (CMS) of the United
States. The structural–mineralogical characteristics
of the latter sample is reported in (Drits et al., 2010).
Oriented specimens prepared by the method of parti�
cle precipitation from suspension less than 0.001 mm
in size were studied using a Bruker D�8 diffractometer.
Diffraction patterns were recorded using CuKα radia�
tion on points within 2θ angle range from 2.00° to
80.00° with a step of 0.05° 2θ, exposure 80 s, accelera�
tion voltage 40 kV, and beam current 40 mA. The goni�
ometer radius was 250 mm, divergence and antiscatter
slits established immediately after the X�ray tube were
0.5°, and the width of the receiving slit in front of the
scintillation detector was 0.1 mm.



52

LITHOLOGY AND MINERAL RESOURCES  Vol. 50  No. 1  2015

SAKHAROV, DRITS

METHODOLOGY

Calculation of XRD Patterns

The XRD patterns containing basal reflections
were calculated for the models of mixed�layer mica–
smectite structures using a software proposed by
B.A. Sakharov and A.S. Naumov based on algorithms
described in monographs by Drits and Sakharov
(1976) and Drits and Tchoubar (1990), as well as in the
review by Sakharov and Lanson (2013). The effect of
instrumental parameters, such as vertical and horizon�
tal divergence of incident and diffracted X�ray beams,
diameter of goniometer, and size and thickness of
samples, were taken into account according to recom�
mendations of Reynolds (1986) and Drits et al. (1983).

A mixed�layer structure with alternation of mica�
ceous (Mc) and smectite (Sm) layers will be desig�
nated as Mc–Sm. Interlayer sites of such structures
are filled, respectively, by K cations for the micaceous
interlayers and by ethylene glycol molecules and
exchange cations for the smectite interlayers. For
micaceous and smectite layers of the mixed�layer Mc–
Sm phase, z�coordinates and site occupancy by the
corresponding atoms were determined according to
(Moore and Reynolds, 1997). The K content in the
interlayers accounted for 0.75 atoms per formula unit
(f.u.), i.e. per anionic framework О10(ОН)2 of 2 : 1
layer. K cations were placed at centers of micaceous
interlayers. The thickness of micaceous layer (2 : 1
layer plus interlayer) and smectite layer was 9.98 Å and
16.85 Å, respectively.

The CSD thickness, which is determined by the
number of strictly parallel layers of different nature,
varied according to the lognormal distribution–its
average and maximal values were variable parameters
(Drits et al., 1997a).

Statistical Description of Mixed�Layer Structures

In order to calculate the diffraction effects from the
mixed�layer structure, it is necessary to determine the
number of alternating types of layers, their structure
and distribution in a crystallite, as well as sizes of the
CSD (Drits and Sakharov, 1976; Sakharov and Lan�
son, 2013). First of all, to determine the order of alter�
nating layers, it is necessary to know the relative con�
tents of layers of each type (Wi). Another important
parameter is the so�called short�range order factor
(R), which is equal to the number of preceding layers
that defines the probability of the appearance of a
specified layer. If layers of different types have random
distribution, the appearance of any layer does not
depend on the nature of preceding layer and R = 0; if
the preceding layer affects the next layer, R = 1; and so
on. However, parameter R does not define the nature
of this influence, which is characterized by condi�
tional probability parameters. For the mixed�layer
structure in which layers A and B with relative contents
WA and WB are interstratified at R = 1, the sequence of

layer types in the crystal or CSD may be described
using four conditional probabilities (РАА, РАВ, РВА,
РВВ). Probability of the occurrence of layer pairs of АВ
or ВВ types equals WАРАВ and WВРВВ, respectively.
Probability of the occurrence of any layer subsequence
can be calculated by similar way. For instance, proba�
bility of the occurrence of AABAB sequence is
WАРААРАВРВАРАВ. Six probability parameters interde�
pend by the following relationships:

WА + WВ = 1; РАА + РАВ = РВА + РВВ = 1; 

WАРАВ = WВРВА. 

Therefore, only two independent parameters should
be known to describe a two�component structure with
R = 1. If WА > WВ, such parameters can be WВ and РВВ,
because WА = 1 – WВ, РВА = 1 – РВВ, РАВ = WВ(1 –
РВВ)/(1 – WВ), and РАА = [1 – WB(2 – PBB)]/(1 – WB).

Note some characteristic relationships between
probability parameters. If РВВ = 0 and WА > WВ, the
studied structure is characterized by maximum possi�
ble degree of order in the alternation of layers А and В
at R = 1. In a structure with РАА = WА and РВВ = WВ,
R = 0 and layers of different types show completely
random distribution. For mixed�layer structures with
short�range order factor R = 2 or 3, the position of a
definite layer depends on two or three preceding layers.
For this reason, coefficients Pikl (i, k, l = A, B) or
Piklm (i, k, l, m = A, B) are introduced to describe the
alternation of layers in the two�component mixed�
layer structure with R = 2 or 3, respectively. Under
these conditions, coefficient РААВ determines the
probability that layer В will follow the doublet AA in
the chosen direction. Similarly, if R = 3, coefficient
РАВАВ determines the probability that layer В will fol�
low the triplet ABA. Among all diversity of mixed�layer
structures with R = 2, we distinguish only structures
with WА ≥ 0.67 and maximum possible degree of
ordering in the alternation of layers of different types.
For such structures, both РBВ and РВАВ should have
zero values. If two layers B in structures with R = 1 and
maximum possible degree of order do not occur
together (РВВ = 0), but they can be separated by one
layer A (i.e., BAB combination is allowed), two B layers
in the model with R = 2 should be separated by at least
two layers A. Under these conditions, the layer succes�
sion in crystals with R = 2, WА ≥ 2/3, and РВАВ = 0 may
be described knowing only one independent parame�
ter (WВ). Similarly, the maximum possible degree of
ordering in the alternation of layers of different types
in two�component mixed�layer structures with R = 3
and WА ≥ 0.75 is attained if РВВ = РВАВ = РВААВ = 0.
Again, as for structure with R = 1 and R = 2, the alter�
nation of layers with the maximum possible degree of
order at R = 3 and WА ≥ 0.75 may be described by only
one independent parameter, WВ.
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Mering’s Principles

Mering (1949) formulated principles allowing the
simplest way to describe the formation of XRD pattern
from two�component mixed�layer structures with a
random alternation of А and В layers. According to the
first principle, each node of reciprocal lattice corre�
sponding to the mixed�layer structure may be situated
along с* axis of this lattice between the closest nodes
corresponding to the periodical structures, which con�
sist of either А or В layers. For instance, if periods
along normal to the layers of the periodic structures
are equal to d(001)A and d(001)B, their periods along

с* axis in the reciprocal lattice will equal =

1/d(001)A and  = 1/d(001)B, respectively. Thus, the
nodes of reciprocal lattices of the periodic structures are

situated along the с* axis in succession lA  and lB
where lA and lB are integers corresponding to the indices
of corresponding nodes. In Fig. 1 showing the mutual

positions of nodes lA  and lB   = 0.1002 Å–1 and

 = 0.0593 Å–1 correspond to d(001)A = 9.98 Å and
d(001)B = 16.85 Å), we distinguish areas between the

closest nodes lA  and lB  which should contain
nodes of the reciprocal lattice of the mixed�layer
phase. Each node of the reciprocal lattice corresponds
to the basal reflection in the XRD pattern of sample
having periodic or mixed�layer structure. Thus,
according to Mering’s first principle, each basal
reflection recorded from the random mixed�layer
phase must be located between two reflections corre�
sponding to periodical structures consisting of layers А
and В. The position of 00l reflection corresponding to
the mixed�layer phase in a first approximation
depends on the concentrations of layers А and В (WA

and WB) according to the following equation:

1/d(00l)obs = WA/d(00l)A + WB/d(00l)B, (1)

where d(00l)A and d(00l)B are spacings of reflections of
periodic structures consisting of layers А and В, which

*
Ar

*
Br

*
Ar *,Br

*
Ar *

Br *( Ar
*
Br

*
Ar *,Br

sandwich a reflection of the mixed layer phase with
spacing d(00l)obs at the given WA and WB values. It fol�
lows from Eq. (1) that the lower the content of layers В
(WВ), the closer the basal reflections of the mixed�
layer phase are to the reflections of periodical structure
consisting of layers A. At a very low content of layers B,
the XRD pattern of the corresponding mixed�layer
structure will only show reflections located near the
reflections of periodical phase consisting of layers А.
Therefore, such reflections are identified using the
same indices 00l that are used for reflections of the
periodical structure. The above�mentioned facts
should be taken into account during the consideration
of diffraction patterns of random two�component
mixed�layer structures with a low content of one of the
components.

According to Mering’s second principle, the longer
the distance between the adjacent basal reflections
corresponding to the periodical structures, the broader
located between them the basal reflection correspond�
ing to the mixed�layer phase. All above�mentioned
features following from Mering’s principles are clearly
seen in the diffraction pattern calculated for the ethyl�
ene glycol�saturated random mixed�layer mica–
smectite phase containing 80% micaceous interlayers
(Fig. 2a). Vertical lines mark the positions of basal
reflections corresponding to the periodical structures
of 9.98 Å mica and 16.85 Å smectite, with basal reflec�
tions of the mixed�layer phase between them. These
reflections become broader with increasing distance
between the limiting reflections of periodical struc�
tures (Fig. 2a).

Drits and Sakharov (1976) and Drits et al. (1997)
expanded the possibilities of Mering’s principles and
demonstrated their applicability to two�component
mixed�layer structures, in which layers А and В are
alternated with maximum possible degree of order
(MPDO) at a short�range order factor R = 1, 2, or 3.
As already mentioned, if at R = 1 and WА > WВ, layers
of different types are alternated with MPDO, then a
mixed�layer structure is devoid of layer pairs BB, i.e.,

0.6 0.7 0.8 0.9 1.0 1.1 1.2 Å–1

1

007 008 009 0010 0011 0012

0013 0014 0015 0016 0017 0018 0019 002000120011

0 0.1 0.2 0.3 0.4 0.5 0.6 Å–1

001 002 003 004 005 006

003 004 005 006 007 008 009 001000200100lB/16.85 (Å–1)

00lA/9.98 (Å–1)

Fig. 1. Graphic image of nodes of reciprocal lattice along the c* axis corresponding to reflections 00l for periodical structures with
the layer thickness of 9.98 and 16.85 Å, respectively. (1) Areas in which reflections of a mixed�layer phase may be located.
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Fig. 2. Diffraction patterns calculated for the ethylene glycol�saturated disordered mixed�layer mica–smectite phase containing
80 and 86% of 9.98 Å micaceous, and, respectively, 20 and 14% of 16.85 Å smectite layers alternating with short�range order fac�
tor: (a) R = 0; (b) R = 1. Solid and dashed vertical lines correspond to the positions of basal reflections 00l for periodical structures
of: (a) mica (Mc) and smectite (Sm); (b) mica (Mc) and mica–smectite layer pairs (Mc–Sm).
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РBB = 0. Such structure can be described as the result
of completely disordered alternation of layers А and
layer pairs AB in accordance with Mering’s principles.
For instance, if structures with R = 1 is represented by
alternation of 9.98 Å illite and 16.85 Å smectite layers
in proportions 86 : 14, it may be considered as a structure
with the random alternation (83.7 : 16.3) of 9.98 Å illite
(A) and 26.83 Å rectorite (AB) layers. According to
Mering’s principles, the position and degree of broad�
ening of basal reflections of such mixed�layer structure
will depend on the mutual position of reflections cor�
responding to the periodical illite and rectorite struc�
tures (Fig. 2b).

Detailed description of the behavior of reflections,
which, according to Mering’s principles, should be
observed in the XRD pattern of two�component
mixed�layer structures, in which layers of different
types are alternated with the maximum possible degree
of order at R = 2 and 3, was given by Drits and
Sakharov (1976) and in more detail by Drits et al.
(1997).

The Q�rule

Moore and Reynolds (1989) proposed a method to
obtain the quantitative information on the mixed�
layer structure with a low concentration of one of the
alternating layers. However, this method was suffi�
ciently formally described. These authors considered
the model of mixed�layer structure, in which a small
(a few percents) amount of 10 Å biotite layers is alter�
nated with 14.2 Å chlorite layers. The 10/14.2 ratio was
multiplied by integers l corresponding to the orders of
chlorite basal reflections. Then, the deviation of this
value from the closest integer was found for each
l 10/14.2 value and the result of this operation yielded
the Q value. These values at different l predicted the
degree of broadening of basal reflections of the mixed�
layer chlorite–biotite phase: the higher the Q value,
the more the degree of broadening of the correspond�
ing reflection. To test this hypothesis, the diffraction
pattern was calculated for the random mixed�layer
biotite–chlorite structure containing 10% of biotite
layers. It was found that Q values are related by practi�
cally linear dependence with half�widths of basal
reflections. The latter values were multiplied by cosθ
to exclude the effect of angular broadening of reflec�
tions from CSDs size. Moore and Reynolds concluded
that the slope of straight lines relating Q with half�
width of reflections at their half�thickness and calcu�
lated for different concentrations of biotite in mixed�
layer structures may be used to determine the amount
of biotite layers in these structures. However, such cal�
culations are not presented in (Moore and Reynolds,
1998). As far as we know, correlation between Q values
and half�widths of basal reflections has not been
applied so far to study the natural mixed�layer struc�
tures with a minor amount of one of the components.
This is possibly related to the fact that the method pro�

posed by the above authors to determine Q does not
explain its direct relation with Mering’s principles,
although this relation is undoubtedly present in a hid�
den form.

To provide insight into relationships between Q val�
ues and Mering’s principles, let us again consider Fig.
1 demonstrating the mutual positions of reciprocal lat�
tice nodes with indices 00lA and 00lB corresponding to
the periodical structures consisting of layers А and В,
respectively. It is well seen that each reflection 00lA of
phase А with the given lA value is sandwiched between
two reflections 00lB and (00lB + 1) of phase B, and the
distance to each of them is different. Exceptions are
reflections 005A and 008A of phase А. The latter reflec�
tion is situated exactly in the middle between reflec�
tions 0013B and 0014B, while the former reflection is
almost in the middle between reflections 008B and
009B of phase В. This denotes that the distance
between reflections 008A and 0013B (or 0014B) of phase
В is the maximum possible and equals 0.5 in fractions

of period  or 0.5  (Å–1). Reflection 005A has a sim�
ilar position with respect to reflections 008B and 009B

(Fig. 1). Each of the remaining reflections of phase А
is always coupled with the reflection of phase В located

at a distance of less than 0.50 (in fractions of period 
(Fig. 1).

Let us consider the relationship 

where  shows how many times the distance between
coordinate origin and node 00lA of phase А (with the

given lA value) is greater than the period  If  equals

integer lB, the position of nodes lA  and lB  will
coincide, while the half�width of basal reflection 00l
with  observed in the XRD pattern of the mixed
layer phase with a minor content of layers В will be
equal to the half�width of reflection 00l of phase А. If

 will be n + 0.500, the distance between reflection
00lA of phase А and closest reflections 00lB (lB = n) and
00(lB + 1) of phase B is maximum possible. Hence, the
corresponding node of the mixed�layer phase will have
the maximum possible broadening. In order to deter�
mine the closest distance for the remaining pairs of

nodes 00lA and 00lB in ratio  the valuel lA

should successively be increased. As seen from Fig. 1,

the  ratio at lA = 1 will be much higher than 1.5.
Hence, reflection 002 of phase В will be the closest to
reflection 001 of phase А, while Q value will be

 = |2 –  Conversely, the 

ratio will be <3.5 and Q =  =

 for reflection 002 of phase A. In other
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words, the deviation of  in  ratios from the
closest integer often corresponds to Q value.

Let us calculate Q values for mixed�layer structures
under consideration, in which the predominant mica�
ceous layers are alternated with smectite layers either
randomly (R = 0) or with maximum possible degree of
order at R = 1. In the first case, layers of 9.98 Å and
16.85 Å are alternated; in the second case, pairs Mc–
Sm with a thickness of 26.83 Å and mica layers Mc
with a thickness of 9.98 Å. Under these conditions, the
26.83/9.98 and 16.85/9.98 ratios should be multiplied
by integers lA corresponding to orders of mica basal
reflections. As seen from Table 1, different Q values
should predict the broadening for different orders of
basal reflections of the mixed�layer phase regardless of
definite contents of expandable layers. In the consid�
ered mixed�layer structures, the largest broadening is
inferred for reflections 008, 005, and 0011, whereas
reflections having indices 003, 0010, and 006 should
be much narrower (Fig. 1). Reflection 003 with the
least Q value should have the least broadening and
minimum sensitivity to the content of expandable
component. It should be emphasized that indices 00l
in this example correspond to reflections of the mixed�
layer phase, because 00l sequence of reflections at the
minor content of expandable layers is similar in the
diffraction patterns of both mixed�layer and periodic
mica structures. Note at last that mixed�layer struc�
tures with R = 0 and R = 1 have similar Q values,

'Bl * *
A A Bl r r

because 26.83/9.98 and 16.85/9.98 differ by unity
(Table 1).

Choice of Mc–Sm Models Depending on the Content
of Smectite Layers at Different Factors R

As already mentioned, the Mc–Sm structures at
the same content of smectite layers differ in the order
of their distribution among the micaceous layers,
which are characterized by the short�range order fac�
tor R. It is obvious that the different order of layer
alternation at each given content of smectite layers will
distort the diffraction pattern of the corresponding
structure. To visualize the effect of different degrees of
order on the alternation of different layers in Mc–Sm
structures, we analyzed diffraction patterns of Mc–
Sm structures, in which the relative content of smec�
tite layer (WSm) subsequently changed with a step of
0.02 from 0 to 0.20, and the short�range order factor R
at each WSm equals 0, 1, 2, or 3. Among all diversity of
structures, only structures with the maximum possible
degree of order were analyzed for each R value. This
denotes that at WMc > WSm and factors R equal 1, 2,
and 3, the closest pairs of smectite layers are separated
by at least one, two, or three micaceous layers, respec�
tively. Smectite interlayers in the analyzed structures
contain two layers of ethylene glycol molecules, and
the thickness of smectite layer (2 : 1 layer + interlayer)
was 16.85 Å.

The task was to distinguish structures, whose dif�
fraction patterns unambiguously indicate the alterna�
tion of layers of different types with R ≥ 1. Figures 3a–
3c demonstrate four diffraction patterns correspond�
ing to the Mc–Sm structures with different WMc : WSm
values. These structures have similar contents of smec�
tite layers and the maximum possible order in the dis�
tribution of layers of different types at R = 0, 1, 2, and
3. At first, we exclude Mc–Sm structures with R = 0
and WSm < 0.20, because their diffraction patterns con�
tain only basal reflections, the number and position of
which is close to 00l reflections of mica (Figs. 3a–3c).
Comparison of diffraction patterns calculated for
Mc–Sm structures, which have similar WMc : WSm at
R = 1 and R = 0, demonstrates that they insignificantly
differ in both intensity and position of basal reflections
at WSm ≤ 0.14. The weak low�angle reflection with d =
13.04 Å observed in the calculated diffraction pattern
and corresponding to the Mc–Sm structure with
WMc : WSm = 0.86 : 0.14 can hardly appear under
experimental conditions. At WSm > 0.14 and R = 1, an
additional reflection with d = 12.91–13.0 Å was
recorded in the low�angle region (Figs. 3b, 3c). The
diffraction patterns of mixed�layer structures, in
which the micaceous and smectite layers are alter�

Table 1. Calculated Q values for the mixed�layer structures
with alternation of smectite (Sm) and micaceous (Mc) lay�
ers 16.85 and 9.98 Å thicknesses or layer pairs (Mc–Sm)
and micaceous layers (Mc) 26.83 and 9.98 Å thicknesses 

l l × 16.85/9.98 l × 26.83/9.98 Q

1 1.688 2.688 0.312

2 3.377 5.377 0.377

3 5.065 8.065 0.065

4 6.754 10.754 0.246

5 8.442 13.442 0.442

6 10.130 16.130 0.130

7 11.819 18.819 0.181

8 13.507 21.507 0.493

9 15.195 24.195 0.195

10 16.884 26.884 0.116

11 18.572 29.572 0.428

12 20.261 32.261 0.261

l—order of basal reflection.

Fig. 3. Diffraction patterns calculated for the mixed�layer mica–smectite structures (Mc–Sm) with alternating 9.98 Å micaceous
(Mc) and 16.85 Å smectite (Sm) layers and maximum possible degree of order with R = 0, 1, 2, and 3 at WMc : WSm: (a) 0.90 :
0.10 and 0.88 : 0.12; (b) 0.86 : 0.14 and 0.84 : 0.16; (c) 0.82 : 0.18 and 0.80 : 0.20.
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nated with the maximum possible degree of order at
R = 2, contain the low�angle reflection even at WSm ≥
0.12 but already with d = 11.35–11.93 Å (Figs. 3a–
3c). At last, diffraction patterns of the Mc–Sm struc�
tures, in which layers of different types with WSm ≥
0.14 are alternated with the maximum possible degree
of order at R = 3, contain already two low�angle reflec�
tions with d = 11.37–11.60 Å and 15.58–15.95 Å.
Note that only one additional peak with d = 11.23 Å
is observed in the low�angle region at WSm = 0.12 and
R = 3.

The above analysis revealed two groups of diffrac�
tion patterns: with and without additional (as com�
pared to “micaceous”) reflections. Below, we shall
consider only the mixed�layer Mc–Sm structures with
WSm ≤ 0.20 and R = 0 and with WSm ≤ 0.14 and R = 1
which show no additional basal reflections in the low�
angle region. Natural samples, diffraction patterns of
which contain additional low�angle reflections,
include Mc–Sm structures with WSm ≥ 0.16 and R = 1
and with WSm ≥ 0.14 and R ≥ 2 (Figs. 3b, 3c). Since
alternating layers of these structures could have no
maximum possible degree of ordering, their complete
characteristics may be obtained by simulation of the
corresponding experimental XRD patterns.

Determination of Full Width 
of the Diffraction Maximum at Half�thickness

As known, the profile of basal reflections is deter�
mined by the statistically average thickness of CSD.
Let us assume that the thickness of CSD in the studied
mixed�layer structures is constant and equals T =
9d(001)Mc = 89.82 Å regardless of the content of smec�
tite layers. In this case, 

T = N(9.98WMc + 16.85WSm), (2)
where N is the average number of micaceous and
smectite layers in the analyzed structure, and the terms
9.98WMcN and 16.85WSmN are contributions of thick�
ness of the micaceous and smectite components,
respectively, to the average thickness of CSD. Thus, if
the relative contents of micaceous and smectite layers
are WMc and WSm, respectively, the average number of
layers in the CSD equals N = T/(9.98WMc + 16.85WSm).
For instance, Mc–Sm structure with WMc = 0.90, WSm =
0.10, and T = 89.82 is characterized by N = 8.420.
Table 2 shows the N variations depending on the content
of smectite layers in Mc–Sm structures, which are char�
acterized by a constant CSD thickness T = 89.82 Å.

At the given CSD thickness, we calculated diffrac�
tion patterns corresponding to mixed�layer structures
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Fig. 3. Contd. 
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with WSm ≤ 0.20 at R = 0 and with WSm ≤ 0.14 at R = 1
and containing 12 orders of basal reflections. A suc�
cessive increase of smectite layers in these structures
was accomplished with a step of 0.02. From the calcu�
lated diffraction patterns, we excluded reflection 006
owing to its negligibly small intensity. Reflection 004
was excluded, because its asymmetrical shape did not
allow us to accurately determine the true half�width.
The remaining 10 orders of basal reflections corre�
sponding to each of the analyzed Mc–Sm structures
had sufficiently symmetrical shapes. Therefore, the
width at half�thickness (half�width) of each reflection
was determined by the direct measurement on a 2θ
scale and was denoted as β (Fig. 4).

The half�widths of reflections were measured using
Fytik software (Wojdyr, 2010). The Split�Pearson�VII
analytical function was used to describe the profile of
asymmetrical diffraction peak. The XRD pattern with
the chosen 10 basal reflections was split preliminarily
into individual segments containing one to three
closely spaced basal reflections. For each distin�
guished segment of diffraction pattern, the back�
ground was subtracted as curve approximated by n
degree polynomials. Then, each diffraction maximum
in the distinguished region was specified by the sym�
metrical bell�shaped function, while the subsequent
automated optimization provided the best fit between
the calculated mathematical function and the experi�
mental profile in the given region of diffraction curve.
The degree of their correspondence was estimated
visually from the difference curve. The values of half�
width of reflection and its positions in 2θ angles were
displayed on the screen (Fig. 4a).

Some problems arose during analysis of the low�
angle reflection 001, the observed profile of which is
distorted owing to the strong background scattering.
Its intensity sharply increases toward low angles begin�
ning from values 10°–11° 2θ, which mark the begin�
ning of the record of intensity of the considered maxi�
mum. Distribution of the background scattering
intensity was approximated by straight line, the slope
of which was determined by profiles of the distribution
of observed intensities adjacent to the analyzed reflec�
tion from the large and small 2θ angles (Fig. 4b). Suc�
cessive subtraction of the background scattering inten�
sity from the observed reflection profile in the distin�
guished 2θ region and application of the above�
described optimization procedure provided the best fit
between the calculated mathematical function and the
“corrected” profile of 001 reflection.

In order to take into account the angular broaden�
ing of basal reflections caused by the relatively small
thickness of CSDs, the obtained β values were multi�
plied by cosθ. Thus corrected half�width values
(βcosθ) of reflections of different orders of a certain
Mc–Sm structure were used to plot Q versus βcosθ
curves.

Dependence of Q on βcosθ
for Mixed�layer Structures at R = 0

Required dependences were obtained using Q val�
ues corresponding to each index lA of the observed
basal reflections (Table 1). For each structure with the
given WSm, half�widths of the observed 00l reflections
(βcosθ) were determined by analyzing their optimized
profiles. As expected, the values Q are well correlated
with βcosθ at low contents of smectite layers (WSm ≤
10%) (Fig. 5a). Actually, correlation coefficients (R2)
characterizing the linear regressions between Q and
βcosθ have high values and vary within a narrow range
from 0.986 to 0.960 with variations in WSm. However,
growth of WSm is accompanied by the subsequent devi�
ation from linear dependence of reflections 001, 002,
and 0012 owing to the decrease of corresponding
βcosθ. On the contrary, deviation of reflections 003
and 0010 from the linear dependence is caused by
increase of the corresponding βcosθ (Fig. 5b). It
appeared that these deviations in the position of 00l
reflections observed for each mixed�layer structure
with different WSm are regular at all WSm ≤ 0.20 and
with R2 ≥ 0.995 are described by cubic regression
equations shown by dashed lines in Figs. 5a, 5b.

It should be emphasized that all regression equa�
tions corresponding to mixed�layer structures with
WSm ≤ 0.20 and R = 0 have the same βcosθ value coin�
ciding with the position of reflection 003 (Figs. 5a, 5b).
Let us remind that mixed�layer structures with WSm ≤
0.20 and R = 0, for which diffraction patterns were cal�
culated, had the same average thickness of CSD. This
denotes that the position of reflection 003 for the two�
component Mc–Sm structure with R = 0 in the plot of
Q dependence on βcosθ is determined by the thick�
ness of CSDs.

Table 2. Average number of layers (N) in the mixed�layer
Mc–Sm crystals of similar thickness T (89.92 Å) with alter�
nating 9.98 Å micaceous and 16.85 Å smectite layers de�
pending on the content of smectite layers (WSm)

WSm, % N

0 9.000

2 8.878

4 8.759

6 8.643

8 8.530

10 8.420

12 8.313

14 8.209

16 8.107

18 8.008

20 7.911

22 7.816

24 7.724
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6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0
CuKα 2θ, deg1

WSm = 10%, R = 0, N = 9 001

(b)

12 13 14 15 16 17 18 19 20
CuKα 2θ, deg

WSm = 10%, R = 0, N = 9 002

(a)

Fig. 4. Approximation of profiles of the diffraction maxima of reflections 002 (a) and 001 (b) calculated for the disordered mixed�
layer structure Mc–Sm with WSm = 10% using Split–Pearson�VII function given in Fityk software (Wodjdyr, 2010). (1) Back�
ground scattering, intensity of which was subtracted from the analyzed profile.
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Fig. 5. Dependence of Q on βcosθ for the disordered mixed�layer structures Mc–Sm calculated at WSm equal to 2–10% (a) and
12–20% (b). Lines corresponding to (1) linear and (2) cubic regression equations, which describe the position of the correspond�
ing reflections in the plot at fixed WSm value.
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Determination Of WSm Values From The Q Versus
βcosθ Straight Lines Slope

In spite of the fact that cubic regression equations
reproduce with a higher accuracy the position of
reflections 00l corresponding to the mixed�layer struc�
ture with each given WSm, we failed to establish the
direct relationship of these equations with the content
of smectite layers in the corresponding structure. The

successive decrease of slope of straight lines relating Q
and βcosθ with WSm (Figs. 5a, 5b) may be applied to
determine the content of smectite layers in the ana�
lyzed structures. It is shown that the value a in linear
regression equations y = ax + b determines tanα,
where α is the slope angle of straight lines described by
these equations to х axis. Thus, linear regression equa�
tions deduced for ten mixed�layer structures with dif�
ferent WSm were used to determine angles α corre�
sponding to definite WSm (Table 3). Dependence of WSm
on α shown in Fig. 6 is again described by regression
equation

 (3)

Variations of WSm versus α show that the accuracy
of WSm determination decreases with increase of its
value. For instance, if α values were determined accu�
rate to 3°–5°, this value within the range of WSm from
2 to 8% may be determined with accuracy more than
0.5%. At such accuracy of α determination, WSm
within the range of 16–20% could be determined with
variations ±2%. Possible modifications of straight
line's slopes depending on CSD thickness should be
taken into account in practical application of obtained
relationships.

Determination of CSD Thickness

According to Mering’s model, smectite reflection
005 with d(005) = 3.37 Å almost completely coincides
with the mica reflection 003 with d(003) = 3.327 Å in

= − α + α

− α + =

Sm

with 0.998.

3 2

2

0.0001 0.0202

1.2396 31.925

W

R

Table 3. Values of slope angles (α) of straight lines described by the linear regression equations of Q dependence on βcosθ
for the mixed�layer structures made up of alternating mica (Mc) and smectite (Sm) layers 9.98 and 16.85 Å thicknesses with
factors R = 0 and R = 1 at different WSm

WSm, %
α, deg

|ΔWSm|, %
α, deg

|ΔWSm|, %
R = 0 (001–0012) R = 0 (001–008) R = 1 (001–0012) R = 1 (001–008)

2 73.3 73.6 0.01 72.6 73.0 0.23

4 58.4 59.2 0.06 55.6 56.7 0.15

6 46.2 47.3 0.04 41.7 43.1 0.07

8 36.5 37.8 0.05 29.9 32.2 0.15

10 29.5 30.7 0.03 23.3 24.2 0.03

12 24.0 25.1 0.04 18.0 18.3 0.01

14 20.0 21.0 0.11 14.2 14.0 0.00

16 16.7 17.4 0.05 – – –

18 14.2 14.6 0.06 – – –

20 12.5 12.5 0.06 – – –

Intervals of basal reflections with different indices 00l, which were used for plotting regression curves are shown in parentheses. 
Values |ΔWSm| represent the difference of WSm  values calculated from the cubic regression equations for reflections 001–0012 and 001–
008, respectively.
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Fig. 6. Dependence of WSm on slope angle α at R = 0 and
R = 1.
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two�component structures consisting of alternating
9.98 Å micaceous and 16.85 Å smectite layers (Fig. 1).
This denotes that the half�width of reflection 003 also
weakly depends on proportions of 9.98 Å and 16.85 Å
layers in the mixed�layer structure, being mainly
defined by the average thickness of the CSDs of crys�
tallites. For this reason, all regression curves in Figs. 5a
and 5b converge at one point, which coincides with
reflection 003. Validity of these considerations is con�
firmed by the fact that dependences of βcosθ values,
which correspond to reflections 003, on WSm calcu�
lated for mixed�layer structures with different T values
represent a series of parallel straight lines (Fig. 7).
Owing to small variations in βcosθ within ± 0.02,
each curve may be approximated by linear regression
almost parallel to x axis. Such approximation made it
possible to establish the correlation between averaged
CSD thickness (T) and half�width βcosθ of experi�
mental reflection 003 (Fig. 8). This dependence is
described by quadratic regression equation:

(4)

Thus, βcosθ value of reflection 003 determines the
average thickness T, while formula (2) may be used to
calculate the average number of layers (N) in the stud�
ied structure at the known content of smectite layers
(WSm).

Influence of CSD Thickness on the Accuracy
of WSm Determination

It is very important from practical viewpoint to
estimate the influence of T value on the slope of
straight lines characterizing Q dependence on βcosθ,
because this estimate defines the accuracy of WSm

= β θ

− β θ + =

T

с 0.999.

2

2

229.996( cos )

408.448 cos 246.876 R

determination. Actually, the dependences of Q on
βcosθ and WSm on α were calculated for fixed value
T = 89.82 Å. If slopes of lines shown in Figs. 5a and 5b
will depend on T, each T requires the corresponding
series of Q versus βcosθ and WSm versus α.

In order to solve the set problem, we calculated dif�
fraction patterns of structures with different WSm and
T, determined βcosθ for the observed reflections 00l,
and plotted Q versus βcosθ for each structure with the
given WSm and T. In particular, Fig. 9 demonstrates a
series of curves, which characterize the dependences
of Q on βcosθ and correspond to mixed�layer struc�
tures with WSm = 0.10, but with different T values
(69.86, 79.84, 89.82, 99.80, 109.78, and 119.76 Å).
Regression equation obtained for each straight line
was used to determine its slope angle (α) correspond�
ing to each T value. Values of angles 28.8° and 28.0°
corresponding to T = 69.86 and 109.78 Å, respectively,
differ from angle α= 28.5° calculated at T = 89.82 Å by
only 0.5°. This denotes that Q versus βcosθ plots cal�
culated for mixed�layer structures with the given con�
tent WSm and different T remain practically parallel to
each other, and errors in WSm determination are no
more than tenths of percent.

Similar result was obtained by the comparison of Q
versus βcosθ curves characterizing the distribution of
positions of reflections 00l using the cubic regression
equations (Fig. 9). As in the previous case, the profiles
of curves with similar WSm but different T were very
close.

Mixed�layer Mc–Sm Structures with WSm ≤ 0.14
and R = 1. Dependence of Q on T

As shown above, diffraction patterns of the ethyl�
ene glycol�saturated Mc–Sm structures with WSm >

2220181614121086420
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Fig. 7. Dependence of half�widths βcosθ corresponding to
reflections 003 on WSm for the mixed�layer structures
Mc–Sm at R = 0 and different values of T.
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Fig. 8. Correlation between averaged thickness of crystals
(T) and half�width (βcosθ)003 of reflection 003.
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0.14 and R = 1 show low�angle reflections with d ≤
13.0 Å. Therefore, the corresponding experimental
XRD pattern must be simulated to determine reliably
the probability parameters controlling the distribution
of alternating layers in the analyzed structure. On the
basis of analysis of relationships between half�widths
of basal reflections and corresponding Q values, we
attempted to determine the amount of smectite layers
and their distribution in structures with WSm ≤ 0.14
and R = 1. To solve this problem, we calculated dif�
fraction patterns containing the basal reflections of
mixed�layer structures, in which layer pairs 26.83 Å are
randomly alternated with 9.98 Å micaceous layers. In
such structure, smectite 16.85 Å layers are separated
from each other by at least one micaceous layer.
Hence, micaceous and smectite layers are alternated
with factor R = 1. As for the case described above, it
was suggested that the CSD thickness (T) is similar for
structures with different WSm and equal 89.82 Å. The
Q values for basal reflections with different indices 00l
have similar values for structures with R = 0 and R = 1
(Table 1). Profiles and half�widths of basal reflections
with different l were determined using the same proce�
dure as that for the determination of βcosθ for struc�
tures with R = 0. It was found that the shape of Q varia�
tions versus βcosθ depending on WSm is similar for struc�
tures with R = 0 and R = 1. As in the case with R = 0, the

distribution of basal reflections 00l that are defined by
Q dependence on βcosθ is described at each given
WSm within the range 0.02 < WSm < 0.14 with R2 ≥ 0.99
by cubic regression equations (Figs. 10a, 10b). At the
same time, at WSm ≤ 0.08, the distribution of observed
basal reflections determinable at each given WSm by Q
dependence on βcosθ may be described by linear
regression equation with R2 = 0.96–0.98 (Fig. 10a).
Further increase of WSm from 0.08 to 0.14 is accompa�
nied by even more significant deviation of some basal
reflections from positions described by linear depen�
dence. In particular, the values βcosθ corresponding
to the reflections with indices 001, 002, and 0012 suc�
cessively decrease, while those corresponding to
reflections 003 and 008 increase. As in the case with
R = 0, each linear regression equation at the given WSm
was used to determine the slope angle of the corre�
sponding straight line with respect to axis x. Calcula�
tions showed that the straight lines characterizing Q
dependence on βcosθ and corresponding to mixed�
layer structures with the given WSm but different T are
parallel to each other. This denotes that variations of
WSm versus α (Fig. 6) described by regression equation

 (5)= − α + α

− α +

Sm

,

3 20.0001 0.0133

0.8337 23.2806
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Fig. 9. Dependence of Q on βcosθ corresponding to the mixed�layer Mc–Sm structures with content WS = 0.10, but different
crystal thickness (T) values and described by linear (1) and cubic (2) regression equations.
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Fig. 11. Dependence of Q on βcosθ for the mixed layer Mc–Sm structures, in which the content of smectite layers (WSm) varies
from 2 to 8% (a) and from 10 to 14% (b), while their distribution corresponds to R = 0 (1) and R = 1 (2).

may be used for determination of the content of smec�
tite layers in natural two�component structures, in
which 9.98 Å micaceous and 16.85 Å smectite layers at
WSm ≤ 0.14 are alternated with R = 1.

Determination of the Short�Range Order Factor R

Figure 11 demonstrates curves characterizing Q
dependence on βcosθ for mixed�layer structures with
identical contents of smectite layers but their different
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distributions between micaceous layers, i.e., with R =
0 and R = 1. It is well seen that the largest differences
between curves corresponding to R = 0 and R = 1 with
increasing WSm are observed for the largest Q values,
which sandwich reflections 005 and 008. The higher
WSm, the more the difference between βcosθ values
for reflections 005 and 008 located on the curves with
R = 0 and R = 1. At the same time, increase of WSm is
accompanied by increase in difference between β cosθ
values corresponding to reflections 008 and 005 pass�
ing from the curve with R = 0 to the curve with R = 1.
These features make it possible to distinguish the ran�
dom alternation of different layers from the alternation
with short�range order factor R = 1 for two�compo�
nent mixed�layer structures with a low content of
smectite layers. For this purpose, βcosθ correspond�
ing to reflection 003 should be subtracted from βcosθ
corresponding reflections 005 and 008 situated in the
curves with R = 0 and R = 1 to avoid the influence of
CSD thickness on the βcosθ value of the considered
reflections. At the next step, differences between the
βcosθ values corresponding to reflections 008 and 005
at each given WSm should be determined for all WSm ≤
0.14, for which the Q dependence on βcosθ was calcu�
lated at R = 0. This offers an opportunity to plot the
dependence Δ0 = (βcosθ)008 – (βcosθ)005 on WSm for
mixed�layer structures with R = 0 and WSm ≤ 0.14.
Similar procedure was used to determine the Δ1 versus
WSm dependence for mixed�layer structures with R =
1. Comparison of the obtained dependences (Fig. 12)
indicates that the difference between Δ0 and Δ1 within
WSm 8–14% at each WSm is large enough to distinguish
the random distribution of smectite layers between
micaceous layers from the distribution with tendency
to maximum possible degree of ordering at R = 1 even
at low contents of smectite layers.

Identification of Two�Component Mixed�Layer 
Structures with R = 0 and R =1

During study of the finely dispersed dioctahedral
micaceous samples containing smectite interlayers
with WSm ≤ 0.14, the order of their alternation remains
unknown if XRD patterns contain basal reflections,
the number and position of which is the same as in
monomineral 1M micas.

Under these conditions, the order of alternation of
different types of layers in the studied structure may be
determined using the following procedure:

(i) determination of the half�width of basal reflec�
tions β(00l) recorded on the XRD pattern from the
ethylene glycol sample and correction of the obtained
β(00l) for the corresponding values of cosθ;

(ii) approximation of Q dependence on βcosθ by
the linear regression equation to determine the slope
angle α of the straight lines;

(iii) the obtained α may correspond to two WSm val�
ues determined from the dependences of WSm on α

and corresponding to the distribution of different lay�
ers with R = 0 and R = 1 (Eqs. 3, 5);

(iv) determination of difference (Δ) between βcosθ
values corresponding to reflections 008 and 005
recorded on the experimental XRD pattern;

(v) determination of two values Δ0 and Δ1 for two
WSm values corresponding to structures with R = 0 and
R = 1 (Fig. 12); and

(vi) comparison of Δ0 and Δ1 with the experimen�
tally determined Δ to determine the tendency prevail�
ing in the distribution of smectite layers between mica�
ceous layers in the studied sample.

EXPERIMENTAL

Choice of Reflections

Preliminary experience in obtaining XRD patterns
from the oriented specimens of studied samples con�
taining 12 orders of reflections showed that their
record requires much time. It appeared that 00l reflec�
tions with l ≥ 9 have a very low intensity, while long�
term record may be accompanied by the partial evap�
oration of ethylene glycol molecules from expandable
interlayers of the structure. For this reason, we decided
to constrain the number of reflections in the experi�
mental XRD patterns, omitting 00l reflections with l ≥ 9
from consideration. In order to estimate errors, which
could arise due to such limitation, we compared the
slope angles α of straight lines described by linear
regression equations, which include the half�width of
00l reflections from 001 to 0012 and from 001 to 008,
respectively. Such a comparison was carried out for
mixed�layer structures with R = 0 and R = 1 at differ�
ent WSm. As follows from Table 3, difference in the
comparable α values is systematic, i.e., α value at given
WSm for a limited set of 00l reflections (l ≤ 8) is always
0.2°–1.4° higher than those for 00l reflections with l ≤
12. Using formulas (3) and (5), WSm was calculated for

(βcosθ)008–(βcosθ)005
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Fig. 12. Dependence of [(βcosθ)008 – (βcosθ)005] on
WSm for the mixed�layer structures with R = 0 and R = 1.
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each pair of α values. This procedure allowed us to
estimate ΔWSm, which should be added to each WSm
determined at the given R factor and limited number
of basal reflections. This addition, on average, varies
from 0.01 to 0.11%, i.e., has a negligibly small value
(Table 3).

Determination of the Half�Width 
of Experimental Reflections

One of important requirements to the quality of
analyzed reflection consisted in obtaining a large
number of X�ray impulses characterizing its profile. In
other aspects, procedure of the determination of
reflection width at its half�thickness was similar to the
procedure described above for reflections in the calcu�
lated diffraction patterns. Experimental XRD patterns
were subdivided into two or three segments with
closely spaced basal reflections. For each segment, the
background line was subtracted, and each reflection
was described by the bell�shaped function, while auto�
mated optimization performed using Fytik software
provided the best fit of experimental profile of ana�
lyzed reflection and calculated function. While multi�
plying the obtained β value by the corresponding cosθ
value, we took into account the dependence of angular
broadening of the basal reflection owing to the small
thickness of CSDs.

Determination of the Contents of Smectite Layers

Experimental values (βcosθ)e corresponding to the
above�described limited number of 00l reflections (l ≤
8) were used to plot Q dependence on (βcosθ)e for
each of the studied samples. In general, positions of
00l reflections shown in Figs. 13a–13c by dark circles
are described by the linear regression equations with
R�factor varying in different samples from 0.85 to 0.99.
Straight lines shown in Figs. 13a–13c by solid lines
correspond to regression equations, which are located
at the top left corner of the plots. The slope angles (α)

of straight lines were used to calculate the content of
smectite layers (WSm) in each sample using Eq. (3). As
seen from Table 4, WSm in structures of the studied
micaceous varieties varies from 5.3 to 12.6%.

Note one peculiarity in the distribution of half�
widths (βcosθ)e corresponding to reflections with
index 002. For instance, mixed�layer structures of
samples 555A and 560/3 contain close WSm values (7.1
and 7.3%, respectively). At the same time, as seen
from Fig. 13a, the deviations of positions (βcosθ)e
corresponding to different reflections 00l of sample
555A relative to the regression line are sufficiently
evenly distributed. The values of (βcosθ)e of all reflec�
tions of sample 560/3 also plot near the regression
straight line, except for the half�width (βcosθ)e corre�
sponding to reflection 002. We could not reveal struc�
tural features of this sample responsible for such sharp
deviation of its experimental half�width from the pre�
dicted value. Since slopes of the straight lines corre�
sponding to samples 555A and 560/3 seemed to be
practically identical, it is logical to conclude that sharp
deviation of the half�width (βcosθ)e of reflection 002
from the regression straight line observed for sample
560/3 was not caused by the incorrect determination
of the number of smectite layers, but is related with
other yet unknown causes. Distribution of (βcosθ) in
the plots showing variations of Q versus (βcosθ)e
makes it possible to divide the samples into two
groups. In one group, the half�widths (βcosθ)e of all
00l reflections are sufficiently evenly distributed rela�
tive to the regression straight lines (samples 555A,
37/71, 400/3, RM30, 553/1). In another group, the
position (βcosθ)e of reflection 002 is sharply shifted to
the left relative to its predicted position in the regres�
sion straight line, which is attributed to the much nar�
rower experimental half�width of this reflection (sam�
ples 555B, 560/3, 402/1, 60) (Figs. 13a–13c).

DISCUSSION

Simulation of XRD Diffraction Patterns

One of the best ways to test the correspondence of
WSm determined by analyzing the half�widths of basal
reflections to the true content of smectite layers in the
structure of studied samples consists in the simulation
of XRD patterns of structural models, the parameters
of which include proportions of micaceous and smec�
tite layers (WMc : WSm), as well as the thickness of the
coherent scattering domains (T) determined from
experimental XRD patterns. The T value of each sam�
ple was determined using formula (4), which describes
relationships between the average CSD thickness and
half�width βcosθ of experimentally observed profile of
reflection 003 (Table 4). As already mentioned, the
half�width of this reflection practically does not
depend on the content of smectite layers in the struc�
ture of the studied sample. The WSm values and CSD
thickness were used to determine the average number
of layers (N) in the averaged CSD of the studied struc�

Table 4. Slope angles of straight lines (α) and structural pa�
rameters of the studied samples

Sample no α, deg WSm, % T, Å N

560/3 39.89 7.34 79.3 7.57
555A 40.95 7.06 78.64 7.51
60 30.98 9.80 87.28 8.19
555B 29.31 10.39 70.32 6.58
553/1 24.01 12.61 72.87 6.72
400/3 49.18 5.61 76.43 7.37
402/1 41.90 6.92 74.68 7.14
37/71 48.54 5.71 72.52 6.99
RM30 51.06 5.34 124.67 12.05

WSm is the content of smectite layers, T is the average thickness of
mixed� layer crystals, N is the average number of layers in crystals.
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Fig. 13. Dependence of Q on βcosθ for the studied samples: (a) 402/1, 555A, 560/3; (b) 400/3, 37/71, RM30; (c) 555B, 60,
553/1. (1) Experimental and (2) calculated half�widths of basal reflections: regression straight lines corresponding to the (3)
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tures using formula (2) (Table 4). Distribution of cat�
ions over the structural sites of octahedral and tetrahe�
dral sheets of 2 : 1 layers and interlayers of micaceous
and smectite layers was given on the basis of structural
formula of the studied samples presented in
(Ivanovskaya et al., 2012; Drits et al., 2010).

Thus, the XRD patterns of each sample were simu�
lated using the cation composition, content, distribu�
tion (R = 0), and thicknesses of different layers, thick�
ness T, and number of layers in the averaged CSD of

the studied structure. As seen in Figs.14a–14c, the
calculated diffraction patterns satisfactorily reproduce
the main features of experimental XRD patterns. It is
known that the main diffraction characteristic of
mixed�layer structures is the presence of nonrational
series of corresponding basal reflections. The fact that
the positions of reflections in the comparable XRD
patterns corresponding to samples with different con�
tents of smectite layers practically coincide may be
considered as evidence for very close or even identical
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contents of smectite layers in the models and studied
samples. Moreover, the intensities of reflections with
similar 00l indices in the comparable diffraction pat�
terns usually have very close values (Figs. 14a–14c).
Exceptions are calculated and experimental intensities
of reflections 005 (sample 560/3) and 007 (samples
555B, 60). Note that the comparable patterns of all
samples, except sample RM30, demonstrate a strong
experimental maximum against a weak calculated

reflection 006. These differences are related to the
insufficiently high degree of orientation of particles of
globular samples. Actually, the observed experimental
maxima in the given 2θ region were caused by the con�
tribution of three�dimensional reflections with indices
h3l in its intensity (Drits et al., 2010). Owing to the
high degree of particle orientation in the specimen of
sample RM30, its XRD pattern lacks hkl reflections,
resulting in the coincidence of intensities of reflec�
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tions 006 in the calculated and experimental patterns
(Fig. 14b).

Comparison of (βcosθ)e and (βcosθ)c

Profiles of basal reflections observed in the mod�
eled diffraction patterns were optimized. This pro�
vided the exact determination of half�width β, angle
2θ, and, hence, (βcosθ)c of each analyzed maximum.
As example, the mutual location of (βcosθ)e and
(βcosθ)c values corresponding to basal reflections 00l
of samples 555A and 560/3 is shown in Fig. 15. For
sample 560/3, experimental (βcosθ)e and calculated
(βcosθ)c halfwidths of all reflections 00l have very
close values, except for reflection 002, the experimen�
tal half�width of which is much narrower than the cal�
culated one. As already mentioned, we could not
determine what caused the difference in the compara�
ble half�widths of this reflection. In contrast, sample
555A demonstrates very close values of comparable
half�widths for reflections with l ≤ 3, i.e., including
half�widths of reflection 002. However, experimental
half�widths of reflections with l ≥ 5 seemed to be much
wider than calculated ones. One of the possible rea�
sons for the observed inconsistency is fluctuations of
thicknesses of alternating layers, the presence of which
leads to the broadening of basal reflections (Drits and
Tchoubar, 1990).

It is noteworthy that even a comparatively small
number of expandable layers in the mixed�layer Mc–
Sm structure results in the contrasting distribution of
half�widths of reflections 00l as compared to those of
basal reflections of the periodical structure consisting
of only mica layers (Fig. 15).

Peculiarities in the distribution of (βcosθ)e 
and (βcosθ)c depending on Q

In Figs. 13a–13c, which demonstrate the Q depen�
dence on (βcosθ)c in the studied samples, one can see
that straight lines characterizing the distribution of
experimental and calculated half�widths of basal
reflections are either practically coincident (samples
560/3, 402/1, RM30) or almost parallel to each other
(samples 555A, 60, 37/71). In the last case, the differ�
ence of slope angles of the lines is usually less than 1°,
while corresponding WSm values are no more than
0.2%. Even if the difference between αe and αc deter�
mined for slope angles of the comparable straight lines
(sample RM30) is 2.8°, the content of smectite layers
differed by only 0.3% (Fig. 13b).

Error in Determination of the Content
of Smectite Interlayers, WSm

In order to reveal the difference between αe and αc,
which provides the required accuracy in determina�
tion of WSm in the studied mixed�layer structures,
XRD diffraction patterns were calculated for struc�
tural models, in which the content of smectite layers is
1% higher than WMc determined from the slope of
experimental regression straight line. This is exempli�
fied in Fig. 13a by the comparison of regression
straight lines corresponding to the distribution of half�
widths of experimental reflections for sample 560/3
and reflections calculated for the mixed�layer struc�
ture containing 8.3% smectite layers, i.e., 1% more
than that established from the slope of experimental
straight line (7.3%, sample 560/3). It is seen in the fig�
ure that an increase of WSm led to the decrease of slope
angle of calculated regression straight line by 3.8° as
compared to the slope angle of experimental straight
line, which corresponds to WSm = 8.2%. This example
demonstrates that if comparable experimental and
calculated straight lines are parallel to each other or
inclined with respect to each other at 1 or 2°, accuracy
of the calculated percentages of WSm is not higher than
tenths of a percent.

Thus, the obtained results indicate that the
described technique makes it possible to obtain reli�
able quantitative information for low contents of
smectite layers (WSm ≤ 10–12%) in the dispersed dio�
ctahdedral K�bearing illite and glauconite mineral
varieties.

Effect of Variations of Micaceous Interlayer 
Thicknesses Relative to Their Average Value

Detailed analysis of the mutual position of
(βcosθ)e and (βcosθ)c corresponding to reflections
005, 007, and 008 provides additional information on
structural features of the studied samples. In particu�
lar, a distinctive feature of the distribution of (βcosθ)e
and (βcosθ)c observed for samples 400/3 (Fig. 13b)
and 555B (Fig. 13c) is the fact that the calculated half�
widths of 005, 007, and 008 reflections are narrower
than those of experimental ones. In order to under�
stand the nature of this effect, we need to take into
account one of the characteristic features of the dis�
persed dioctahedral 2 : 1 micaceous varieties: manifes�
tation of wide isomorphism caused by the substitution
of Si for Al in the tetrahedral sheets and the substitu�
tion of trivalent cations (Al, Fe3+) for divalent ones
(Mg, Fe2+) in the octahedral sheets of 2 : 1 layers.
These isomorphic substitutions may result in hetero�
geneity of the cationic composition of individual
micro� and nanocrystals, which compose the sample,

Fig. 14. Experimental and calculated diffraction patterns for the studied samples: (a) 560/3, 555A, and 402/1; (b) 400/3, 37/71,
and RM30; (c) 555B, 60, and 553/1. Comparison of fragments of the experimental and calculated diffraction patterns corre�
sponding to the basal reflections 001 and 005 are shown for sample 553/1.
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and the composition of individual 2 : 1 layers that
make up micro� and nanocrystals. As shown in (Drits
et al., 2010), different degrees of the Si substitution for
Al in tetrahedral sheets of micaceous interlayers are
responsible for their different thicknesses, which lead
to variations in the interlayer, and, consequently, layer
(2 : 1 layer + interlayer) thicknesses. In natural mixed�
layer structures dominated by micaceous interlayers,
their thickness also could vary, relative to their average
thickness, owing to the heterogeneous cationic com�
position of 2 : 1 layers. In a general case, variations of
layer thicknesses are described by the function of sta�
tistical distribution of true distances corresponding to
true thicknesses of micaceous layers. Depending on
the nature of interaction between layers, variations of
the first and second order are recognized (Guinier,
1964; Drits and Tchoubar, 1990). Distribution of the
first�order variation is similar for any layer pair in the
considered layer succession. This denotes that the
short� and long�range order of distribution of true
layer thicknesses in such succession is defined by the
same law. Second�order variations show no long�
range order in their distribution. This denotes that
variations in thickness of the interlayer space between
a certain pair of 2 : 1 layers do not depend on those in
the adjacent interlayer separating another pair of 2 : 1

layers. The presence of the first�order defects does not
affect the profile of basal reflections, but they are
accompanied by the subsequent decrease of their
intensity with the growth of the reflection order l. For
the second�order variations, growth of the order of
basal reflections l is associated with decrease of the
intensity and broadening of these reflections. Simula�
tion of intensities and shapes of basal reflections of
natural mixed�layer structures is based on mathemati�
cal formalism, in which second�order variations in the
layer thickness are controlled by the normal Gaussian
distribution having a standard deviation Δξ (Drits and
Tchoubar, 1990).

Taking into account all these facts, the systematic
broadening of experimental basal reflections with l ≥ 5,
relative to the calculated ones, may be attributed to
second�order variations in thicknesses of the mica�
ceous interlayers. Calculations of diffraction patterns,
which took into account the above mentioned struc�
tural parameters and variations in the thickness of
micaceous layers with standard deviation Δξ = 0.06 Å,
showed very close (βcosθ)e and (βcosθ)c values corre�
sponding to reflections 005, 007, and 008. This effect
is well seen from the comparison of Q dependence on
(βcosθ)e and (βcosθ)c calculated for mixed layer
structures with Δξ = 0 and the same structures with the
thickness of mica layers varying with standard devia�
tion Δξ = 0.06 Å (samples 400/3, 555B; Figs. 13b,
13c).

At the same time, close values of (βcosθ)e and
(βcosθ)c are observed in sample 560/3 for all reflec�
tions regardless of their indices, except for reflection
002. This presumably indicates the minimum proba�
bility of second�order variations of layer thickness in
structure of this sample. More significant and nonsys�
tematic differences between comparable (βcosθ)e and
(βcosθ)c values observed in other samples are possibly
related to the measurement error in the half�widths of
experimental reflections and the calculation of aver�
aged CSD thickness based on the assumption that the
half�width of reflection 003 does not depend on the
content of smectite layers.

True Structure of Sample 553/1

Distribution of experimental (βcosθ)e and calcu�
lated (βcosθ)c half�widths with Q values in sample
553/1 differs from that in all other studied samples, on
the one hand, in the highest content of smectite layers
(12.6%) determined from the slope of experimental
regression straight line, and on the other hand, in sig�
nificant difference between slope angles of experimen�
tal (αe = 24.0°) and calculated (αs = 29.6°) regression
straight lines and as result, in different WSm equal
12.6% and 10.3%, respectively (Fig. 13c). In order to
explain such unusual distribution of (βcosθ)e and
(βcosθ)c, let us consider two significant features of the
experimental XRD pattern (Fig. 14c). First, it is well
seen in the figure that the calculated profile of reflec�
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Fig. 15. Comparison of half�widths of basal reflections for
samples 555A and 560/3. (1) Experimental; (2) calculated
for the mixed�layer structures; (3) calculated for the
defect�free structure consisting of micaceous layers, aver�
age CSD thickness of which equals to that of the mixed�
layer structure.



LITHOLOGY AND MINERAL RESOURCES  Vol. 50  No. 1  2015

TECHNIQUE FOR DETERMINATION OF THE CONTENT OF SMECTITE LAYERS 77

tion 005 is much narrower than the experimental one.
Second, the careful consideration of experimental and
calculated profiles of reflection 001 showed that the
calculated profile in its upper half is wider than the
experimental one and vice versa. This feature allowed
us to suggest that the distribution of smectite and
micaceous layers is not completely random, but is
controlled by the short�range order factor R ≥ 1. Sim�
ulation of the experimental pattern performed by the
trial�and�error method for different structural models
showed that the best fit between experimental and cal�
culated diffraction patterns was attained for the
model, in which the 9.99 Å micaceous layers are alter�
nated with 13.2 and 16.75 Å smectite layers at R = 2.
Let us designate the micaceous, 16.75 and 13.2 Å
smectite layers by letters A, B, and C, respectively. As
already mentioned, the alternation of different layers
with maximum possible degree of order at R = 2
denotes that the probability of occurrence of two adja�
cent smectite layers equals zero (РВВ = РСС = 0), and
smectite layer in the structure must be separated by at
least two micaceous layers. The latter implies that the
probability to discover triplets, such as BAB, BAC, CAB,
and CAC, should be zero. The condition that РВВ = РСС =
РСВ = РВС = 0 predetermines the zero probability to
meet triple smectite layers BBB, BBC, BCC, CBC,
CCC, CCB, CBB, and BCB. At all known zero proba�
bility parameters and contents of layers of different
types (WА = 0.87, WВ = 0.10, WС = 0.03), the non�zero
probability parameters, such as РАА, РААА, РАВА and so
on, were calculated from equations relating all zero
and non�zero probability coefficients required to
describe three�component mixed�layer systems, in
which layers of different types are alternated with max�
imum possible degree of order at R = 2. Detailed
description of such equations and calculation of
parameters for the given type of structure are given in
(Sakharov and Lanson, 2013). Fragments demon�
strating the degree of correspondence between the
experimental and calculated profiles of reflections 001
and 005 are shown in the inset in Fig. 14c (sample
553/1). It is worth to mention that the total content of
smectite layers in the three�component structure
seemed to be 13%. This value within error coincides
with WSm = 12.6%, which was determined from the
slope angle of the experimental regression straight
line. At the same time, the content of smectite layers
(10.3%) determined from the slope angle of regression
straight line calculated for the two�component struc�
ture at R = 0 was equal to the content of 16.75 Å layers
in the three component structure.

CONCLUSIONS

On the basis of detailed analysis and simulation of
diffraction effects from mixed�layer structures, we
have developed a technique for determining the low
contents of smectite layers in the finely dispersed K�
bearing micaceous minerals. Systematic analysis was

carried out for diffraction patterns recorded from
structures, in which the prevailing 9.98 Å micaceous
layers are alternated with 16.85 Å smectite layers in
different proportions and at different shortrange order
factors (R ≥ 0). The obtained data made it possible to
propose a simple procedure based on the calculation
of full width at the half�thickness of basal reflections
for the determination of the content of alternating lay�
ers in the two�component mixed�layer structure, the
average thickness, and the average number of layers in
the averaged CSD. Efficiency of this technique was
testified on the monomineral dispersed K�bearing
micaceous varieties of illite–glauconite composition.
It was shown that the content of smectite layers in the
studied samples varies from 5.2 to 12.6%. For each of
the studied samples, we calculated diffraction patterns
of structural models, with the structural parameters
(content and composition of alternating layers, thick�
ness and number of layers in the averaged CSD)
obtained from the analysis of experimental data. The
contents of smectite layers determined by the mea�
surement of half�width of basal reflections in the cal�
culated XRD patterns coincided within 0.2–0.5%
with their experimentally determined contents. More�
over, the detailed analysis of half�widths of the experi�
mental and calculated basal reflections with similar l
values made it possible to distinguish structures, which
lack or include the second�order variations in the
thicknesses of micaceous layers. The results demon�
strated that application of the proposed technique
provides a reliable quantitative information on the low
content of smectite layers (WSm < 10–12%) and some
specific structural features of the natural dispersed
dioctahedral micaceous varieties.

At the same time, theoretical and experimental
studies indicate the necessity to expand the potential
opportunities of the considered technique by theoret�
ical and experimental works in the following main
directions.

First, it is necessary to take into account the effect
of different thicknesses of the alternating micaceous
and smectite layers. It is known that the thickness of
micaceous layers (2 : 1 layer + interlayer) varies from
10.02 to 9.90 Å while passing from high�Al illites to
high�Mg aluminoceladonites (Drits et al., 2010). Pos�
sible changes in the thickness of the ethylene glycol�
saturated smectite layers were noted in (S�rodon�,
1980). The task was to exclude the influence of the
thickness of alternating layers on the half�width of
basal reflections during calculation of the content of
smectite layers in the studied sample structure.

Second, it is necessary to identify three�compo�
nent structures, which contain not only micaceous
and smectite layers, but also a very small amount of
either vermiculite�type layers or ditrioctahedral chlo�
rite layers. The real existence of the three�component
mixed�layer structure made up of alternating mica�
ceous, 16.85 Å smectite, and 13.2 Å vermiculite�type
layers at R = 2 was established in this work and in
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papers of other authors (Lanson et al., 2009; Sakharov
et al., 1999). This problem may be solved by the dif�
fraction analysis of samples in natural and ethylene
glycol�saturated states with the simultaneous study of
trends in variations of half�widths of the experimental
basal reflections and their spacings.

An important problem is the continuation of works
on establishing the short�range order in the alternation
of different types of layers, especially during the study
of structures containing >10% smectite layers. In solv�
ing this problem, attention should be focused not only
on the half�width, but also on the symmetry of the
analyzed reflection profile.

At last, the structural–crystallochemical features
of micaceous mineral varieties responsible for the
extremely narrow profile of reflections 002 have yet to
be determined.
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