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Layered minerals and materials are ubiquitous and characterized by the frequent
occurrence of stacking defects. In particular, interstratification (or mixed layering),
which corresponds to the intimate intergrowth of layers differing in terms of their
layer thickness and/or internal structure, and stacking faults, both random and well
defined, are especially common. These defects impact heavily on the reactivity of the
lamellar structures. In addition, they may record the conditions of mineral (trans)form-
ation. Determining their nature, abundance and possibly their distribution is thus an
essential step in their structural characterization leading to an understanding of their
reactivity. Over recent decades, modelling of X-ray diffraction profiles has proved to
be an important tool which allows detailed structural identification of defective lamellar
structures. The present chapter will review the basic concepts of such identification and
review the literature to outline how our understanding of defective structures and mixed
layers has improved over the last decade or so and to describe some of the new perspec-
tives opened by this improvement.

1. Introduction

Layered compounds are ubiquitous on Earth as minerals (e.g. clay minerals and layered

oxides) but also as geogenic or synthetic materials (e.g. carbons, layered double

hydroxides, layered dichalcogenides, high-temperature superconductors). In contrast

to pseudo-layered compounds, they are characterized by interatomic bonds much stron-

ger within two-dimensional fragments/layers than between these fragments. The sus-

tained interest in these structures arises from their reactivity which is reinforced by
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their anisotropic character. In particular, the intercalation properties of lamellar com-

pounds have drawn the attention of the materials chemistry community for several

decades in an effort to prepare polyfunctional materials. Similarly, the reactivity of

natural layered silicates in response to their environmental conditions has been investi-

gated thoroughly both for its potential ability to record temperature and/or pressure

palaeo-conditions, and to assess the possible impact of these minerals on their environ-

ment, in particular in the context of waste storage.

Layered materials and minerals commonly exhibit a high density of structure defects.

These defects range from local defects such as isomorphous substitutions, layer vacan-

cies, or atomic displacements, to random or well defined stacking faults induced by

non-periodic layer rotations, translations or twinning, and to interstratification (or mixed

layering, both terms being used hereafter as synonymous) resulting from the coexistence

within a given crystal of layers having different structure, thickness, or interlayer displa-

cement. The occurrence of stacking faults in lamellar structures is favoured by the ener-

getic similarity of the different stacking modes, owing to the weak interactions between

adjacent layers. In addition, layered materials and minerals often exhibit minute crystal

sizes that may be considered as an additional type of defect because of the induced dis-

ruption of the three-dimensional (3D) crystal periodicity.

The reactivity of lamellar structures actually depends, to a large extent, on these struc-

ture defects, on their nature, abundance and distribution within crystals. This influence

is exemplified by the direct relationship between surface area and reactivity, or by the

specific amphiphilic properties of layered silicates when intercalated with hydrophilic

and hydrophobic species in successive interlayers (e.g. Ijdo & Pinnavaia, 1998a,

1998b). These structure defects also exert an essential influence on the actual physico-

chemical properties of these layered structures. Similarly, structure defects are often

considered as indicators of the mineral conditions of formation. It is therefore essential

to determine these parameters to gain additional insight into these physicochemical con-

ditions in an effort to reconstruct reaction pathways, and/or to predict the reactivity of a

given material/mineral. To establish these interpretations on scientifically sound bases,

a detailed structural characterization of defective lamellar structures is thus essential,

and X-ray diffraction (XRD) has been the preferred method of investigation.

However, as a result of their non-periodicity or their reduced periodicity, the

diffraction maxima recorded from these compounds do not strictly obey Bragg’s law,

thus hampering the use of conventional diffraction approaches, such as the Rietveld

method. Profiles and intensities of diffraction maxima are affected by the nature, abun-

dance, and distribution of structure defects, however, thus allowing the determination of

these parameters with diffraction techniques. Drits (1997, 2003) stressed the remarkable

ability of diffraction techniques to extract average structural information from crystals

deprived of 3D periodicity. This author also pointed out that the reliable determination

of structural and chemical heterogeneity of layered structures depends essentially on the

reliable interpretation of diffraction data.

In this chapter some of the literature from the last two decades is reviewed to: (1)

provide a description of the different types of structure defects that may be encountered

in layered structures and of their influence on XRD patterns; (2) provide insights into the
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XRD data processing specific to these defective structures and into the structural infor-

mation that can be retrieved; and (3) provide a review of the recent literature describing

the nature, abundance and distribution of structure defects in layered silicates, layered

oxides and layered double hydroxides.

2. General background on structure defects and
induced diffraction effects

2.1. Different structure defects

2.1.1. Local defects
Layered structures commonly possess complex chemical compositions together with a

wide spectrum of isomorphic substitutions of cations or anions, including the presence

of vacant sites. It should be noted that local defects essentially affect the structure factor

by modifying the average unit-cell content. As a consequence, this type of defect can be

described by the usual structural methods allowing the calculation of diffracted intensity

by a given structure, such as the Rietveld refinement, and will not be detailed here. An

important side effect of the high density of local defects is the minute crystal size of

these lamellar minerals and materials (Meunier, 2006). This finely divided character

has essential implications both for the reactivity of these structures and for their XRD

signature, inducing in particular a significant peak broadening that increases as a func-

tion of 1/cosu (Scherrer, 1918; Guinier, 1964).

2.1.2. Stacking defects
In layered structures, the weak interactions between adjacent layers result in the ener-

getic similarity of different stacking modes, and thus to the frequent occurrence of stack-

ing faults. In particular, stacking faults may be due to random rotation and/or translation

between consecutive layers. When the extent of the random translation is limited and

does not totally disrupt the scattering coherence of adjacent layers, faults may be

described as fluctuations of the translation vectors about a mean value. Depending on

the nature of the interactions between the layers and on the physical reasons for the

translations’ variations, such fluctuations were shown to be of two types (Guinier,

1964; Drits & Tchoubar, 1990). In the first type (Fig. 1), fluctuations follow a unique

law for any layer pair, and this law thus describes both short- and long-range order in

a layer stack. As a result, the total translation between two nth-nearest neighbour

layers is equal to n times the average translation, although the translation may vary

from one layer pair to the other. The effect of this type of defect is similar to the

thermal motion of atoms and is characterized by a loss of intensity when increasing

the diffusion vector (s), which is directly related to the diffraction angle (s ¼ (2 �

sinu)/l). In the second type of fluctuations, there is no long-range correlation between

the defects and the total translation between two nth-nearest neighbour layers is then no

longer equal to n times the average translation. The influence of this type of defect on the

XRD patterns is stronger than that of the first type, leading both to a significant intensity

decrease and to peak broadening when increasing the diffusion vector.
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In contrast to fluctuations of the translation vectors, random stacking faults are

characterized by a translation between adjacent layers the direction and amplitude of

which are random, thus leading to a strikingly different distribution of deviation from

the average translation (Drits & Tchoubar, 1990). When they occur, such random trans-

lations statistically disrupt the interferential coherence of the substacks between which

they occur. As a result, these substacks behave independently from each other from a

diffraction point of view, and the resolution of hkl reflections is progressively lost when

increasing the proportion of such random stacking faults (Fig. 2). Random rotations

induce the same effect. When random stacking faults occur systematically between suc-

cessive layers (turbostratic stacking), unresolved hkl reflections lead to an asymmetric

profile called hk diffraction band, characteristic of two-dimensional crystals, similar

to that obtained from a single layer. These diffractions bands display a rapid increase

of the diffracted intensity near the value s0 ¼ jh~a
� þ k~b�j followed by a slow decrease.

Finally, well defined stacking faults may occur between successive layers with a

given probability. In this case, it is possible to consider that different layers, character-

ized by their own unit-cell parameters and structure factors, coexist within the same

crystals, and the diffraction effects are similar to those arising from mixed layers and

described in the next section.

2.1.3. Interstratification
Mixed layers are remarkable examples of order-disorder observed in natural and syn-

thetic lamellar crystals. They consist of the alternation either of layers exhibiting
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Fig. 1. Schematic description of translation vector fluctuations. (a) Fluctuations of the first type. (b) Fluctu-

ations of the second type (see text for details – adapted from Ferrage, 2004). a represents the translation vector

and 1z the additional displacement that occurs with a pj probability.
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contrasting structures, compositions and

basal distances or of layers having similar

basal distances but differing by their

internal structures or stacking mode, that

is exhibiting different layer displacement

or rotation between consecutive layers.

The different layer types can coexist in

variable proportions within the crystal

and define a variety of layer stacking

sequences. Mixed layering (or interstrati-

fication) has been widely recognized in

natural and synthetic species such as lay-

ered silicates, layered manganates, hydro-

talcites and synthetic layered double

hydroxides, layered oxides in general,

sulphides and intercalated graphites.

Two main categories of mixed layers

can be established, depending on the

actual distribution of interstratified layer

types. The first type of mixed layers corre-

sponds to regular structures in which

different layer types alternate periodically,

usually along the axis perpendicular to the

layer plane (c� axis). These mixed layers

have, in many cases, been given mineral

names, as they have strictly periodic struc-

tures and are often considered as distinct phases. Chlorites and corrensite are two

examples of such structures that can be described as regular talc-brucite and chlorite-

smectite, respectively. Within the materials-chemistry community these regular alterna-

tions of different layer types are known as the ‘staging’ phenomenon, the nth staging

corresponding to the systematic occurrence of a given layer type at every nth layer

(Fogg et al., 1998a; Ijdo & Pinnavaia, 1998b). When the different layer types have

the same structure but differ from their layer displacement, their regular alternation

defines polytypic variants of a given mineral/species.

In the second type of mixed layers, the different layer types either alternate at random

or tend to some sort of ordering (avoiding for example the existence of pairs of the minor

layer type) or segregation (clustering layers of a given type). In this case and if interstra-

tified layers have significantly different thicknesses and structures (Fig. 3), resulting

peak positions do not obey Bragg’s law but form a non-rational series (d001 =

l � d00l) leading to the apparent lack of physical meaning for the observed peak pos-

itions. For a given composition, i.e. for given relative proportions of the different

layer types, the actual position of the diffraction maxima corresponding to such a

mixed layer depend on the actual layer sequences and on their relative abundances

(see section 2.2.2.).
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Fig. 2. Influence of random stacking faults on XRD

patterns calculated for a layered manganese oxide

(1H birnessite – adapted from Grangeon, 2008).

WR represents the occurrence probability of random

stacking faults.
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The second type of mixed layers

also includes structures in which

the respective thicknesses of inter-

stratified layers are multiples of

each other (e.g. chlorite-serpentine).

In this case, the positions of reflec-

tions corresponding to the mixed

layer form a rational series, and the

determination of the interstratified

character of the structure then

requires a more detailed analysis

of peakposition,profiles (especially

width) and relative intensities

for different reflections (Moore &

Reynolds, 1997; Drits, 2003).

Finally, the second type of mixed

layers includes structures in which

interstratified layers have about the

same thickness but distinct struc-

tures or layer displacement (Fig. 4).

In this case, only the positions of

non-basal reflections are affected.

These reflections form non-rational

series as basal reflections for mixed

layers in which interstratified

layers have significantly different

Fig. 3. Transmission election microscope (TEM) image of an illite-smectite sample (adapted from Murakami

et al., 2005). Brackets outline the T-O-T silicate layers; I and S accompanied by a pair of bars indicate illitic

and smectitic layers, respectively. Bars near I or S are located at the centre of an octahedral cation plane. The

distance between a pair of bars with I is 1.0 nm.

Fig. 4. Filtered high-resolution TEM image of a kaolinite

crystal along one of the xi directions (adapted from Kogure

et al., 2010). The solid lines connect equivalent points in suc-

cessive layers and the direction changes correspond to the

occurrence of well defined stacking faults.
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thicknesses and structures. Within this last type of mixed layers, additional variety can

arise from the possible incommensurability of the interstratified layers within the

ab plane.

Although occurrences of interstratification reported in the literature correspond over-

whelmingly to the coexistence of two layer types, both the occurrence and the descrip-

tion of mixed layers containing three, or more, layer types are possible. Over the last

decade or so, the quantitative assessment of diffraction data has proven that such

complex mixed layers may actually be extremely common; the main reasons for their

rare description in the literature being: (1) the absence of a direct quantitative compari-

son between experimental and calculated patterns; and (2) the non-availability of

adapted calculation routines.

2.2. Interpretation of diffraction data from disordered solids

Drits (2003) stressed the possibility of extracting average structural information from

the diffraction patterns obtained on crystals lacking 3D periodicity. How-

ever, interpretation of XRD effects from defective compounds cannot be achieved sat-

isfactorily with conventional XRD methods such as single-crystal diffraction and/or

Rietveld structure refinement using powder diffraction data because of this reduced

periodicity. This has led to the development of specific algorithms for the calculation

of diffraction effects arising from defective structures.

2.2.1. Crystals exhibiting local defects and/or random stacking faults
The common occurrence of isomorphic cation or anion substitutions, including the pres-

ence of vacant sites, in layered structures essentially modifies the calculation of the

structure factor. It is thus not specific to defective compounds and is accounted for by

usual structural methods allowing the calculation of the intensity diffracted by a

given structure. Although not described specifically in the present chapter, local

defects should, however, be included in a comprehensive structural characterization

of defective compounds.

Warren (1941) was among the first to propose a formalism that describes the diffrac-

tion effects arising from the presence of random stacking faults in lamellar crystals

(Drits & Tchoubar, 1990; Leoni, 2008). This formalism allows us to extract structural

information from the profile of hk bands, despite the absence of resolved hkl lines

(Biscoe & Warren, 1942; Manceau et al., 2000a; Villalobos et al., 2006).

Recently, alternative approaches have been proposed to retrieve structural infor-

mation from XRD patterns of such two-dimensional (2D) compounds. The first is

based on the recursive description of the stacking of layers (Treacy et al., 1991;

Leoni et al., 2004; Tsybulya et al., 2004; Leoni, 2008); the second is based on the Riet-

veld algorithm (Rietveld, 1967; Ufer et al., 2004). Both approaches have in common the

ability to minimize ‘automatically’ the difference between experimental and calculated

patterns. However, both rely on ‘tricks’ to mimic the diffraction behaviour of 2D peri-

odic compounds. In the first case, as the stacking vector between successive layers must

be defined, turbostratism is described as the random succession of different well defined
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vectors (Leoni et al., 2004). In the second case, the

calculation of hk bands is performed for a large

super-cell along the axis perpendicular to the

layer plane, this super-cell containing a single

layer. The resulting calculation is about equivalent

to that performed for an equivalent super-cell con-

taining several layers randomly shifted (Ufer et al.,

2004). However, in the latter case, several calcu-

lations need to be performed and averaged to

smooth out the hkl oscillations. The two types of

calculations lead to XRD patterns similar to those

obtained assuming random stacking faults (Ufer

et al., 2004). Recently, recursive description of

layer stacking has also been implemented in the

BGMN code which aims to improve the description

of turbostratic structures (Ufer et al., 2008).

2.2.2. Well defined stacking defects/
interstratification
In addition to the above-described random stacking

faults, lamellar compounds are characterized by the

frequent occurrence of stacking faults correspond-

ing to a well defined translation and/or rotation

between adjacent layers. For example, using the

close-packing notation, 1H layer stacking of an

octahedral sheet may be described as AbC AbC

AbC . . . (Fig. 5). The presence of well defined

faults can alter the periodicity of such stacking

leading, for example, to an AbC AbC CbA

CbA . . . sequence (twinning – Fig. 6), or to an

AbC AbC BcA BcA . . . one (þa/3 layer displace-

ment). Similarly 3R2 polytypes can be described

as AbC CaB BcA AbC . . . using the same close-

packing notation. In this case, the occurrence of

a ‘1H’ fault corresponds to a null, rather than

–a/3, layer displacement between two consecutive

layers and results in an AbC AbC CaB BcA AbC

. . . sequence (Fig. 7). Such stacking faults can be described as the interstratification

of different polytypic fragments.

From the diffraction point of view, the description of non-periodic crystals resulting

from the presence of well defined stacking faults requires the definition of the fault

nature, i.e. of the corresponding translation vector, of its abundance and of the prob-

ability law for its occurrence. The exact same set of parameters is required to describe

the interstratification of layers having similar unit-cell parameters within the layer plane

a

c

a

b

A b C

C

b

A

A b C

Fig. 5. Idealized structure model of layer

stacking in a 1H polytype, or hcp

(adapted from Drits et al., 2007a). Top:

projection along the b axis. Open and

solid symbols indicate atoms at y ¼ 0 and

y ¼+1
2
, respectively. Large circles rep-

resent Olayer atoms and small circles

represent Mnlayer atoms in the phylloman-

ganate birnessite. Dashed lines outline

specific positions of the close-packing

formalism. Bottom: projection on the ab

plane. The upper surface of the lower

layer is shown as light-shaded triangles

whereas the lower surface of the upper

layer is shown as dark-shaded triangles.

Mnlayer of the upper layer are shown as

small open circles.
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but different layer-to-layer distance. The intrinsic

non-periodicity of crystals exhibiting such stacking

faults, which include interstratification, hampers

their structural characterization with conventional

XRD methods such as single-crystal diffraction

and/or Rietveld structure refinement using powder

diffraction data. This has led to the development of

specific algorithms for the calculation of diffraction

effects arising from such defective structures

consisting of layers having identical or different

thicknesses.

MacEwan (1956) and D’yakonov (1961, 1962)

proposed direct methods for the structural analysis

of mixed layers. These methods, especially that

implemented by D’yakonov (1961, 1962), have been

used, especially in the former USSR, to determine

the thickness and relative proportions of the different

layer types coexisting in mixed layers (Drits &

Tchoubar, 1990 and references therein). They present

several intrinsic limitations that prevent general use,

however. In particular, Drits & Tchoubar (1990)

outlined the inadequacy of this method to deal with

mixed layers whose stacking sequences depart

significantly from the maximum possible degree

of ordering (MPDO) case (see section 2.3.1.). In

addition and more importantly, these methods are

inefficient when different phases coexist in a sample

leading to overlapping reflections.

Alternatively, and at about the same time, indirect

methods have been proposed that allow the calculation of diffraction effects arising from

non-periodic interstratified structures. Hendricks & Teller (1942) were the first to

propose an elegant matrix formalism allowing the calculation of diffraction effects

arising from an infinite stack of interstratified layers. This formalism was further

improved over the years, in particular to account for the limited extension of crystals

and for a wider variety of stacking sequences (Méring, 1949; Kakinoki & Komura,

1952, 1954a, 1954b, 1965; Allegra, 1961, 1964; Cesari et al., 1965; Cesari &

Allegra, 1967). This formalism is still widely used, in particular among the clay com-

munity, to describe the intensities of basal (00l) and hkl reflections diffracted by a set

of crystals containing different layer types (Drits & Sakharov, 1976; Plançon, 1981,

2002; Sakharov et al., 1982a, 1982b; Watanabe, 1988; Drits & Tchoubar, 1990).

Another approach, which is based on the direct summation of the contributions to dif-

fracted intensity coming from waves scattered by all possible layer subsequences in the

interstratified crystals, was also developed for the calculation of XRD patterns from

mixed layers (Reynolds, 1967, 1980). Finally, Treacy et al. (1991) proposed a recursive

a
c

A b C

A b C

CbA

CbA

Fig. 6. Idealized structure model

describing the occurrence of a twinning

fault in a 1H polytype. The resulting

sequence is described as AbC AbC

CbA CbA . . . using the close-packing

formalism. Symbols as in Figure 5.
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method for describing layer stacking in lamellar

compounds exhibiting well defined stacking faults

and/or interstratification and for calculating dif-

fracted intensities from such compounds. This

program was implemented in the DIFFaX code

(Treacy et al., 1991; Leoni et al., 2004), which is

used widely by the ‘materials community’.

The determination of a structure model using one

of these approaches usually relies on the comparison

of XRD profiles calculated for a structure model

with the data. The optimum fit to the data, and

thus the selection of a structure model, is commonly

obtained by a trial-and-error procedure. Attempts

have been made to couple the above-described

approaches with minimization routines in an effort

to reduce the time needed to reach an optimum

solution. Benefiting from the sustained interest of

the oil industry for the potential of mixed layer as

indicators of temperature palaeo-conditions, genetic

algorithms were, for example, coupled to the

Reynolds method (Pevear & Schuette, 1993) or

more recently to the matrix formalism (Aplin et al.,

2006). Similarly, non-linear least-squares minimiz-

ation routines have been coupled both to the DIFFaX

code (Leoni et al., 2004) and to the matrix approach

(Plançon & Roux, 2010). The recursive approach

has also been included in the general-purpose

Rietveld code BGMN (Bergmann & Kleeberg, 1998; Ufer et al., 2004, 2010). These

efforts towards the coupling of routines allowing the calculation of diffraction effects

from defective structures with minimization routines are beneficial, and probably

necessary, for the development of these methods and of a more systematic quantitative

assessment of the structure models proposed for such defective structures. Care must

be taken, however, to avoid reducing the flexibility of the calculation routines while

implementing the coupling.

2.3. XRD identification of defective structures

2.3.1. Calculation of XRD intensity from mixed layers
The calculation of diffraction effects arising from mixed layers would need a separate

chapter of its own to enable a thorough description. It is beyond the scope of the

present chapter. The interested reader will find relevant information on the direct sum-

mation method, on the recursive approach, and on the matrix formalism in Reynolds

(1980, 1989) and Moore & Reynolds (1997), in Treacy et al. (1991) and Leoni et al.

(2004), and in Drits & Tchoubar (1990), respectively.

A B c

a B C

A b C

a
c

A b C

Fig. 7. Idealized structure model

describing the occurrence of a 1H fault

in a 3R2 polytype. This fault corre-

sponds to a null, rather than –a/3,

layer displacement between two con-

secutive layers and results in an AbC

AbC CaB BcA AbC . . . sequence.

Symbols as in Figure 5.

B. Lanson160



Using the simple and elegant matrix formalism, the expression of the intensity dif-

fracted by mixed layers has remained unchanged since the early works of Kakinoki

& Komura (1952, 1954a, 1954b) and may be expressed as:

I ¼ NSpur½V �½W� þ 2Re
XN�1

n¼1

(N � n)Spur½V �½W�½Q�n (1)

where [V ] is the square matrix containing the structure factors, [W ] the diagonal matrix

containing the occurrence probability of the different layers, layer pairs, layer triplets, . . .
depending on the extent of the ordering parameter (S or Reichweite – Jagodzinski,

1949), and Q a square matrix of the product of junction probabilities describing layer

stacking sequences by the corresponding phase term. Spur is the trace of a matrix,

that is the sum of its diagonal elements, and N is the number of layers in a given

crystal (Drits Tchoubar, 1990). The contents of the matrices [V ], [W ] and [Q] depend

on the structural model characterized by a given number of layer types and a short-

range order factor, S (Reichweite, often reported in the literature as the R parameter).

To calculate diffraction effects arising from a mixed layer, the first requirement is thus

to determine the number of the different layer types and their respective structures. Unit-

cell parameters, together with atomic coordinates and occupancies of the different layer

sites, are indeed necessary to define the structure factors and phase terms. For lamellar

compounds exhibiting well defined stacking faults, the requirements are essentially the

same, except that the different layer types are distinguished from their different stacking

vectors within the ab plane. The next requirement is to describe the stacking sequences

of the different layer types. For this, different sets of probability parameters are required.

At first, it is necessary to determine the relative proportions (Wi) of the different layer

types. Next, an essential parameter to be defined is the short-range order factor, S

(Reichweite). This Reichweite parameter was originally proposed by Jagodzinski

(1949) to describe how many of its neighbours will influence the presence of a given

layer. Following this definition, the Reichweite parameter, S, can only have integer

values. On the other hand, if this parameter defines the extent of the influence of a

given layer, it provides no indication as to the nature of this influence, which is charac-

terized by junction probability parameters. These probability parameters define the

probability of finding a layer type (j) after a given layer type (i) and are usually

denoted Pij.

Although different models may be used to define these parameters (Plançon et al.,

1983, 1984a, 1984b), the quasi-homogeneous model that assumes Markovian statistics

is overwhelmingly used in the literature (Kakinoki & Komura, 1952, 1954a, 1954b,

1965; Drits & Sakharov, 1976; Reynolds, 1980; Drits & Tchoubar, 1990). For illus-

tration purposes, one may consider the case of mixed layers containing two layer

types (A and B) and different sets of junction probability parameters. If one first

assumes that S, the Reichweite parameter, is equal to 1 only four junction probability

parameters (PAA, PAB, PBA and PBB) are required, together with the relative layer abun-

dances (WA and WB) to thoroughly describe layer-stacking sequences.
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These six parameters are linked by the following four relations:

WA þWB ¼ 1 (2)

PAA þ PAB ¼ 1, and PBA þ PBB ¼ 1 (3)

WA � PAB ¼ WB � PBA (4)

The rationale for equation 2 is obvious. The two parts of equation 3 state that a given

layer (A or B) can be followed only by A or B layers. From the first part of equation 3, it

is clear that WA ¼ WA � PAAþWA � PAB. Similarly, the occurrence probability of A

layers can be written as WA ¼ WA � PAAþWB � PBA, and equation 4 can easily be

derived from the combination of the last two equations. As a result, there are only

two independent parameters among the six probability parameters needed to describe

stacking sequences in a two-component mixed layer with S ¼ 1. One of these

parameters should be WA, or WB. If WA . WB, it is convenient to choose PBA or PBB

as the second independent parameter as their values may vary from 0 to 1. If, for

example, PBB is the independent parameter, then other probabilities can be defined as:

WB ¼ 1�WA (5)

PBA ¼ 1� PBB (6)

PAB ¼ (1�WA)=WA � (1� PBB) (7)

PAA ¼ (2�WA � 1)=WA � (1� PBB) (8)

Plotting PAA as a function of WA, as proposed by Bethke et al. (1986), allows us to

describe the whole range of possible stacking sequences for a two-component mixed

layer with S ¼ 1 (Fig. 8). When PAA ¼ 1 whatever the relative proportion of A

layers, A and B layers are present in different crystals and this PAA ¼ 1 line corresponds

to the physical mixture of periodic A and B phases. The opposite end of the diagram is

defined by PBB ¼ 0 when WA . WB, meaning that it is impossible to find pairs of

the minor layer. This corresponds to the maximum possible degree of ordering (MPDO)

for S ¼ 1. If PBB ¼ 0, then PAA ¼ (2 � WA – 1)/WA according to equation 8. The

specific point of this line with WA ¼ WB ¼ 0.5 corresponds to the regular interstratifica-

tion, or second staging, of A and B layers for which only ABAB . . . sequences are

allowed. Minerals corresponding to such regular interstratification exhibit a rational

series of reflections (d001 ¼ l � d00l) corresponding to the AB sequence (super-period-

icity) and can be given names if the periodiocity is sufficient (Bailey et al., 1982). The

domain shown to the right of this curve on Figure 3 is prohibited as it would require

negative values of the PBB parameter. In Figure 8 it is also possible to recognize the

PAA ¼ WA line, along which the probability of finding an A layer following another

A layer (PAA) is equal to the relative abundance of A layers in the mixed layer (WA).

In this specific case of S ¼ 1, there is no influence of the nature of a given layer on

the occurrence probability of the next one and the interstratification is thus random,
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which is commonly described as the S ¼ 0 case. The domains lying between physical

mixture and random interstratification, on the one hand, and between random interstra-

tification and maximum possible degree of ordering, on the other hand, are the domains

of segregation and partial ordering, respectively. In the first domain, the presence

of pairs of the minor layer is favoured (1 . PAA . WA when WA , 0.5), whereas

this presence is hindered in the partial ordering domain (0 , PAA , WA when

WA , 0.5), and prohibited (PAA ¼ 0) along the MPDO line. The relative proportions

of the different stacking sequences, which are described by junction probability

parameters, have an essential influence on diffraction patterns calculated for a given
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Fig. 8. Junction probability diagram for S ¼ 1 two-component mixed layers (adapted from Bethke et al.,

1986). WA and PAA represent the relative proportion of A layers and the probability of finding an A layer

after an A layer, respectively. Specific junction probabilities corresponding to random interstratification

(S ¼ 0) and maximum possible degree of ordering (MPDO) are shown as dotted-dashed and dashed lines,

respectively. Domains corresponding to physical mixture, segregation and partial ordering are labelled. Poss-

ible stacking sequences corresponding to the different cases are schematized.
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composition (relative proportions

of the different layer types) and

Reichweite parameter (Fig. 9).

Occurrence and junction prob-

ability parameters are thus essen-

tial components of the structure

model and should be reported as

such (Bailey et al., 1982; Guggen-

heim et al., 2006).

This description provides a brief

overview of the essential concepts

and terms required for the descrip-

tion of stacking sequences in

mixed layers and in lamellar com-

pounds with well defined stacking

faults. It should be noted however

that the simplified view of stacking

sequences offered by Figure 8 is

hardly transposable for longer-

range (S . 1) interactions that

require first the definition of junc-

tion probability parameters des-

cribing the short-range (S ¼ 1)

order, which does not necessarily

correspond to the MPDO case.

Similarly, the description of multi-

component mixed layers requires

the definition of additional prob-

ability parameters. A more complete, although not comprehensive, description of occur-

rence and junction probability parameters can be found in Reynolds (1980) and Drits &

Tchoubar (1990).

2.3.2. Usual identification methods
In the middle of the 20th century, Jacques Méring proposed theoretical developments

allowing the prediction of diffraction effects arising from the random interstratification

of layers having different basal spacings (Méring, 1949). According to that author, basal

reflections corresponding to a randomly interstratified mixed layer (two-component) are

located between neighbouring 00l reflections corresponding to periodic structures

whose layers are interstratified. The actual position of these reflections depends on

the relative proportions of the interstratified layer types, and on the respective intensity

of the neighbouring 00l reflections. In addition, the breadth of the mixed-layer reflec-

tions increases with the ‘distance’ between the 00l reflections corresponding to periodic

structures whose layers are interstratified (‘Q-rule’ of Moore & Reynolds, 1997). More

generally, positions of basal reflections corresponding to an ordered A-rich A-B with

Position (°2θ CuKα)

0 5 10 15 20 25 30 35

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

WI

PII

Fig. 9. XRD patterns calculated for the interstratification of

illite and smectite layers as a function of junction probability

parameters. Mixed-layer composition is constant (WI ¼ 0.60).

Physical mixture (PII ¼ 1.00), segregation (PII ¼ 0.733),

random interstratification (PII ¼ 0.60), partial ordering

(PII ¼ 0.50), and MPDO (PSS ¼ 0.00, PII ¼ 0.333) cases are

shown respectively as solid orange, dashed orange, solid

black, dashed blue, and solid blue lines. The inset shows, in

a diagram similar to Figure 8, the composition of the calcula-

ted mixed layer as a solid red line. Dots represent specific

values of junction probability parameter PII for which calcu-

lations were performed. Readers of the paper version of this

chapter may wish to download a colour version of this

figure from www.minersoc.org/emu-notes/emu-11/11-4-

colour.pdf.
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S ¼ 1 or S ¼ 2 are located between neighbouring 00l reflections corresponding to per-

iodic stacking sequences consisting of A and AB (S ¼ 1), or AAB (S ¼ 2), fragments

(Drits et al., 1994). More recently, Drits & McCarty (1996) showed that the so-called

‘Méring’s rules’ can be extended to predict the positions of non-basal reflections

arising from randomly interstratified two-component systems consisting of layers

having identical thicknesses. They showed, in particular, that non-basal reflections

from such mixed layers are located between the nearest hkl reflections of the periodic

phases whose fragments are interstratified, the actual position of these non-basal reflec-

tions depending on the relative proportions of interstratified fragments.

The predicted shift of peak position as a function of the actual composition of the

mixed layer has allowed the development of simplified identification for commonly

reported mixed layers. In natural environments, interstratification is especially wide-

spread among clay minerals (phyllosilicates) which differ in the type of interstratified

layers and in their stacking sequences. Because of the reactivity of the frequently inter-

stratified expandable layers and of their resulting ability to evolve as a function of phys-

icochemical conditions, these mixed layers have drawn special attention for decades in

an effort to use them as indicators of palaeo-temperature conditions and/or of reaction

progress (Hower & Mowatt, 1966; Perry & Hower, 1970; Lanson et al., 2009). Several

simplified methods have thus been proposed over the years for the identification of illite-

smectite (Środoń, 1980, 1984; Watanabe, 1981, 1988; Velde et al., 1986; Inoue et al.,

1989; Drits & Plançon, 1994; Drits et al., 1994; Plançon & Drits, 1994, 2000). These

methods rely essentially on peak-migration curves linking the position of a given reflec-

tion (or of a given set of reflections) to the composition (relative proportion of the differ-

ent layer types) of the mixed layers. The curves were derived essentially from the

calculation of XRD patterns using either Newmod, developed by Reynolds, or the

program based on the matrix formalism developed by Watanabe. The intensity ratio

between some of these reflections, or between reflections and ‘background’, is used

occasionally as an additional criterion to estimate the relative contents of the different

layer types in the mixed layers.

Despite their widespread use, these simplified identification methods have major

drawbacks. The first is the lack of direct comparison between experimental and calcu-

lated patterns, which is intrinsic to the approach. As a result, there is no way to assess the

validity of the identification by using a parameter measuring the ‘goodness of fit’ as is

usual in structural studies. Direct comparison of experimental XRD patterns with those

calculated on the basis of the identification performed allows us to refute peak position

as a valid criterion for mixed-layers structure characterization (Claret et al., 2004;

McCarty et al., 2008), and thus these simplified identification methods. Another draw-

back of these methods comes from the use of a unique XRD pattern for identification

purposes, which does not allow the validation of the proposed identification by indepen-

dent XRD measurements on the same sample submitted to different treatments (see

section 2.3.3 on the description of the multi-specimen method).

In addition, the profiles of the diffraction lines, which are strongly affected by inter-

stratification effects, are not taken into account by these peak-position methods. Other

drawbacks are the limitations of the programs used to calculate diffraction effects
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arising from mixed layers, and the limited range used for variable parameters in order to

(over)simplify the identification process. Intrinsic limitations of the programs include,

for example, their inability to calculate diffraction effects from multi-component mixed

layers. Essential adjustable parameters which are insufficiently varied include the size

and distribution of the coherent scattering domains, as the calculations are most often

restricted to a single mean value, and junction probabilities. Most methods include

calculations only for randomly interstratified mixed layers (S ¼ 0, Pii ¼ Wi) and for

the sole MPDO case for higher values of the Reichweite parameter, S, despite the key

role of junction probabilities in the profiles of XRD patterns calculated for mixed

layers (Fig. 9).

2.3.3. Multi-specimen method for XRD identification of mixed layers
Compared to usual structure determination and refinement methods, occurrence and

junction probability parameters represent additional variable parameters required to

describe the non-periodicity of stacking sequences. The quantitative comparison

between experimental diffraction patterns and those calculated for the proposed struc-

ture model should thus be considered as a minimum requirement for the validation of

this model in the case of mixed layers or of lamellar compounds exhibiting stacking

faults. As the number of adjustable parameters is actually increased compared to peri-

odic structures, it is valuable to consider additional constraints to the structure model.

These constraints are especially useful because of the low sensitivity of diffraction to

the actual nature of structural disorder as illustrated by the common possibility of fitting

the data equally well with different structure models (Drits, 1985). Experimental XRD

patterns reported in Figure 10 are commonly attributed to randomly interstratified illite-

smectite (S ¼ 0, WS . WI) with a set of strong reflections whose positions are consistent

with those of smectites, both in air-dried state (AD) and following ethylene-glycol

solvation (EG), and a high low-angle shoulder for the 001 smectite peak (Inoue

et al., 1989). McCarty et al. (2009) and Lanson et al. (2009) reported that such XRD

patterns could be described equally well assuming two distinct structure models (Fig. 10).

The first assumes an illite-smectite in which smectite layers, the hydration and expan-

sion behaviour of which is systematically heterogeneous, prevail. Junction probability

parameters of this short-range (S ¼ 1) mixed layer indicate the segregation of expand-

able layers (PExp-Exp . WExp). According to the alternative model, XRD patterns instead

correspond to the physical mixture of discrete smectite, exhibiting again an hetero-

geneous hydration and expansion behaviour, and of a randomly interstratified illite-

smectite in which illite layers prevail (WI . WExp). Although the fit quality is improved

slightly when using the mixture model (Lanson et al., 2009), the two models provide

satisfactory fits to the data, both in AD- and EG-solvated states (Fig. 10).

This example illustrates the need for (1) a quantitative comparison of XRD data with

calculated patterns, and (2) additional constraints to assess the validity of structure

models. Within this scope, and in contrast to most usual mixed-layer identification

methods, the multi-specimen method requires the recording of XRD patterns for each

sample after different treatments (e.g. Ca-saturated in AD- and/or EG-solvated states,

and/or Na-saturated in AD-and/or EG-solvated states). For a given sample, XRD patterns
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usually differ significantly after these treatments owing to the contrasting hydration/
expansion properties of expandable layers. It is then possible to extract additional con-

straints on the actual structure of the different minerals present.

The method itself was proposed initially by Drits et al. (1997) and Sakharov et al.

(1999a, 1999b), and consists of direct comparison of experimental XRD profiles with

those calculated for a structure model. The optimum agreement between experimental

and calculated XRD patterns is obtained by a trial-and-error procedure. Structure

models include for each mixed layer, the number (not limited to 2), the nature and pro-

portions of the different layer types and a statistical description of their stacking

sequences (Reichweite parameter and junction probabilities). The different treatments

may change the thickness and the scattering power (nature, amount and position of

interlayer species) of the expandable interlayers but not the distribution of the different

layer types. A consistent structure model is thus obtained for one sample when the stack-

ing sequences of the different layer types obtained from all experimental XRD profiles

of the same sample are nearly identical. In addition to these structural parameters,

Fig. 10. Comparison between experimental and calculated XRD patterns for a diagenetically altered clayey

sample from the Gulf Coast (adapted from Lanson et al., 2009). XRD patterns were collected on Ca-saturated

samples either air-dried and equilibrated at 40% relative humidity (Ca-AD – top) or solvated with ethylene

glycol (Ca-EG – bottom). The grey bar indicates a modified scale factor for the high-angle region. (a) The

structure model includes a randomly interstratified illite-smectite (57:43 ratio) and discrete smectite

(dotted-dashed blue line and dashed red line, respectively) in addition to a randomly interstratified kaoli-

nite-smectite (purple line), discrete kaolinite and discrete illite. (b) The structure model includes illite-

smectite (45:55 ratio) with a tendency to segregation (dotted-dashed blue line) in addition to a randomly inter-

stratified kaolinite-smectite (purple line), discrete kaolinite and discrete illite. Readers of the paper version of

this chapter may wish to download a colour version of this figure from www.minersoc.org/emu-notes/emu-

11/11-4-colour.pdf.
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relative contributions of the various phases (including mixed layers) to the different

XRD patterns recorded for the same sample must be similar for polyphasic clay para-

geneses (Sakharov et al., 1999a; Claret et al., 2004).

By constraining the structural characterization of a given sample from different exper-

imental XRD patterns, the multi-specimen method allows us to overcome one major

intrinsic limitation of the XRD identification of clay minerals. This limitation arises

from the strong tendency of XRD to average structural parameters describing the period-

icity of crystals. The resulting low sensitivity of XRD to variation in local disorder can

allow for the possibility of several structure models giving rise to similar diffraction

effects for a given set of experimental conditions. To determine the actual structure

model, additional constraints obtained from the analysis of different XRD patterns

obtained from the same sample after different treatments are thus essential (Sakharov

et al., 1999a; McCarty et al., 2004). In addition, this method allows for a semi-quanti-

tative phase analysis of the clay fraction including both discrete and mixed-layer clay

phases in addition to the detailed structural characterization of these different

components.

3. Structural characterization of defective layered structures

In the following sections, a variety of examples from the recent literature, in which

defective lamellar compounds have been reported and/or the structure of which has

been determined, is reviewed. Studies where the structure model was checked against

the data have been favoured in the selection process required by the large number of

examples available. Emphasis was placed on the variety of structural parameters

required for a thorough and realistic description of their actual structure. The first objec-

tive of this review is to illustrate the potential of the different approaches for the struc-

tural characterization of non-periodic compounds. Limitations of the different

approaches will also be assessed.

3.1. Layered silicates: structural characterization of mixed layers the

elementary layers of which differ from their basal spacings

3.1.1. Layered silicates: hydration and expansion heterogeneity, intercalation
Because of their ability to incorporate and to exchange a variety of cations and mol-

ecules in their interlayer spaces, layers having different basal distances often coexist

in expandable layered silicates (smectites), despite the overall homogeneity of layer

charge. For example, Méring & Glaeser (1954) reported the interstratification of smec-

tite layers with contrasting interlayer cation contents resulting from a partial exchange

of Na by Ca. The random interstratification of Ca- and Na-saturated smectites was par-

ticularly visible under low relative humidity (RH) conditions from peak positions inter-

mediate between those characteristic of the two end-members. At 5% RH, Na-saturated

smectite was indeed dehydrated (0W smectite – d001 � 9.6 Å) whereas Ca-saturated

interlayers incorporate a unique plane of H2O molecules (monohydrated, or 1W, smec-

tites – d001 � 12.4 Å).

B. Lanson168



The contrasting hydration energy of alkali and alkaline earth cations result, for a

given RH value, in different hydration states for smectite layers depending on the inter-

layer cation. This specific behaviour allows us, for example, to prove the coexistence of

different cations in smectite interlayers if the hydration contrast and/or the interlayer

electronic density contrast is sufficient (Iwasaki & Watanabe, 1988; Ferrage et al.,

2005d). These authors used such a model to demonstrate that within a given interlayer,

all cations are exchanged at the same time, leading to the segregation of the different

cations in different interlayers. As a result, diffraction patterns indicate the interstratifi-

cation of layer types whose contrasting hydration, and thus basal spacing, is character-

istic of their cationic content. Oueslati et al. (2009) used a similar approach to assess the

selectivity of smectite for different cations as a function of the ionic strength. In smectite

samples saturated with bi-cationic solutions, they determined the relative proportion of

mono- and divalent cations from the modelling of XRD patterns, each cation being

characterized by its specific hydration behaviour. They deduced that at low ionic

strength, smectites favour the presence of cations with low hydration over more

hydrated cations.

Interstratification of smectite layers exhibiting different hydration states was reported

also in homoionic smectite (Méring & Glaeser, 1954; Walker, 1956; Glaeser et al.,

1967; Sato et al., 1992, 1996). More recently, the potential of smectite interlayer

water as a vector for the migration of contaminants (e.g. radionuclides) or as a water

‘reservoir’ in deep geological formations has renewed the interest in its study. In

particular, smectite hydration has been thoroughly described as a function of (1) the

relative humidity under ambient pressure and temperature conditions, (2) the amount

and location of layer charge, (3) the interlayer cation (Bérend et al., 1995; Cases

et al., 1997; Calarge et al., 2003; Meunier et al., 2004). Ferrage et al. (2005a, 2005b,

2007c, 2010) and Karmous et al. (2009) showed that heterogeneity, rather than hom-

ogeneity, is the rule for smectite hydration even for homoionic specimens under con-

trolled RH conditions. For such samples, these authors showed the systematic

interstratification of layer types exhibiting contrasting hydration states. Moreover, the

contributions of various randomly interstratified mixed layers are commonly required

to account for the sample heterogeneity (Fig. 11). Although these contributions do

not imply the actual presence of distinct (sub-)populations of particles in the sample,

they indicate the partial segregation of the different hydration states within the sample.

A similar modelling approach could be implemented for a variety of samples in order

to understand, for example, the link between smectite hydration and the amount and

location of charge deficit. Ferrage et al. (2005b, 2007c) and Karmous et al. (2009) per-

formed such a study on di- and trioctahedral smectites, respectively, suggesting in both

cases the increased hydration heterogeneity in tetrahedrally substituted smectites.

Ferrage et al. (2005b, 2007c) also proposed a conceptual model to reconcile the

greater hydration of smectite, as estimated from the number of interlayer H2O mol-

ecules, when increasing the layer charge deficit and the associated lower value of the

basal distance. In a remarkable effort to overcome the intrinsic time-consuming charac-

ter of the trial-and-error approach, Ferrage et al. (2007a) modelled hundreds of XRD

traces obtained in situ while dehydrating smectite at different temperatures. The relative
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proportions of the different hydra-

tion states were thus determined

as a function of temperature and

dehydration time and served as the

basis for the derivation of smectite

dehydration kinetic parameters

(Ferrage et al., 2007b).

In most of the studies described

above, interstratification of smec-

tite layers with different cation

content or hydration is essentially

random, thus supporting the asser-

tion that ‘spontaneous segregation

of diverse guest species into separ-

ate but stacked interlayers by a

process comparable to staged het-

erostructures in graphite is rare’

(Ijdo et al., 1996). Walker (1956)

reported, however, the ordered

interstratification of 0W and 1W

smectites layers from the presence

of a 20.6 Å (9.0þ 11.6 Å) super-

periodicity exhibiting .20 reflec-

tions as evidence of the high

degree of regularity of the mixed

layer. Additional reports of such

ordered interstratification of smec-

tite layers with different hydration

states commonly describe this

phenomenon as affecting only a

minor part of the sample with

much reduced regularity, at least

for natural samples (Moore &

Hower, 1986; Chipera & Bish,

2001; Ferrage et al., 2007c).

Regular alternation, or interstra-

tification, of organic and inorganic

interlayer cations was, however,

achieved successfully in an effort

to prepare materials with amphi-

philic properties from smectites

(Ijdo & Pinnavaia, 1998a, 1998b). Second staging was identified from the presence of

a reflection corresponding to the 1:1 regular interstratification (S ¼ 1, MPDO) of

layers with sodium and alkylammonium interlayer cations as a result of the partial

exchange of sodium. Such regular interstratification was also achieved with a synthetic
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Fig. 11. Comparison between experimental and calculated

XRD patterns as a function of RH for a low-charge saponite

(trioctahedral smectite – adapted from Ferrage et al., 2010).

Respective contributions of the various mixed layers to the

calculated profiles are shown in different colours. Experimen-

tal and calculated XRD patterns are shown as crosses and solid

red lines, respectively. Other symbols as in Figure 10. Readers

of the paper version of this chapter may wish to download a

colour version of this figure from www.minersoc.org/emu-

notes/emu-11/11-4-colour.pdf.
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smectite for different inorganic cations having contrasting hydration energies (Möller

et al., 2010a, 2010b). In both cases, the regular interstratification probably originates

from the increased charge homogeneity of the synthetic smectites used compared to

natural varieties. Charge homogeneity favours the alternation of cations with different

hydration properties in successive interlayers to optimize local charge compensation.

Möller et al. (2010b) actually hypothesized, from 23Na magic angle spinning nuclear

magnetic resonance (MAS NMR) spectroscopy data, different contents of interlayer

cations in successive interlayers despite the remarkably homogeneous layer-charge dis-

tribution (Breu et al., 2001).

3.1.2. Natural occurrence of multi-component mixed layers
Even though mixed layers containing more than two layer types have been described

only recently in the wealth of literature devoted to the structural characterization of

these minerals, such multi-component (3- but also 4-component) mixed layers are

most likely overwhelmingly present, and more especially so in natural samples. Hetero-

geneity rather than homogeneity is the rule for smectite hydration and expandability,

even when working with homoionic samples under controlled RH conditions. Although

“it is not certain that single layers of smectite or of vermiculite sandwiched between

layers of a different type in an interstratification react in the same way as the non-

interstratified minerals would react to solvation, hydration, and dehydration tests”

(Bailey et al., 1982), heterogeneity is probably common in mixed layers implying

expandable layers. Consistently, all recent studies performed with calculation algor-

ithms allowing the calculation of their XRD patterns have led to the identification of

mixed layers that include more than two components as the result of the systematic

heterogeneity of the swelling/hydration behaviour of expandable layers (Drits et al.,

1997, 2002a, 2002b, 2004, 2007b; Sakharov et al., 1999a, 1999b, 2004a; Lindgreen

et al., 2000, 2002, 2008; Claret et al., 2004; McCarty et al., 2004, 2008; Inoue et al.,

2005; Aplin et al., 2006; Hubert et al., 2009; Lanson et al., 2009). It should be noted

that heterogeneity is systematically present whatever the chemistry (both Fe- and Al-

rich) of expandable layers (McCarty et al., 2004). In addition, hydration behaviour

exhibited by expandable layers in smectite is not restricted to the usual 0W

(d001 ¼ 9.6–10.0 Å), 1W (d001 ¼ 12.0–12.8 Å), and 2W (d001 ¼ 14.8–15.6 Å) states

and ‘unusual’ basal spacings have been reported for hydrated expandable layers (e.g.

Lindgreen et al., 2002; Lanson et al., 2009; Fig. 12) as suggested by Bailey et al.

(1982). This heterogeneity evidently proscribes the use of simplified peak-migration

methods for the identification of mixed layers. Heterogeneity is actually not restricted

to expandable layers, and the coexistence of different mica-like layers in a given

mixed layer has also been reported, thus reinforcing the inability of these methods to

provide a satisfactory identification of mixed layers. In particular, the coexistence of

Kþ and NH4
þ has been demonstrated repeatedly in the context of burial diagenesis in

the vicinity of source rocks (Sakharov et al., 1999a; Lindgreen et al., 2000; Drits et al.,

2001, 2002a, 2005, 2007b).

In addition to the mixed layers whose multi-component character originates from the

heterogeneity of the expandable or micaceous layers, mixed layers containing three

really distinct layer types have been reported. In particular, complex mixed layers
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involving the coexistence

of illite and expandable

layers together with di-

trioctahedral chlorite

(sudoite) layers, seldom

described as a discrete

phase, have been de-

scribed repeatedly espe-

cially in the context

of burial diagenesis of

clayey sediments (Lind-

green et al., 2002, 2008;

Lanson et al., 2009) but

also in soils (Hubert

et al., 2011). The inter-

stratification of illite and

expandable layers with

kaolinite, rather than

chlorite, layers has also

been reported in a burial-

diagenesis context (Drits

et al., 1997; Sakharov

et al., 1999b). More

seldom-described com-

plex mixed layers

include berthierine-chlor-

ite-smectite (McCarty

et al., 2004) and mica-

pyrophyllite-smectite

(Drits et al., 2007b).

A variety of mixed

layers other than those listed above has been reported over the last decade or so. Inter-

stratification of chorite and expandable layers has, for example, been described both in

superficial (Hubert et al., 2009) and deep environments (Lindgreen et al., 2002). Beau-

fort et al. (1997) challenged the commonly accepted description of the saponite-to-

chlorite conversion series reporting the existence of chlorite-corrensite, both from

XRD data and lattice-fringe images obtained under the transmission electron micro-

scope (TEM). Chlorite layers can also be interstratified with 1:1 phyllosilicates (serpen-

tine – Drits et al., 2001, 2007b; Lindgreen et al., 2002; McCarty et al., 2004).

Serpentine layers are usually required to fit the increased breadth of odd order chlorite

reflections, compared to even ones, and their relative low intensities compared to the

ideal intensity distribution calculated for a periodic chlorite with the correct composition

(Moore & Reynolds, 1997; Drits et al., 2001). Kaolinite-smectite (Sakharov & Drits,

1973; Sudo & Shimoda, 1977; Brindley et al., 1983; McCarty et al., 2004; Lanson

Position (°2θ CuKα)
0 5 10 15 20 25 30 35 40 45 50

Int.
×3

Fig. 12. Comparison between experimental and calculated XRD patterns

for a diagenetically altered clayey sample from the Gulf Coast (adapted

from Lanson et al., 2009). XRD patterns were collected on Ca-saturated

samples air-dried and equilibrated at 40% relative humidity. In addition

to discrete illite, kaolinite, smectite, and chlorite, the optimum structure

model includes a randomly interstratified kaolinite-smectite and a ran-

domly interstratified illite-smectite (62:38 ratio). From top to bottom,

the relative proportion of 15.00, 14.00, and 12.50 Å expandable layers

in the latter mixed layer are 15:8:15 (optimum values), 23:0:15 and

15:0:23. Symbols as in Figure 10.
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et al., 2009), serpentine-smectite (Sakharov et al., 2004a), illite-chlorite (Hubert et al.,

2011), and illite-kaolinite (Hubert et al., 2011) have also been reported.

3.1.3. Additional complexity of naturally occurring mixed layers
Using a whole-pattern profile-modelling approach, such as the multi-specimen

approach, rather than the position of the main diffraction lines to determine the clay

paragenesis allowed the uncovering of their frequent polyphasic character. Various

mixed layers are indeed frequently reported as coexisting with discrete phases (Drits

et al., 1997, 2002a, 2002b, 2004, 2007b; Sakharov et al., 1999a, 1999b; Lindgreen

et al., 2002, 2008; Claret et al., 2004; McCarty et al., 2004, 2008, 2009; Aplin et al.,

2006; Hubert et al., 2009; Lanson et al., 2009; Ferrage et al., 2011b). Two major

factors contribute to this recently revealed mineralogical complexity. The first is the

coexistence of mixed layers having similar although distinct compositions or ordering

parameters owing to the kinetics of clay mineral (trans)formation processes at low temp-

erature. The coexistence of such mixed layers, whose contributions to the diffracted

intensity are closely related, modifies the reflection profiles, and more especially their

low-intensity side tails. In particular, mixed layers that do not contribute to any of the

well defined maxima can be overlooked completely (Fig. 13). The second factor,

which is not necessarily separate from the first, is the frequent presence of mixed

layers characterized by broad and poorly defined contributions to the diffracted

intensity, especially in the low-angle region (Fig. 13). Careful XRD profile fitting

has, for example, allowed us to reveal the frequent presence of randomly interstratified

illite-smectite with a high illite content (60–70% illite) in diagenetically altered sedi-

ments, soils, etc. (Claret et al., 2004; Lanson et al., 2005, 2009; Aplin et al., 2006; Lind-

green et al., 2008; McCarty et al., 2008, 2009; Hubert et al., 2009). The specific

diffraction fingerprint, without a significant maximum in the low-angle region

(Fig. 13), probably hinders recognition of such highly illitic randomly interstratified

mixed layers in natural samples and is probably responsible for the small number of

descriptions in works based on the position of diffraction maxima.

In addition, the existence of partial segregation, or partial ordering, has frequently

been reported in studies of natural and synthetic mixed layers performed with the

multi-specimen method (Drits et al., 1997, 2002b, 2004; Sakharov et al., 1999a, 1999b;

Claret et al., 2004; Inoue et al., 2005; McCarty et al., 2008, 2009; Hubert et al., 2009,

2011; Lanson et al., 2009; Ferrage et al., 2011b). The high frequency of natural mixed

layers exhibiting junction probabilities different from the usual S ¼ 0 and S ¼ 1 for

MPDO cases clearly demonstrates that XRD profile modelling is the one tool that can

provide an accurate structure characterization of mixed layers as peak migration

curves are not available for junction probabilities different from these ‘ideal’ cases.

3.1.4. Recent developments and new insights into the actual structure of mixed
layers: structure of elementary layers
Quantitative description of mixed-layer diffraction patterns, which has been used

increasingly over the past decade, has not only allowed a more realistic description of

mixed layers but has also brought significant new insights into the structure of individual
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layers. For example, the

structure description of

interlayer H2O in expand-

able layered silicates was

improved, despite their

intrinsic hydration hetero-

geneity. It was, in particu-

lar, possible to refute the

widely used model with

three planes of H2O

molecules on each side

of the interlayer mid-plane

reported by Moore &

Reynolds (1997). Instead,

a model with a single

plane of H2O molecules

on each side of the inter-

layer mid-plane, which

contains charge-compen-

sating cations, was pro-

posed (Ferrage et al.,

2005a, 2005b, 2010). Fur-

thermore, it has been shown

that the total number of

H2O molecules filling

these planes is not constant

but rather increases with

increasing RH conditions.

At the same time, the

layer-to-layer distance, but

also the distance – perpen-

dicular to the layer plane –

from the interlayer mid-

plane to the plane of H2O

molecules, increases also

to accommodate the larger

number of H2O molecules in the smectite interlayers. Finally, it was shown that

thermal motion, commonly described as the Debye-Waller factor, accounted inade-

quately for the positional disorder of H2O molecules about these planes. This disorder

was better described with a Gaussian function, in agreement with previous models pro-

posed for smectite interlayer H2O (de la Calle et al., 1977; Ben Brahim et al., 1983;

Slade et al., 1985). This configuration allows reproduction of all 00l reflections with

high precision, with only one new variable parameter (the width of the Gaussian func-

tion). In addition, the proposed configuration allows us to match more closely the

Ca - AD

Ca - EG

Position (°2θ CuKα)
0 5 10 15 20 25 30 35 40 45 50

Fig. 13. Comparison between experimental and calculated XRD pat-

terns for the diagenetically altered clayey sample from the Gulf Coast

shown in Figure 10 (adapted from Lanson et al., 2009). Unlike the

optimum fit shown in Figure 10a, the contribution of the randomly inter-

stratified kaolinite-smectite to the diffracted intensity has not been

considered. Readers of the paper version of this chapter may wish to

download a colour version of this figure from www.minersoc.org/
emu-notes/emu-11/11-4-colour.pdf.
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amount of interlayer water that can be determined independently from water-vapour

adsorption/desorption isotherm experiments. Additional Monte Carlo simulations per-

formed in the NVT (Ferrage et al., 2005a) or mVT (Ferrage et al., 2011a) ensembles

further supported the proposed model. The combined modelling of X-ray and neutron

diffraction data has even allowed us to assess the different sets of potential available

in the literature for the clay layer; the CLAYFF model proposed by Cygan et al.

(2004) was shown to account better for the water content and organization compared

to the model developed by Skipper et al. (1995) and modified by Smith (1998).

However, fitting diffraction data for bi-hydrated samples using CLAYFF simulations

requires us to refine further Lennard-Jones parameters for oxygen atoms of the clay

layer (Ferrage et al., 2011a). When combined with the SPC/E water model, this modi-

fied version of CLAYFF allows matching of experimental water contents and fitting of

the complete set of X-ray and neutron-diffraction data obtained on both mono- and

bi-hydrated smectites (Fig. 14).

In addition to the distribution of interlayer species, XRD profile modelling has

allowed the refinement of structural parameters such as the layer-to-layer distance cor-

responding to the different layer types for a variety of interlayer cations and a large

range of RH values. It was also possible to show that for a given cation and RH

value, the basal distance actually scatters about an average distance, and that accurate

modelling of experimental data requires that we consider second-order fluctuations of

the layer-to-layer distance (Ferrage et al., 2005a, 2005b, 2010). These fluctuations are

probably linked to the incomplete, and thus heterogeneous, filling of smectite interlayers

(Fig. 15 – Ferrage et al., 2005c). Experience has shown that even for complex mixtures

1 4 7 10 13 16 19 22 25 282 8 14 20 26 32 38 44 50 1 4 7 10 13 16 19 22 25 28

X-ray diffraction

°2θ (λ=0.696 Å) °2θ (λ=0.696 Å)°2θ CuKα

Neutron diffraction H2O Neutron diffraction D2O

×3 ×30 ×5
×17

×10 ×25 ×3 ×20 ×5

×30

Fig. 14. Comparison between experimental and calculated diffraction patterns for the low-charge saponite

shown in Figure 11 (adapted from Ferrage et al., 2011a). The density profiles of interlayer species were

derived from Monte-Carlo simulations performed in the Grand Canonical ensemble using a modified

version of the CLAYFF model (modified Lennard-Jones parameters for oxygen atoms of the clay layer)

and the SPC/E water model. Readers of the paper version of this chapter may wish to download a colour

version of this figure from www.minersoc.org/emu-notes/emu-11/11-4-colour.pdf.
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of natural mixed layers, the description of experimental data is significantly improved

when such fluctuations are considered (Drits et al., 1997, 2002b; Sakharov et al.,

1999a; Lindgreen et al., 2000; Drits, 2003), although the parameter quantifying the

extent of the fluctuation is not systematically reported.

3.1.5. Recent developments and new insights into the actual structure of mixed
layers: intra-crystalline defects
Structure models of mixed layers used for the calculation of XRD profiles most often

describe coherent scattering domains (CSDs) limited to a few layers. These models

describe well the high-angle region of the experimental diffraction patterns but often

fail over the low-angle region (2u ,4–68CuKa), where the calculated intensity

is much greater than the experimental intensity. On the other hand, simulation of

small-angle X-ray scattering data obtained on related samples commonly indicate the

presence of much thicker CSDs (Pons et al., 1981, 1982).

In an effort to reconcile the results from both methods, Plançon proposed a model for

the simulation of experimental XRD patterns in which particles, or megacrystals, are

significantly thicker than crystals (or CSDs) used in XRD models (Plançon, 2002).

These particles contain layer types identical to those in the usual XRD model. Their rela-

tive proportion and their stacking sequences are also identical to those in the usual

models. However, adjacent layers may be shifted with respect to each other along the

c� axis according to an adjustable probability. As a result, the apparent CSD size

decreases with increasing 2u angle and XRD patterns calculated according to this

new model exhibit a significantly lower scattered intensity over the low-angle region

compared to the usual XRD models.

However, this model leads to non-negligible discrepancies between the basal-reflec-

tion positions and intensities calculated in the high-angle region compared to usual XRD

LIS-Ca-SWy HIS-Ca-SWy

Fig. 15. Schematic representation of the influence of MeClþ ion pairs on smectite interlayers (adapted from

Ferrage et al., 2005c). The incomplete interlayer filling of sample SWy Ca-saturated using low ionic strength

solutions (left) leads to significant fluctuations of the layer-to-layer distance because of the local balance

between attractive (between layer and interlayer cations) and repulsive (between adjacent layers) forces.

For sample SWy Ca-saturated using high ionic strength solutions (right), the more complete filling of the inter-

layer space by CaClþ pairs leads both to an increased layer-to-layer distance and to a more homogeneous

distribution of interlayer species, thus reducing the fluctuation of the layer-to-layer distance.
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models. To overcome this problem, an improved model describing the degree of coher-

ency within megacrystals has been proposed (Sakharov, 2005). In contrast to the model

proposed by Plançon, this model hypothesizes that CSDs are identical to the usual XRD

models. In addition, within megacrystals, these CSDs may be shifted with respect to

each other along the c� axis according to an adjustable probability. This model allows

reproduction of diffraction features in both high- and low-angle regions of experimental

XRD patterns (McCarty et al., 2009).

3.1.6. Recent developments and new insights into the actual structure
of mixed layers: outer surfaces of crystals
None of the algorithms routinely available to simulate XRD patterns of mixed layers can

account for the possibility that in natural environments the structure and composition of

surface layers of crystals may differ from those of ‘core’ layers. However, knowledge of

the nature of the outer surface layer (OSL) is helpful in understanding better the surface

properties of mixed layers and/or to derive constraints on their growth conditions. For

example, according to high-resolution TEM, illite crystals may terminate on a kaolinite

layer (Tsipursky et al., 1992) whereas kaolinite crystals may have pyrophyllite or smec-

tite layers as surface terminations (Ma & Eggleton, 1999). Kogure et al. (2001) also

reported crondstedtite crystals exhibiting chlorite OSLs.

Alternative algorithms were thus proposed that allow us to determine the nature of

OSLs in mixed layers from the simulation of XRD patterns (Sakharov et al., 1999c,

2004b; Plançon, 2003). In particular, Sakharov et al. (2004b) showed that among the

usual mixed layers found in natural samples, most significant effects are calculated

for those containing elementary chlorite layers. For chlorite samples, the relative inten-

sities of the odd reflections depend not only on the distribution of Fe in the chlorite struc-

ture over the 2:1 and 0:1 layers, but also on the nature of the OSLs. For the two samples

they investigated, brucite sheets were present on the outer crystal surfaces. However,

comparison of the OSL nature determined from XRD profile modelling with that

deduced from direct observations using electron or atomic force microscopies remains

essential for mixed layers because similar diffraction effects may be obtained by varying

the structural and chemical parameters of the mixed layers on the one hand and the OSL

nature on the other.

Sakharov et al. (2004b) showed also that for periodic structures containing only one

layer type, the influence of OSLs may be predicted from simple calculations, and is

independent of the scattering power of the OSL. Such a prediction is not possible for

mixed layers.

3.2. Natural layered silicates: interstratification of structural fragments

differing in terms of their internal structure or their stacking mode

To complement the structural characterization of phyllosilicate expandable interlayers

in projection along the c� axis (see section 3.1.4), simulation of hkl reflections, or of

hk bands, has been used to determine also the x and y coordinates of interlayer H2O mol-

ecules. For example, Ben Brahim et al. (1984) performed such a study on bi-hydrated
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beidellite. Despite the large proportion of random stacking faults (�70%), these authors

determined the nature of the layer displacements, when not random, the occurrence

probabilities of the different possible displacements, and the atomic coordinates of inter-

layer species. Similarly, Argüelles et al. (2010) refined simultaneously the layer displa-

cement and the atomic coordinates of interlayer H2O molecules in bi-hydrated

vermiculite. The refined model includes the random alternation of þb/3 and –b/3

layer displacements, thus defining two layer types differing by their interlayer configur-

ation and the position of their interlayer species. This model is fully consistent with that

proposed by de la Calle et al. (1988) from the qualitative comparison of their data with

XRD patterns calculated for a variety of structure models.

The actual layer stacking, and the nature of stacking defects, has also been determined

in kaolinite from the calculation of the diffraction effects corresponding to different

structure models. In particular, Plançon & Tchoubar (1977) used this approach to

reject both rotational and +b/3 stacking faults as possible defects in kaolinite.

Rather, these authors proposed that stacking defects in kaolinite correspond to the differ-

ent location of the vacant octahedral layer site in successive layers among the three

non-equivalent (A, B, or C) sites. Bookin et al. (1989) and Drits & Tchoubar (1990)

improved this model and showed that kaolinite is composed only of B layers that can

actually present two stacking vectors within the ab plane: t1 (–0.369 a1, –0.024 b1)

and t2 (–0.352 a1, þ0.304 b1), corresponding to right- and left-handed kaolinite unit

cells. Plançon et al. (1989) validated this model by fitting the XRD data obtained

from kaolinite samples exhibiting a wide range of structural imperfection.

Recently, this model was validated further by the direct imaging, using high-

resolution TEM (HRTEM), of the layer structure and stacking in kaolinite (Kogure &

Inoue, 2005). In particular, these authors described the occurrence of t1, t2 and t0

(�–a1/3, �–b1/3) layer displacements and the sole presence of B layers. Kogure

et al. (2010) observed also t1 and t2 layer displacements between successive kaolinite

layers. These two well defined stacking vectors occur either as isolated faults (for

example a t2 layer displacement within an ordered sequence characterized by a t1
vector), or as the alternation of multilayer ordered blocks with either t1 or t2 vectors

(segregated mixed layer). The combination of diffraction effects arising from these

two types of defects allows us to reproduce, at least qualitatively, XRD intensities

recorded for the investigated sample. It was also possible, using HRTEM, to reject

the interstratification of kaolinite (sequence of B layers only) and of dickite (BC

sequence of layers) fragments in samples from a diagenetic kaolinite-to-dickite tran-

sition series (Kameda et al., 2008).

Stacking disorder was characterized in other dioctahedral phyllosilicates by coupling

direct HRTEM imaging of stacking and calculation of diffraction effects from

the observed stacking faults. In both sudoite (Kameda et al., 2007) and pyrophyllite

(Kogure et al., 2006b; Kogure & Kameda, 2008), stacking disorder is, as in kaolinite,

essentially induced by the coexistence of two possible layer displacements (Fig. 16).

Contrastingly, stacking faults in trioctahedral phyllosilicates are related mainly to

rotations between successive 2:1 layers (Kogure et al., 2006b; Kogure & Kameda,

2008). The contrast between di- and trioctahedral varieties was tentatively attributed
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to the corrugation of basal oxygen planes in dioctahedral varieties, although rotational

stacking faults were also reported in the dioctahedral mica, celadonite (Kogure et al.,

2008).

Reynolds (1993) and McCarty & Reynolds (1995) described the presence of

rotational stacking faults in the dioctahedral mica, illite. Simultaneously, these authors

determined the internal structure of dioctahedral layered silicates, and more especially

the distribution of the layer vacancy between non-equivalent cis and trans sites. In

addition to the modification of the intensity distribution between the different hkl

reflections, cis- and trans-vacant dioctahedral micas are characterized by different

layer displacements allowing diffraction effects similar to those observed for the

Position (°2θ CuKα)

Position (°2θ CuKα)

Fig. 16. (left) HRTEM image of the Berozovska pyrophyllite (adapted from Kogure et al., 2006a). The inset

at the bottom-left is a filtered and magnified portion of the main image. The contrast for each 2:1 layer is

uniform but the direction of shift between adjacent layers is near perfectly disordered. (right) Powder XRD

pattern of Nowa pyrophyllite (top) and powder XRD patterns calculated for variable proportions of stacking

faults identified on HRTEM images (bottom – adapted from Kogure & Kameda, 2008).
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interstratification of layers having different layer thickness (see section 2.3.2.). Extend-

ing Méring’s principle to 3D structures, Drits & McCarty (1996) and Drits et al. (1998b)

proposed and validated a method, based on peak-migration curves, to obtain a semi-

quantitative (and quick) estimate of cis- and trans-vacant polymorphs in illite and

illite-smectite. From systematic calculations of diffraction effects, Drits & Sakharov

(2004) demonstrated that the coexistence of cis- and trans-vacant layers may signifi-

cantly modify the intensity distribution between the different hkl reflections and thus

the identification of mica polytypes.

A similar variability of the octahedral cation distribution over cis and trans sites has

been reported in glauconites (Drits et al., 2010), pyrophyllite (Drits et al., 2011), and

dioctahedral smectites (Tsipursky & Drits, 1984; Emmerich et al., 2009). A similar fitting

of XRD data may be used to unravel this distribution in smectites pending an improve-

ment of their stacking order obtained by the saturation of interlayers with large anhy-

drous cations (Kþ, Csþ) and subsequent wetting-and-drying cycles (Besson et al.,

1983; Tsipursky & Drits, 1984; Cuadros, 2002). It is clear that a comprehensive struc-

tural characterization of dioctahedral phyllosilicates should include the description of

this distribution, which in turn could provide key information on their (trans)formation

mechanisms (Drits & Zviagina, 2009; McCarty et al., 2009).

3.3. Interstratification of other lamellar structures: layered double hydroxides

Layered double hydroxides (LDHs) form a large family of promising materials, natural

and synthetic, that can be used as catalysts (Cavani et al., 1991), catalyst supports

(Vaccari, 1998), ion exchangers (Ulibarri & Hermosı́n, 2001), and additives (Leroux

& Besse, 2004 – see also Rives, 2001, for a review). These compounds are also referred

to as anionic clays or hydrotalcites, from the most common mineral species of this

group. Their structure consists of a brucite-like octahedral layer in which some of the

M2þ cations are replaced isomorphically by M3þ. The presence of interlayer anions

compensates for the excess positive charge of the layer, whereas H2O molecules may

occupy the remaining interlayer space. As expandable layered silicates, LDHs have

the ability to host a variety of interlayer anions and to exchange them dynamically.

Similar to expandable layered silicates, the regular interstratification of layers hosting

different interlayer anions is not common, but has been described even in naturally

occurring varieties. For example, Drits et al. (1987) inferred the regular 1:1 interstrati-

fication of Mg(3-x)Alx(OH)6 layers having CO3
22 and SO4

22 anions in their interlayers

from the comparison of calculated XRD patterns with those recorded for samples

from saline deposits. According to Iyi et al. (2007), LDH hydration as a function of

RH is also reminiscent of expandable layered silicates: LDHs exhibit a stepwise increase

of their layer-to-layer distance upon the incorporation of additional H2O molecules.

Those authors also reported the coexistence of different hydration states within the

same crystals as shown by the presence of super-reflections corresponding to the

regular alternation of dehydrated and hydrated interlayers. Super-reflections were

observed in particular for their higher-charge LDH sample with two large interlayer

anions (ClO4
2 and I2). These observations are consistent with the early works of Brind-

ley & Kikkawa (1980). Newman et al. (1998) and Iyi et al. (2002) described also the

B. Lanson180



regular interstratification of different hydration states and different interlayer configur-

ations in Mg2Al LDHs containing a single organic anion (terephtalate and azobenzene

derivative, respectively).

Recently, intercalation of LDHs has attracted much interest because this process can

modify their electronic, magnetic and optical properties by host-guest effect. Special

efforts have been devoted to the simultaneous intercalation of LDHs with different

guest species aiming at the synthesis of polyfunctional materials. Over the last decade

or so, the development of energy-dispersive XRD on synchrotron sources has been

especially useful to investigate the kinetics of intercalation (Fogg et al., 1998a,

1998b; O’Hare et al., 2000). In particular, this technique has allowed us to uncover

the formation of ‘intermediate’ heterostructures corresponding to second staging, or

regular 1:1 interstratification, of layers with different interlayer anions, similar to

those described in amphiphilic modified clay structures (Ijdo et al., 1996; Ijdo & Pinna-

vaia, 1998a, 1998b). Such heterostructures, as determined from the presence of a super-

reflection characteristic of the regular interstratification (1:1 ratio, S ¼ 1 with MPDO),

have been reported for a variety of octahedral layer compositions and interlayer anions

(Fig. 17a – Fogg et al., 1998a, 1998b; Kayenoshi & Jones, 1998; O’Hare et al., 2000;

Pisson et al., 2003; Williams et al., 2003, 2004; Taviot-Guého et al., 2005, 2010; Wil-

liams & O’Hare, 2005, 2006; Feng et al., 2006; Zhang et al., 2008; Ragavan et al.,

2009). It should be noted that the regular distribution (second staging) of inorganic

and organic interlayers can be maintained through subsequent exchange of one of the

guest anions as shown by Williams & O’Hare (2006) for the adipate-for-succinate or

the adipate-for-tartrate exchange in a Zn2Cr LDH initially containing Cl2 in addition

to the organic anion.

Beside these numerous reports of regularly interstratified mixed layers, additional

kinetic studies of the anion-exchange process describe the steady migration of peaks

from one end-member to the other during the anion-exchange process (Feng et al.,

2006; Taviot-Guého et al., 2010; Fig. 17b), similar to the diffraction behaviour

described by Méring for the random interstratification of different layer types

(Méring, 1949). Significant variations in the position and breadth of the diffraction

peak characteristic of the regular interstratification of two layer types has also been

reported for the carbonate-for-tartrate exchange in a Zn2Cr LDH (Feng, 2006;

Fig. 17c). Such variation indicates that the alternation of carbonate and tartrate inter-

layers departs from the regular 1:1 alternation. Both a carbonate:tartrate ratio other

than the 1:1 ratio and junction probabilities other than the S ¼ 1 case with MPDO,

i.e. partial ordering, can account for the observed variation. These non-regular mixed

layers have received much less attention than their regular counterparts, however, and

stacking sequences have not even been determined.

The alternation, regular or otherwise, of different layer types in LDHs will impact not

only the position and profiles of 00l basal reflections as described above, but also the

position and profiles of non-basal ‘hkl’ lines as most LDHs possess a 3D periodicity.

Bookin & Drits (1993) reported theoretical calculations performed for all possible

LDH structure models, i.e. for all possible stacking modes (polytypic fragments) result-

ing from the different interlayer configurations. The positions and relative intensities
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Fig. 17. Dynamic evolution of XRD patterns during the anion exchange of Zn2Cr LDHs. (a) Tartrate-for-

chlorine exchange, showing a super-periodicity corresponding to the regular alternation of the two anions

in successive interlayers (2nd staging – adapted from Feng, 2006). (b) Sulphate-for-tartrate exchange, showing

a steady shift of peak position from one end-member to the other, characteristic of the random interstratifica-

tion of the two types of anions in successive interlayers (adapted from Taviot-Guého et al., 2010). (c)

Carbonate-for-tartrate exchange (adapted from Feng, 2006). Compared to Figure 17a the peak corresponding

to the super-periodicity is shifting as the exchange proceeds, thus suggesting a carbonate:tartrate ratio different

from 50:50 in a stacking which is predominantly ordered. For the Zn2Cr LDH with interlayer tartrate, carbon-

ate, sulphate and chlorine anions the d003 values correspond to the layer-to-layer distance because of the 3R

polytype. For the Zn2Cr LDH with mixed Cl2/tartrate or tartrate/CO3
2 – anion composition, the d006 values

correspond to the second order of the basal distance corresponding to the periodic repetition of the two

anions in successive interlayers (2nd staging). The AEC scale indicates the amount of tartrate (a), SO4
2 – (b),

or CO3
2 – (c) anions added in solution during these dynamic experiments expressed as a fraction of the

anion exchange capacity.
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reported for the different LDH polytypes can serve to determine the actual stacking

mode, and polytypic variety, of periodic species (Bookin et al., 1993), but can serve

also as a basis for the interpretation of diffraction effects arising from the interstratifica-

tion of different polytypic fragments (Drits & Bookin, 2001). A number of structural

studies have actually investigated the interstratification of such structural fragments

from the profiles of non-basal reflections, essentially using the recursive description

of the layers’ stacking and the DIFFaX code (Bellotto et al., 1996; Thomas et al.,

2004; Radha et al., 2005, 2010; Thomas & Kamath, 2006; Curtius & Ufer, 2007;

Radha & Kamath, 2009). These studies consistently show the random interstratification

of common rhomboedral, hexagonal, and eventually monoclinic LDH polytype frag-

ments from the migration of the hkl reflections corresponding to the predominant poly-

type towards neighbouring reflections of the minor polytype, which is described as a

well defined stacking fault.

3.4. Interstratification of other lamellar structures: layered oxides

3.4.1. Interstratification of commensurate polytype fragments
Interstratification of polytypic fragments has been reported also in layered oxides. For

example, in the general context of preparation of heterostructured hybrid materials,

Du & O’Hare (2008) reported second staging in a-Co hydroxides from the presence

of super-reflections corresponding to the regular interstratification of two layer types.

The regular alternation of DDS (dodecyl sulphate) and carbonate layers (27.8 and 8.2

Å, respectively) over extended length scales was confirmed from lattice-fringe

images obtained under the TEM.

Interstratification of layers having different layer-to-layer distances has also been

reported in Ni(OH)2, which is the positive electrode material of nickel-based alkaline

secondary batteries (Ni-Cd, Ni-metal hybride, Ni-H2). Two main structures have been

reported for this material. a-Ni(OH)2 is a turbostratic phase exhibiting a basal distance

of �8.4 Å, whereas b-Ni(OH)2 corresponds to the 1H polytype and has a �4.6 Å unit-

cell length perpendicular to the layer plane. Using a recursive description of stacking

sequences, Ramesh et al. (2003) investigated systematically the impact of the random

interstratification of these two polytypes on XRD patterns. The influence of such stack-

ing faults on the position and profiles of basal 00l reflections was used to report not only

their occurrence but also to assess their abundance (relative proportions of the two poly-

types – Rajamathi et al., 2000; Tessier et al., 2000a; Ramesh et al., 2003, 2005). The

presence of stacking faults in b-Ni(OH)2 not only modifies the position and profile of

basal 00l reflections, but also impacts non-basal hkl reflections as shown for growth

and deformation faults (Delmas & Tessier, 1997; Tessier et al., 1999). Within the 1H

stacking sequences of b-Ni(OH)2 (AbC AbC AbC . . .), these two types of faults corre-

spond to the occurrence of twinning (AbC AbC CbA CbA . . .) and to a –a/3 layer dis-

placement (AbC AbC CaB CaB . . .) and induce a significant broadening of 101 and 102

lines compared to other reflections. Tessier et al. (1999), Ramesh et al. (2003), and

Ramesh (2009) calculated systematically the influence of different stacking faults on

b-Ni(OH)2 XRD patterns. These calculations were subsequently used to describe,
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from the modelling of XRD data, the occurrence and abundance of a variety of stacking

faults in b-Ni(OH)2 (Delmas & Tessier, 1997; Tessier et al., 1999, 2000a; Guerlou

Demourgues et al., 2004; Ramesh et al., 2005, 2006; Ramesh & Kamath, 2008a;

Ramesh, 2009). Other structural parameters such as the size of the CSDs and the abun-

dance of vacant layer sites or of isomorphous cationic substitutions, for example, were

also determined in some of these studies (Ramesh et al., 2003, 2005, 2006; Ramesh,

2009). In an elegant paper, Ramesh & Kamath (2008b) demonstrated that the quality

of the structural characterization is improved significantly, compared to a ‘usual’

Rietveld refinement, when stacking faults are characterized and quantified, even if the

abundance of these faults is limited to a few percent. Finally, clear correlations were

determined between the nature and abundance of some of the above defects and the

synthesis conditions (Tessier et al., 2000a, 2000b; Guerlou Demourgues et al., 2004;

Ramesh et al., 2006) or electrochemical properties of these materials, such as charge-

ability and electronic conductivity (Tessier et al., 1999; Ramesh & Kamath, 2008a;

Ramesh, 2009).

Layered MnO2 (birnessite or d-MnO2) has attracted a sustained interest over the last

two decades owing to its ubiquity in superficial oxic environments where its ability to

degrade organic pollutants and to fix trace-metal elements has a pivotal influence on

the fate of these contaminants, in addition to its potential as a cathode material. As

for Ni(OH)2, different stacking sequences have been reported for birnessite octahedral

layers, that can also have different symmetry depending on the origin of the layer-

charge deficit. Layers with hexagonal symmetry, and small b unit-cell dimensions

(2.84–2.85 Å), are characterized by small amounts of Mn3þ cations within the octa-

hedral layer, with large layer-vacancy contents being responsible for the layer-charge

deficit. On the contrary, when layers are almost devoid of vacancies, the layer-charge

deficit arises essentially from the presence of layer Mn3þ cations (25–30%). In this

case, Jahn-Teller distorted Mn3þ octahedra are ordered at room temperature to minimize

the steric strains, and their systematic elongation along the a axis leads to an orthogonal

layer symmetry with a . b �
ffiffiffi
3
p

(Gaillot et al., 2007). Drits et al. (2007a) calculated

systematically the intensity distribution for all possible polytypes, and relevant associ-

ated interlayer configurations, thus providing a sound basis for the identification of these

polytypes, but also for the prediction of the diffraction effects arising from their random

interstratification. These authors also described the layer symmetry and stacking

sequences for most varieties reported in the literature at that time as a function of the

synthesis conditions. Owing to this polytypic diversity, 3D-ordered birnessite varieties

often appear as mixed layers in which different polytypic fragments are interstratified, as

in Ni(OH)2. For example, interstratification of the 1H polytype, which is the stable form

of birnessite when equilibrated at low pH, with other polytypic variants has been

described (Manceau et al., 1997; Lanson et al., 2000, 2002b). By taking into account

the interstratification of the different polytypes, it was possible to extract additional

structural information from the XRD patterns of these defective structures (Fig. 18).

In particular, the number of vacant octahedral sites, the number, location and coordi-

nation of interlayer transition metal cations, and the number and location of interlayer

H2O molecules were determined systematically. Interpretation of these fine structure
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details allowed us to unravel the H-bonding responsible for the respective stability of the

different stacking modes (Lanson et al., 2000, 2002b), but also the reaction mechanisms

involved in the high to low pH structural transition occurring in birnessite (Lanson et al.,

2000) or those leading to the oxidation of Co2þ and to its incorporation in the MnO2

octahedral layer (Manceau et al., 1997). The different polytypes resulting from contrast-

ing synthesis conditions most often include minor amounts of other polytypic fragments

randomly interstratified within the main stacking sequence (Gaillot et al., 2003, 2004,

2005). For example, Gaillot et al. (2003) were able to refine the structure of a specific

2H polytype from a mm-sized monocrystal, but had to consider the contribution from a

2H/3R mixed layer to fit the powder XRD pattern recorded for the whole sample. Drits

et al. (1998a) even reported the complex interstratification of two 4-layer polytypes, in

addition to the presence of one of these polytype as a 3D-periodic species. Finally, inter-

stratification of layers having the same stacking vector within the ab plane but differing

in their layer-to-layer distance was described during the dehydration of birnessite at

moderate (100–1508C) temperature (Gaillot et al., 2005).

3.4.2. Interstratification of incommensurate fragments
Interstratification may occur between layers each having their own 2D periodicity and

irrational a and/or b unit-cell parameters (Drits, 1987, 2003; Organova, 1989;

Position (°2θ CuKα)

35 40 45 50 55 60 65 70

a

c

Zn

Fig. 18. Comparison between experimental and calculated diffraction patterns for the phyllomanganate bir-

nessite equilibrated at low pH in the presence of Zn (adapted from Lanson et al., 2002b). The agreement

between calculated and experimental intensity distributions is significantly improved when both tetrahedral

and octahedral coordinations are considered for interlayer Zn cations (0.078:0.040 ratio – bottom) as com-

pared to a unique octahedral coordination (top). The tetrahedral coordination of Zn located above, or

below, vacant octahedral layer sites provides additional bonding between adjacent layers shifted by þa/3,

through the formation of strong H-bonds. Symbols as in Figure 5.
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Makovicky & Hyde, 1992). As a result, the indi-

vidual structures of these layers can be described

with two independent unit cells, and selected

area electron diffraction is an especially power-

ful tool to unravel the interstratification of such

incommensurate layers (Fig. 19). For example,

the regular alternation, along the axis perpen-

dicular to the layer plane, of octahedral layers

having different compositions defines a peculiar

group of phyllomanganates whose natural occur-

rences are reported under the generic name of

asbolane (Chukhrov et al., 1982, 1989; Drits,

1985; Manceau et al., 1992; Feng et al., 2001).

In these peculiar mixed layers, the MnO2 layer

is continuous whereas the other layer type essen-

tially forms island-like domains sandwiched

between the MnO2 layers to allow for the for-

mation of H-bonds that ensure the overall stack-

ing stability. Regular alternation of incommensurate layers has also been described for

other compositions. For example, alternation of brucite and sulphide layers was reported

in the minerals valleriite and tochilinite (Evans & Allman, 1968; Organova et al., 1974;

Drits, 1987; Organova, 1989). The natural occurrence of regularly alternating chrysotile

and hydrotalcite layers was also reported (Drits et al., 1995).

Using the theoretical developments of Plançon (1981), Gaillot et al. (2004) revealed a

new type of structural disorder in layered structures with the random alternation of par-

tially incommensurate layers. These authors reported the interstratification of layers

having hexagonal and orthogonal symmetry, but the same basal distance and the

same stacking vectors. In this case, hk rods corresponding to the interstratified layer

types overlap partially, giving rise to very specific diffraction features. In particular,

the breadth of hkl reflections corresponding to the mixed layer decreases with increasing

values of the Miller index l.

3.5. Structural characterization of disordered layered structures

As described in section 2.1.2., the occurrence of random stacking faults leads to diffrac-

tion effects strikingly different from those described above. In particular, the resolution

of hkl reflections is progressively lost when increasing the proportion of such random

stacking faults (Fig. 2). In turbostratic compounds, random stacking faults occur system-

atically between adjacent layers thus inducing 2D crystals, characterized by an asym-

metric diffraction profile (hk diffraction band) similar to that obtained from a single

layer, in addition to 00l reflections.

Warren (1941) soon recognized that it was possible to decipher structural information

from the profile of hk bands, despite the absence of resolved hkl lines (Biscoe & Warren,

1942). In their pioneering work, Warren (1941) and Biscoe & Warren (1942) were able,

from the analysis of XRD data, to prove the 2D periodicity of carbon blacks and to

Fig. 19. Electron diffraction pattern from a

Co-asbolane exhibiting reflection networks

corresponding to the two incommensurate

layers (from Gaillot, 2002).
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determine their CSD size within the layer plane. Further information on the

actual 2D structure of layers can be retrieved from the modelling of hk band

profiles. These bands are similar to the structure factor of a single layer and thus com-

prise the coordinates and occupancies for all atomic sites within the layer. Leoni (2008)

reviewed existing methods used to retrieve structural information from such diffraction

patterns. The next section will deal with recent results obtained with these different

approaches.

3.5.1. Layered silicates
Despite recent studies that challenged the actual turbostratic character of expandable

layered silicates (Viani et al., 2002), hk band profiles of smectite have been used

widely to investigate the 3D organization of their interlayer cations and H2O molecules

(Brindley & Méring, 1951; Méring & Brindley, 1967). Ben Brahim et al. (1984) used

a similar approach to investigate the positions of cations and H2O molecules in Na-

beidellite, but had to describe also the layer stacking of their sample that was not

totally turbostratic. In two articles devoted to the structural characterization of oxidized

and reduced nontronite (Fe-rich smectite), Manceau et al. (2000a, 2000b) modelled the

profiles and relative intensities of the 02,11 and 20,13 bands, to determine the actual

occupancy of the different octahedral sites, and in particular, to assess the presence of

cations occupying trans sites in the essentially trans-vacant oxidized species. They

showed that all nontronite samples investigated were 100% trans-vacant, with a detec-

tion limit of �10% for occupied trans-sites. In the companion article devoted to the

structural characterization of reduced nontronites (Manceau et al., 2000a), these

authors showed the formation of trioctahedral clusters induced by the migration of

reduced Fe cations within the octahedral sheet of the smectite layer. Trioctahedral

clusters induce in particular a modification of the intensity distribution between 02,11

and 20,13 bands as predicted by Drits et al. (1984). They also showed the induced

reduction of the CSD size, and the lowering of the original hexagonal layer symmetry

hexagonal to an orthogonal one (b . a �
ffiffiffi
3
p

). The analysis of hk band profiles, and

especially of their relative intensities, even allowed the presence of Fe cations with tet-

rahedral coordination within smectite layers to be unravelled and quantified when the Fe

content was sufficient (Manceau et al., 2000b; Gates et al., 2002).

3.5.2. Layered oxides
In natural environments, disordered varieties of phyllomanganates (birnessite and its

disordered analogue vernadite, or d-MnO2) prevail probably as a result of the biogeni-

cally mediated oxidation of Mn2þ. Modelling studies, similar to those performed on

layered silicates, have been carried out recently to determine their layer structure,

and, in particular, the origin of the layer-charge deficit (presence of Mn3þ cations or

of vacant sites within the octahedral layer), and to assess the induced density of reactive

sites. From theoretical calculations, Drits et al. (2007a) reported the influence of these

parameters, but also of the number, location, nature, and coordination of interlayer

species on the profile of hk bands. In a few reports, the splitting of hk bands can be

interpreted qualitatively to prove the orthogonal symmetry of the layer, and thus the
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prevailing influence of

Mn3þ cations within the

octahedral sheet (Webb

et al., 2005; Zhu et al.,

2010). Most often, the

layer symmetry is hexago-

nal, thus indicating the

predominant contribution

of vacant layer sites to the

layer-charge deficit (Fig.

20) (Jurgensen et al.,

2004; Villalobos et al.,

2006; Grangeon et al.,

2008, 2010; Lanson et al.,

2008). Depending on the

synthesis protocol, or on

the living organism respon-

sible for Mn2þ oxidation,

differences in the profile

shape of the decreasing

high-angle tail of the

02,11 band reveal a signifi-

cant scatter in the density

of vacant layer sites and

thus in the number of reac-

tive sites for the adsorption

of di- and trivalent tran-

sition metal cations

(Villalobos et al., 2006;

Grangeon et al., 2008,

2010; Lanson et al.,

2008). The size of CSDs,

which is also a key factor

in the reactivity of these

materials from the influ-

ence on the relative contri-

bution of edge sites, is

also highly variable as a

function of the conditions

of formation. Finally, the location and coordination of interlayer species was deter-

mined, thus allowing a complete structural characterization of these compounds

despite their intrinsic defective character. It should be noted that XRD patterns obtained

for some of these compounds are actually devoid of 00l reflections, despite their undis-

putable lamellar character, because of the extreme delamination, these lamellar

Position (°2θ CuKα)

45 55 65 755 15 25 35

~7.5Å

~3.7Å

2.41Å

1.41Å

1.22Å

pH10

pH8

pH7

pH6

pH5

pH4

pH3

Fig. 20. XRD patterns recorded for the phyllomanganate vernadite

(turbostratic birnessite variety) when equilibrated at different pH

values (adapted from Grangeon, 2008). The XRD pattern recorded on

the pH10 sample is shown systematically as a grey trace to emphasize

the differences in the profile shape of the hk band at 2.41 Å (arrows).

The observed profile modification is linked to the steadily increasing

number of interlayer Mn cations located above vacant layer sites

when decreasing the pH from 10 (0.075 interlayer Mn cation per

layer octahedron) to 3 (0.175 interlayer Mn cation per layer

octahedron).
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compounds occurring essentially as single layers bound together by organic matter

(Fig. 21 – Lanson et al., 2008; Grangeon et al., 2010).

4. Conclusions

Modelling of XRD data has been used increasingly over the last few decades to

determine the nature, abundance and distribution of structure defects in lamellar com-

pounds. For example, structure models were determined for 2D periodic species that

are commonly described as amorphous owing to the absence of resolved hkl reflections.

Similarly, the nature, abundance and distribution of well defined stacking faults have

been uncovered in 3D ordered structures, and the nature of interstratified layer types

and their stacking sequences were characterized. Owing to the increased potential of cal-

culation routines, such studies could be carried out successfully even on polyphasic and/
or natural samples. In all cases, they provided additional understanding of these complex

structures, and the structural parameters determined often proved to be key factors for

the comprehension of the material/mineral reactivity. Structural parameters such as

layer-stacking sequences in mixed layers were also essential to determine their reaction

mechanisms, and, ultimately, to determine thermodynamic data relevant to these

systems and possibly the kinetic effects affecting these reactions. As the number of par-

ameters required to describe completely defective structures is increased compared to

7.2 Å 

1 layer

2
layers

3 lay

3 layers

7.2 Å 

3.60 Å 

0.050 0.100 0.150 0.200 0.250 0.300 0.350 

1/d (Å-1)

0.090 0.120 0.150 0.180 

Fig. 21. Comparison between experimental and calculated diffraction patterns (00l basal reflections only) for

the phyllomanganate vernadite formed in the roots of Festuca rubra (adapted from Lanson et al., 2008).

001 and 002 reflections are calculated for crystallites composed of one (dashed line), two (dotted-dashed

line) and three (dot-dot-dashed line) parallel layers. The optimal fit (red line) to the data (crosses) is

obtained with an assemblage of diffracting crystallites containing 1, 2, and 3 layers in the ratio of

2.0:0.3:0.1. Readers of the paper version of this chapter may wish to download a colour version of this

figure from www.minersoc.org/emu-notes/emu-11/11-4-colour.pdf.
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common structure refinements, additional constraints, either experimental or compu-

tational, are extremely beneficial to support proposed structure models. In turn, taking

into account structure defects and heterogeneity affecting layered compounds allows

us to match more accurately the complementary data. The need to use such a large

number of complementary techniques (microscopies, spectroscopies, chemical and

thermal analyses, . . .) in order to constrain or complement XRD structural studies is

emphasized as it is often essential in order to obtain an unambiguous and comprehensive

structure model (Drits, 1983, 2003; McCarty et al., 2004; Lindgreen et al., 2008; Drits

et al., 2010).

The modelling approach represents the optimum, and at present the sole, quantitative

method allowing a thorough structure determination of defective lamellar compounds.

This approach has allowed us to reveal the intrinsic complexity of defective lamellar

structures and to improve their structural characterization. Lanson et al. (2002a) and

Ramesh & Kamath (2008b) showed, for example, that structural characterization is

significantly enhanced when stacking faults are characterized and quantified, even if

the abundance of these faults is limited to a few percent. In addition, the modelling

approach has allowed us to unravel specific properties of elementary layers, such as fluc-

tuations of the layer-to-layer distance, or to refine their actual structure. The ability to

calculate diffraction effects from multi-component mixed layers has also allowed us

to reveal their ubiquitous presence in both natural and synthetic samples, and the fre-

quent contribution to the diffraction intensity of mixed layers lacking a characteristic

diffraction fingerprint in the low-angle region. The calculation routines available have

refreshed the description of defective structures and a key point when using these

tools is thus ‘imagination’: the search for possible structure models should not be

restricted to those that have already been reported in the literature. A wider application

of these tools to natural and synthetic samples will undoubtedly allow for new funda-

mental findings.

The use of these methods remains restricted, however, essentially because of the

limited coupling between defective-structure calculation routines and automatic mini-

mization ones. However, when sought, this coupling should not be detrimental to the

versatility of the calculation routines. A trial-and-error optimization of the structure

model will undoubtedly slow down the characterization, or hamper its generalization

to large sample sets, but an (over-)simplified calculation routine will just preclude it.

When comprehensive modelling is not performed, direct comparison between exper-

imental XRD patterns and those calculated from the hypothesized structure remains

crucial to assess the validity, and possibly the limits, of the proposed structure model.
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Guinier, A. (1964) Théorie et technique de la radiocristallographie. Dunod, Paris, 740 pp.

Hendricks, S. & Teller, E. (1942) X-ray interference in partially ordered layer lattices. Journal of Chemical

Physics, 10, 147–167.

Hower, J. & Mowatt, T.C. (1966) The mineralogy of illites and mixed-layer illite/montmorillonites. American

Mineralogist, 51, 825–854.

Hubert, F., Caner, L., Meunier, A. & Lanson, B. (2009) Advances in characterization of soil clay mineralogy

using X-ray diffraction: from decomposition to profile fitting. European Journal of Soil Science, 60,

1093–1105.

Hubert, F., Caner, L., Ferrage, E. & Meunier, A. (2011) Refinement of soil clay mineralogy based on the

multispecimen XRD profile fitting procedure. European Journal of Soil Science, submitted.

Ijdo, W.L. & Pinnavaia, T.J. (1998a) Solid solution formation in amphiphilic organic-inorganic clay hetero-

structures. Chemistry of Materials, 11, 3227–3231.

Ijdo, W.L. & Pinnavaia, T.J. (1998b) Staging of organic and inorganic gallery cations in layered silicate

heterostructures. Journal of Solid State Chemistry, 139, 281–289.

Ijdo, W.L., Lee, T. & Pinnavaia, T.J. (1996) Regularly interstratified layered silicate heterostructures: Pre-

cursors to pillared rectorite-like intercalates. Advanced Materials, 8, 79–83.

X-ray diffraction of defective lamellar structures 195



Inoue, A., Bouchet, A., Velde, B. & Meunier, A. (1989) Convenient technique for estimating smectite layer

percentage in randomly interstratified illite/smectite minerals. Clays and Clay Minerals, 37, 227–234.

Inoue, A., Lanson, B., Marques Fernandes, M., Sakharov, B.A., Murakami, T., Meunier, A. & Beaufort,

D. (2005) Illite-smectite mixed-layer minerals in the hydrothermal alteration of volcanic rocks: I. One-

dimensional XRD structure analysis and characterization of component layers. Clays and Clay Minerals,

53, 423–439.

Iwasaki, T. & Watanabe, T. (1988) Distribution of Ca and Na ions in dioctahedral smectites and interstratified

dioctahedral mica/smectites. Clays and Clay Minerals, 36, 73–82.

Iyi, N., Kurashima, K. & Fujita, T. (2002) Orientation of an organic anion and second-staging structure in

layered double-hydroxide intercalates. Chemistry of Materials, 14, 583–589.

Iyi, N., Fujii, K., Okatomo, K. & Sasaki, T. (2007) Factors influencing the hydration of layered double hydrox-

ides (LDHs) and the appearance of an intermediate second staging phase. Applied Clay Science, 35,

218–227.

Jagodzinski, H. (1949) Eindimensionale Fehlordnung in Kristallen und ihr Einfluss auf die Röntgeninterferen-
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