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Abstract—X-ray diffraction patterns of oriented mounts of clay minerals are often used in clay mineralogy
for qualitative and quantitative purposes. Fequently occurring stacking defects, in particular, can be
characterized by this technique. Modeling of these diffraction profiles has become an important tool in
obtaining structural information about the nature of stacking order. Manual matching of calculated and
observed patterns is time consuming and user dependent. Automatic refinement procedures are, therefore,
desirable. An improved approach for the treatment of disordered layer structures within a Rietveld
refinement is presented here. The recursive calculation of structure factors, similar to that of the simulation
program DIFFaX, was introduced in the Rietveld code BGMN. Complete implementation is formulated
within the interpreter language of the Rietveld code and is transparent as well as flexible. Such a method
has opened the application of Rietveld refinement to patterns of oriented mounts where only basal
reflections of stacking disordered structures were recorded. The DIFFaX code was used to simulate basal
reflections of illite-smectite mixed layers (I-S) with different ratios of illitic and smectitic layers and with
different degrees of long-range ordering (Reichweite). Rietveld refinements with these simulated patterns
were used to evaluate the application of this new approach. Several I-S with different degrees of ordering
were also chosen as tests for the refinement of basal reflections. The samples were prepared as standard air-
dried and ethylene glycol-solvated, oriented specimens. Realistic structural parameters were obtained for
the composition and ordering of the I-S.
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INTRODUCTION

Minerals and synthetic substances with layered

structures come in various forms with different degrees

of stacking disorder owing to the weak interactions

between adjacent layers. The stacking faults may consist

of translational or rotational misorientation of layers,

mixed layering of different layer types, or combinations

of these. The diffraction patterns of such materials show

strong anisotropic peak broadenings leading, in extreme

cases, to modulated diffraction lines without reflections

that may be indexed conventionally. These patterns are

no longer describable by the traditional Bragg peak

concept, thus precluding use of the standard Rietveld

method in determining structural information or phase

contents.

Layer silicates also show a strong tendency for

preferred orientation due to their strong anisotropic

crystallite shape. The classic Rietveld method normally

uses data from powder diffraction measurements of

unoriented or weakly oriented mounts. The effect of

preferred orientation, normally avoided in powder

diffraction, is used frequently in clay mineralogy for

diagnostic or quantitative purposes. Layer silicates show

similar lattice constants in the a and b directions, but

clearly distinguishable diffraction features in the c*

direction. The typical preparation technique of the clay

minerals as oriented mounts emphasizes the diagnostic

basal reflections and suppresses the non-basal reflec-

tions. Several alternative software codes (e.g. NEWMOD

(Reynolds, 1985), MLM2C/3C (Plançon and Drits,

2000), MODXRD (Plançon, 2004), and NEWMOD+

(Yuan and Bish, 2010a)) are used to model basal

reflections of such oriented mounts. Some programs

contain automatic refinement routines (e.g. that by

Plançon and Roux (2010), SYBILLA (by Aplin et al.,

2006), or FITMOD (by Yuan and Bish, 2010b)) and can

handle mineral mixtures. The latter, therefore, provide

quantitative information on phase contents. Such quan-

titative information is also influenced by the degree of

preferred orientation of the individual minerals (e.g.

Taylor and Norrish, 1966). Minerals in a mixture can,

unfortunately, show different degrees of preferred

orientation, which have to be corrected (e.g. Dohrmann

et al., 2009). Quantitative phase analysis based on

modeling of basal reflections sometimes becomes

inaccurate if the individual degree of preferred orienta-

tion of the minerals is unknown or is estimated

inaccurately.

The aim of the present study was to demonstrate that

the Rietveld method can be combined with a recursive
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structure-factor calculation and, thus, is able to describe

the diffraction of disordered stacking. The ability to fit

basal patterns is described in this first paper (part I) and

the limitations of the methods are discussed in part II

(Ufer et al., 2012). The results (given here) are

combined with a suitable description of the three-

dimensional reflections (in part II) (Ufer et al., 2012).

Development of models for qualitative and quantitative

phase analysis with the Rietveld method, as already

demonstrated for turbostratically disordered smectites

(Ufer et al., 2004), is shown. In Ufer et al. (2008) the

Rietveld method, combined with a recursive calculation

of structure factors, was shown to be capable of refining

structural models of stacking disordered, layered double

hydroxides. The recursive calculation was developed by

Treacy et al. (1991) and first implemented in the

software code DIFFaX. The approach uses the self

similarity of stacking sequences and allows the mathe-

matical description of scattering by any layered struc-

tures in a set of simple equations. The original DIFFaX

code was expanded (Leoni et al., 2004; Casas-Cabanas

et al., 2006) by adding an automatic refinement

procedure. Both programs (DIFFaX+ and FAULTS)

lack the option of dealing with mineral mixtures. This

prevents application in quantitative phase analysis.

The structure-factor calculation as described by

Treacy et al. (1991) was implemented in an existing

Rietveld program instead of adding a refinement

function to the original DIFFaX code (Ufer et al.,

2008). The full advantages of the BGMN software such

as multiphase refinement and fundamental parameter

approach could then be used. The aim of the present

study was to examine the reliability of this approach for

the refinement of structural features of disordered

layered structures.

Illite-smectite mixed-layered minerals are the most

common and arguably the most important clay minerals

for the study of diagenetic processes. Accurate structural

and phase analysis poses a significant challenge in the

daily work of mineralogical laboratories. In general,

illite-smectites are fine-grained, dioctahedral, 2:1

phyllosilicates. The 2:1 phyllosilicates consist of two

corner-sharing tetrahedral sheets which sandwich an

octahedral sheet.

The stacking sequences of illitic and smectitic layers

are often disordered and can only be described

statistically with different degrees of long-range order-

ing (Reichweite or R). The term Reichweite, as defined

by Jagodzinski (1949), describes the extent of the

dependency of the occurrence of a given layer on the

nature of its adjacent layers.

The coexistence of smectitic interlayers in different

hydration states also leads to a stacking of smectitic

layers with different basal spacings. Both effects, the

disordered stacking of illitic and smectitic layers, and

the inhomogeneous hydration of the interlayer cations,

lead to a non-rational series of the basal reflections.

In this first part of the study, the refinement of

simulated and observed data of several I-S minerals with

different degrees of disorder is demonstrated. No attempt

was made to quantify mixtures, but the correct descrip-

tion of the 00l reflections is needed for the Rietveld

refinement of powder patterns which is demonstrated in

part II (Ufer et al., 2012).

RECURSIVE CALCULATION OF STRUCTURE

FACTORS AND DIFFRACTION INTENSITIES

The recursive description of diffraction from an

infinite stack of n layer types, as described by Treacy

et al. (1991, 1993), results in a set of simple equations

(1):

C = F + T · C (1)

or, as an equation system, e.g. with three different layer

types:

C1 = F1 + T11 · C1 + T12 · C2 + T13 · C3

C2 = F2 + T21 · C1 + T22 · C2 + T23 · C3

C3 = F3 + T31 · C1 + T32 · C2 + T33 · C3

The array F contains the structure factors Fi of all n

layer structures. C is the scattered wavefunction at a

given reciprocal lattice point hkl. T contains the

translational vector tx,ty,tz in relative coordinates of the

given lattice from a layer i to layer j and its components

are defined as (2):

Tij = pij · exp(-2 · p · i · (h · tx + k · ty + l · tz)) (2)

pij is the probability that one layer j follows one layer

i. The complex coefficients of T, F, and C are handled

in component notation (real and imaginary parts) in the

present study to allow summations.

The structure factor, F, is calculated from the

structures of the given layer types with these layers

taken as infinite in the a and b directions. The

components of the complex matrix T are calculated

within two nested loops in BGMN, while the equation

system is solved with a built-in solver function. Equation

1 is transformed to a regular equation 3:

F = C � T · C = C · (E � T) (3)

or as an equation system:

F1 = C1 · (1 � T11) � C2 · T12 � C3 · T13

F2 = � C1 · T21 + C2 · (1 � T22) � C3 · T23

F3 = � C1 · T31 � C2 · T32 + C3 · (1 � T33)

E is the unit matrix. The overall structure factor is

calculated as the incoherent sum of the weighted

coefficients of C. The weighting factor w is the a priori

probability that a layer i exists in the stack and is

calculated as:

wi ¼
X

j

wj � pji ð4Þ
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using the boundary conditions that the sum of all

proportions wi is equal to one and that the sum of all

stacking probabilities from a layer i (pij over j) is also

equal to one.

DESCRIPTION OF LONG-RANGE ORDERING BY

THE REICHWEITE CONCEPT

The stacking sequences of a disordered I-S can only

be described statistically with different long-range

ordering (Reichweite). The term Reichweite, as defined

by Jagodzinski (1949), describes the extent of influence

on the probability of the occurrence of a layer. A

Reichweite value of R3, for example, means that layers

up to the third next neighbor have to be considered to

specify the nature of the ‘next’ layer. Jagodzinski (1949)

described Reichweite values for SiC up to R6. Only

values R0 to R3 are reported in the literature for I-S

minerals. The definition of junction probabilities p and

proportions w of layers, layer pairs, and triple layer

stacks is necessary for a quantitative description of the

one-dimensional structure of a mixed-layer mineral. A

set of independent probability parameters has to be

chosen for each Reichweite value. The dependencies of

all other parameters can be related to each other by

linear equation systems. The choice of these independent

parameters is not unique and certain assumptions can be

drawn for I-S stacks. Because of this, all equations used

in the present work are described in detail although other

comprehensive descriptions already exist (Reynolds,

1980; Drits and Tchoubar, 1990).

The following boundary conditions for deduction of

the dependencies exist. First, the sum of all proportions

of layer kinds is equal to one. Second, the sum of all

probabilities for the occurrence of the following kind of

layer is also one. In addition, all values are constrained

to the range zero to one, because negative proportions/

probabilities or values greater than one physically make

no sense. The sum of the proportion of illitic layers and

smectitic layers in an I-S is one:

wI + wS = 1 (5)

wI is chosen as a refineable parameter in all models and

wS is calculated as

wS = 1 � wI (6)

All junction probabilities can be derived from wI in

the case of random interstratification (R0). pII, the

probability that an illitic layer follows another one is

equal to the probability that I follows S and simply

depends on the proportion of I:

pII = pSI = wI (7)

The boundary conditions lead to:

pIS = 1 � pII (8)

and

pSS = 1 � pSI (9)

Only one statistical parameter (wI) has to be refined

to describe an R0 disordered stacking. Equations 5, 6, 8,

and 9 are valid for all degrees of Reichweite for two-

component mixed layers.

Equation 7 is no longer generally valid in the case of

R1, and pII must be declared as an independent and

refineable variable. The proportion of I can be calculated

by applying equation 4. wI is equal to the probability

that I follows another I multiplied by the proportion of I

plus the probability that I follows S multiplied by the

proportion of S:

wI = wI · pII + wS · pSI (10)

pSI can be calculated after rearranging:

pSI = (wI � wI · pII)/wS (11)

or

pSI = wI · (1 � pII)/(1 � wI) (12)

pIS and pSS are determined according to equations 8 and 9.

Some combinations of these two independent vari-

ables, wI and pII, are forbidden. pSI cannot become

negative because the term wI · (1 � pII) in equation 12 is

always the product of two positive values and 1 � wI is

also always positive. pSI can become >1 for some

combinations of wI and pII, though. The maximum value

allowed for pSI is one. In this case, pSS = 1 � pSI = 0

describes the situation that a smectitic layer never

follows another smectitic layer. This refers to the

maximum possible degree of ordering (mpdo). The

mpdo condition is only possible for wI values >0.5.

The following relationship of pII and wI can be deduced,

putting the mpdo condition pSI = 1 in equation 12 and

rearranging:

pII (mpdo) = (2wI � 1)/wI (13)

pII values smaller than pII (mpdo) are not permitted for

wI >0.5. The Rietveld software BGMN allows refinement

of parameters with dynamic limits. The lower limit of

pII is zero (for wI < 0.5) or pII (mpdo) (for wI 5 0.5).

The conditions for the maximum possible degree of

ordering do not need to be present in R1 ordered stacks.

The assumption, though, that IS stacks with greater

degrees of long-range ordering (R2 and R3) show mpdo

ordering for R1 parameters seems to be valid in most I-S

minerals (Bethke et al., 1986).

Such recursive treatment requires the definition of

layer pairs to describe R2 ordering because stacking

sequences are not defined explicitly. Four different pairs

are possible: II, IS, SI, and SS. SS stacks are not present

(wSS = 0) if R1 (mpdo) is assumed. The other layer pair

proportions can be calculated using the previously

defined or deduced parameters:

wII = wI · pII (14)
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wIS = wI · pIS (15)

wSI = wS · pSI (16)

The following probabilities have to be considered for

R2 ordering: pIII, pIIS, pISI, pISS, pSII, pSIS, pSSI, and

pSSS. pSSS and pSSI do not need to be considered. One

of these conditional probabilities or even both may be

greater than zero but they are redundant because the a

priori condition that an SS pair exists is zero. pISS is

also zero because of the R1 (mpdo) condition and, due to

this, pISI is equal to one. pIII is chosen as an

independent and refineable parameter in this work.

pIIS is equal to 1 � pIII. pSIS depends on pIIS

analogous to equation 10:

wIS = wII · pIIS + wSI · pSIS (17)

or rearranged:

pSIS = (wIS � wII · pIIS)/wSI (18)

pSII is equal to 1 � pSIS.

The maximum possible degree of ordering is derived

in R2 ordered stackings for pSIS = 0. Analogous to

equation 17, wII can be described as:

wII = wII · pIII + wSI · pSII (19)

or rearranged:

pIII = (wII � wSI · pSII)/wII (20)

In the case of R2 (mpdo), pIII is no longer

independent and can be described by equation 21,

using equations 13 and 16 and the mpdo conditions:

pIII (mpdo) = (3wI � 2)/(2wI � 1) (21)

R2 (mpdo) is only defined for wI values >2/3. R2

ordering without the condition of mpdo is defined for wI

5 0.5, because the assumption R1 (mpdo) does not allow

wI < 0.5. pIII can be refined with a dynamic limit which is

zero for 0.5 < wI < 2/3 and pIII (mpdo) for wI 5 2/3.

Triple layer stacks have to be defined to describe R3

ordering. The assumption of R1 (mpdo) and R2 (mpdo)

reduces the number of triple stacks to four: III, IIS, ISI,

and SII. Their proportions are:

wIII = wII · pIII (22)

wIIS = wII · pIIS (23)

wISI = wIS · pISI (24)

wSII = wSI · pSII (25)

mpdo also reduces the number of junction probabilities

which have to be defined to describe the probability that

a layer follows a triple layer stack. pIIII is chosen as a

refineable variable. pIIIS is 1 � pIIII. pSIII can be

calculated from pIIII using equation 26:

wIII = wIII · pIIII + wSII · pSIII (26)

or rearranged:

pSIII = (wIII � wIII · pIIII)/wSII (27)

pSIIS is equal to 1 � pSIII. pIISS is equal to zero,

because R1 (mpdo) requires that S never follows S. pIISI

is equal to one. pISII is calculated by equation 28:

wSII = wISI · pISII + wSSI · pSSII (28)

wSSI is equal to zero and pISII = wSII/wISI.

R3 ordering shows the maximum possible degree of

ordering for pSIII = 1. This leads to equation 29:

pIIII (mpdo) = (4wI � 3)/(3wI � 2) (29)

R3 (mpdo) is only possible for wI 5 0.75. pIIII

(mpdo) is the lower dynamic limit for a refinement of

pIIII in this range. The limit is zero for 0.67 < wI < 0.75.

All models developed in this work use the statistical

description for stacking of two layer types. But the

smectite interlayer space exists in the two different

hydration states for all Reichweite values (monohy-

drated ‘1w’ and bihydrated ‘2w’). These two different

hydration states coexist and can be transferred into each

other by changing the environmental relative humidity.

This system is not regarded here as a three-layer

stacking, but as a two-layer system with an additional

probability parameter p1w which defines whether the 1w

or the 2w type occurs. The limitation to a random

distribution of 1w and 2w hydrated smectitic interlayers

seems to be justified for the illite-dominated minerals in

this study.

MATERIALS AND METHODS

The present study can be divided into two parts. First,

diffraction patterns of three different I-S minerals were

calculated with the simulation software DIFFaX and

then fitted with the Rietveld software BGMN. The use of

calculated data allows a more in-depth evaluation of the

refinement results than the use of measured data. The

strategy of applying four different models for the

refinements was chosen to evaluate the performance of

the automatic routine. The chosen strategy is not the

only one which leads to a result and the choice of how

best to apply this tool depends on the user and the topic.

The description of the three examples gives a better

understanding of the sensitivity and significance of the

different adjustable parameters.

Second, the structure models were applied to refine

observed data of three I-S. The same ‘user-independent’

refinement strategy (starting from different models) as

before was applied and the outcome of the previous

refinements was considered in discussing the results.

Simulation by DIFFaX

DIFFaX is well established and has led to reliable

results in numerous applications. The results of DIFFaX

calculations and BGMN calculations with the same

structural parameters lead to almost identical results

(Ufer et al., 2008), because both programs use the same

mathematical description of the diffraction process.
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Small deviations are probably the result of individual

precision or the design of numeric routines of the two

programs. The simulated data in the present work covers

a range of different ratios from illite to smectite and

different degrees of ordering. The input data were

chosen to reflect natural materials although simplifica-

tions were made.

The atomic Z coordinates of the TOT layers were

derived from Drits et al. (2006) (Table 1). The original

values were recalculated for an orthogonal unit cell with

the basal oxygen at Z = 0.000 Å. The atomic positions of

the symmetrically equivalent positions were calculated

considering the two-fold axis of the TOT layers. Typical

values were chosen for the occupancies. The interlayer

cation Ca for both hydration states was placed on the

interlayer midplane with an occupancy of 0.2. The water

molecules of the 1w state (represented only by oxygen

atoms) are also on the midplane with four times greater

occupancy to describe a square planar coordination. Two

planes of three oxygen atoms per Ca were placed 1.2 Å

below and above the cation for the bihydrated state

(Ferrage et al., 2005b). Both positions have occupancy

which is three times greater than the Ca. This arrange-

ment reflects the projection of an octahedral coordina-

tion of the interlayer cation with two triangles of the

octahedron parallel to the TOT layers.

The structure of the ethylene glycol (EG) molecule is

derived from Oie et al. (1994). Two of these molecules

were placed in the interlayer so that their symmetry

plane lies perpendicular to the TOT layer (Figure 1). The

two molecules were placed symmetrically to the mid-

plane, so that they have the same distance d(EG) to the

TOT layer, one to the underlying and one to the

following. In addition, two Ca positions and two layers

of water were added in the EG-solvated interlayer. The

positions were also defined by their distance to the

midplane, d(Ca,H2O). The Debye-Waller factor of all

atoms was set to zero.

The repeating distance in the c direction for the illitic

layers was set to 9.99 Å. The smectitic repeating

distances for the monohydrated (1w) and bihydrated

(2w) air-dried (AD) state were set to 12.5 Å and 15 Å.

16.8 Å was used for EG-intercalated material.

The DIFFaX calculations were performed for a

monochromatic wavelength of 1.789007 Å (CoKa1) and
a Lorentzian-shaped instrumental broadening with a

constant full-width at half-maximum intensity of 0.6º.

The resulting intensities were converted from a fixed

divergence slit measurement (Ifix) to a measurement

with variable divergence slit and constant irradiated

sample length (Ivar) by the relation Ivar = Ifix · siny. The
DIFFaX calculations show a strong intensity decay at

the beginning of the calculation range (Figure 2). This

artifact could be eliminated by choosing a larger

simulation range than the intended refinement range.

Refinements were performed over the range 2�65º2y,
while the simulation started at 1º2y and ended at 80º2y.
BGMN also showed a decay at the lower end of the

refinement because BGMN produces the continuous

diffraction line by overlapping of numerous peaks and

the intensities at the beginning of the refinement range

should be produced from peaks just under the lower

range limit. Unfortunately BGMN cannot generate

peaks outside the refinement range but the lack of

intensity was compensated by an increase in the

background line.

The three simulated patterns were generated for an

R0 disordered I-S (wI = 0.25), an R1 ordered I-S (wI =

0.5), and an R3 ordered I-S (wI = 0.9). The complete

statistical parameters are reported in the tables of the

results section for a direct comparison of input data and

refinement results.

Background intensities and instrumental noise were

added to the simulated intensities. These two contribu-

tions were extracted from observed data of a well

crystalline material (quartz).

Table 1. Structural parameters for the DIFFaX simulations of
I-S diffraction patterns.

Repeating distance
Layer type t (Å)
Illitic 9.99
Smectitic (1w) 12.50
Smectitic (2w) 15.00
Smectitic (EG) 16.80

Atomic positions and occupancies

Atom Z (Å) Occupancy p

Illitic TOT layer
Si 0.656 0.9
IVAl 0.656 0.1
Fe 3.350 0.1
Mg 3.350 0.3
Al 3.350 0.6
O1 2.273 1.0
O2 0.217 1.0
O3 0.000 1.0
OH 2.347 1.0

Illitic interlayer
K 8.345 0.8

Smectitic interlayer
Ca midplane 0.2
H2O (1w) midplane 0.264
H2O (2w) midplane � d(H2O) 0.263
d(H2O) 1.2

EG intercalated interlayer
Ca midplane � d(Ca,H2O) 0.1
H2O midplane � d(Ca,H2O) 0.1
EG molecules midplane � d(EG) 1.0
d(Ca,H2O) 2.525
d(EG) 2.150
h(EG) 0.867
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Rietveld refinements of simulated data

The Rietveld software BGMN (Bergmann et al.,

1998) was used for the recursive calculations inside a

Rietveld refinement. BGMN contains an interpreter

language which allows the definition of additional

functions and parameters. The manipulation of the

complex structure factors of multiple layer structures

within a single unit cell, the so-called sub-phases, is also

possible. The use of an interpreter language allows a

very flexible and transparent formulation without the

necessity of hard coding. A super-cell approach was

used to calculate the structure factors of these sub-

phases periodically in the a and b directions and

aperiodically in the c direction. Such an approach was

proposed by Ufer et al. (2004) to treat turbostratic

disorder. Diffraction by a turbostratic structure is

equivalent to diffraction by a single layer with respect

to non-basal reflections. The use of an elongated and less

than half filled unit cell for structure-factor calculation

approximates the Fourier transformation of an aperiodic

object, which is the mathematical interpretation of the

diffraction process on a single layer. In contrast, the

stacking of illitic and smectitic layers in the c* direction

was introduced here by the recursive calculation. The

super-cell was enlarged by a factor of 100 in the c*

direction and only partly filled with one layer (R0 and

R1), one layer pair (R2), or one layer triplet (R3) per

sub-phase. This approach provides enough sampling

points in the reciprocal space and peak positions in the

Figure 1. Structure of an EG-intercalated smectitic layer.

Figure 2. Simulated pattern of an R0 ordered I-S using the

parameters in Tables 1 and 3. Raw data without background and

instrumental noise, converted for variable divergence slits.
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powder pattern to produce a quasi continuous run of the

diffraction pattern.

Some extra functions were introduced in addition to

the structure-factor calculation. The recursive treatment

regards a stack as infinite and in the case of ordered

stacking, a reflection becomes infinitely sharp though

still having a finite area. This effect is problematic for a

correct numerical integration when the stacking is only

slightly disordered. An additional function was added to

ensure a minimal integrable width of all reflections. A

function for the calculation of correct densities from the

partly filled unit cell and for a constant Lorentzian-

shaped peak broadening was also introduced.

Several refinements for each data set were performed

with different models and refineable parameters. These

parameters can be divided into two groups. One mainly

affects the position of the intensity maxima, and the

other affects the intensity distribution. The first group

contains the translations within the layer plane and

perpendicular to it, the proportions, and the probabil-

ities. The second one contains the occupancies and

positions of the atoms in the unit cell.

The refinement strategy of the simulated patterns

described here reflects a situation in which the only

known fact is that the smectitic interlayers are inter-

calated with hydrated Ca ions (or EG molecules in the

third example). No other information may be available

initially. A first ‘trial-and-error’ step to identify the

nature of the stacking was a refinement with all four I-S

models (R0 to R3), using intermediate starting para-

meters. Chemical information was assumed in a further

step to fix the occupancies. The structural parameters

which were used for the refinements were mainly

identical to those used in the simulations. The repeating

distance c for the illitic layers was kept fixed. The

smectite repeating distances for the mono- and bihydrated

AD state were refined between limits taken from Ferrage

et al. (2005a), and from Ferrage et al. (2007) for the EG-

solvated state. The positions of the atoms in the TOT

layer were kept fixed. No attempt was made to refine the

ratio of Si and Al in the tetrahedral positions, due to their

similar scattering power. The Mg occupancy in the

octahedral position was kept fixed, the Fe occupation was

refined and the Al occupation was, therefore, calculated

as p(Al) = 1 � p(Mg) � p(Fe). The occupancies of the

interlayer cations in the AD state, of the EG molecules,

and of the interlayer water molecules were refined. The

occupancy of Ca in the EG-intercalated state was fixed to

0.1 due to its small content in relation to the EG content.

The positions of the interlayer cations were formulated in

relation to the repeating distance to ensure that the

cations were always on the midplane or, in the case of EG

and bihydrated states, symmetrical to the midplane. The

distances from the water molecules in the 2w state and

the EG molecules to the midplane were refined. The

starting values for the proportions of layer types were set

to an intermediate value with refinement limits related to

the actual degree of Reichweite. All starting parameters

and refinement limits are declared in the corresponding

tables in the Results section.

A scaling factor and a constant peak broadening

factor were refined. The background was described by a

Lagrange polynomial of 6th degree. The strict mono-

chromatic wavelength of the simulations (1.789007 Å)

was also used in the refinements.

Rietveld refinements of observed data

The starting structural parameters of the models for

the refinement of observed data were nearly the same as

in the refinements of the simulated data. The Debye-

Waller factor was set to 1 Å2. The atomic positions of

the glauconitic TOT layer were changed according to

Sakharov et al. (1990) (Table 2). The layer-to-layer

distance c for the glauconitic layers was set to 9.94 Å.

The first refinement tests showed that the refinement of

the number of interlayer water and EG molecules nearly

always reached the upper limit. This limit was increased

to 3 per water layer for the interlayer water of the

smectitic layers and 2 per water layer and EG molecule

for the EG-intercalated state.

The following conditions were chosen for the

Rietveld refinements in addition to the structural

specific parameters. BGMN includes a fundamental

parameter approach to model the instrumental part of

the peak profile (Cheary and Coelho, 1992). The

instrument-dependent part of the diffraction profile was

determined by a ray-tracing procedure prior to the

refinement. The zero point, the sample displacement

error, and a Lagrange polynomial of 6th degree for the

description of the background were refined as non-

structural parameters.

Table 2. Structural parameters for the refinements of G-S
diffraction patterns. All other parameters are identical to the
I-S structural parameters (Table 1).

Repeating distance
Layer type t (Å)
Glauconitic 9.94
Atomic positions

Atom Z (Å)

Glauconitic TOT layer
Si 0.630
IVAl 0.630
Fe 3.350
Mg 3.350
Al 3.350
O1 2.250
O2 0.110
O3 0.000
OH 2.280
Glauconitic interlayer
K 8.320
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Characterization of sample materials

The insight which emerged from the refinement of

simulated data was applied to the evaluation of the

refinement results of observed data. Three materials with

different degrees of ordering were chosen as test

materials. All samples were also characterized by

X-ray fluorescence (XRF) to evaluate the occupancies.

The sample referred to as Urkut is a glauconitic

material collected in the area of a manganese deposit

near Urkut, Hungary. The assumption was made here

that the disorder in glauconite-smectite (G-S) is equiva-

lent to that of I-S and the statistical description of I-S

stacks can be transferred to G-S stacks.

The sample ISCz-1 is a clay mineral from Slovakia

and a Special Clay from the Source Clays Repository of

The Clay Minerals Society (CMS). It is described as an

ordered I-S with an illite:smectite ratio of 70:30. The

reference formula from the CMS website (http://

www.clays.org/SOURCE%20CLAYS/SCdata.html) is

Mg0.015Ca0.05Na0.045K0.475Si3.59Al0.41
(Al1.70Fe

3+
0.06Mg0.24)O10(OH)2.

The following formula was reported by Gailhanou et al.

(2007):

K0.530Na0.135Si3.565Al0.435(Al1.709Fe
3+
0.051Mg0.218
Fe2+0.017Ti0.005)O10(OH)2.

Sample F4 is a dioctahedral illite-smectite mixed-

layer mineral collected from the Korom Hill deposit near

Füzérradvány, close to Satoraljaújhely, northern

Hungary. The material from this deposit was originally

described as a ‘‘sarospatakite’’ comparable to ‘‘illite’’
(Maegdefrau and Hofmann, 1937) and further character-

ized more recently (e.g. Ahn and Buseck, 1990; Środoń

et al., 1992; Gualtieri et al., 2008).

Material pretreatment

All samples were size fractionated in the gravity field

(Atterberg method) in order to reduce the amount of

quartz and other impurities. All clay minerals were Ca

saturated after the collection of the <2 mm fractions.

Excess salt was removed by dialysis using deionized

water. Traces of quartz were still present in the clay

fractions, as well as some kaolinite in sample ISCz-1.

Chemical analysis (XRF)

The chemical composition of powdered samples was

analyzed using a PANalytical Axios and a PW2400 XRF

spectrometers. Samples were prepared by mixing with a

flux material and melting into glass beads. The beads

were analyzed by wavelength dispersive XRF spectro-

metry (WD-XRF). 1 g of sample material was heated to

1030ºC for 10 min to determine loss on ignition (LOI).

The XRF data were used to develop a structural

formula following the procedure of Marshall (1935,

1949) and Ross and Hendricks (1945). Quartz amounts

of 10 wt.% for the Urkut sample, 2 wt.% for ISCz-1, and

4 wt.% for F4 were considered. These values result from

estimations with Rietveld refinements using approximate

ideal structural models. The kaolinite content of ISCz-1

was estimated as <1 wt.% and ignored.

Preparation of oriented mounts and XRD analysis

15 mg cm�2 clay was used to record an XRD scan.

An aliquot of 1.5 mL of suspension was deposited on the

circular (diameter = 2.4 cm) ceramic tiles which were

3 mm thick. The suspension was filtered through the tile

using a vacuum filter apparatus. The Urkut sample

prepared in this way showed a low degree of preferred

orientation. Glauconitic minerals generally tend to form

spherical aggregates. A preparation technique by sedi-

mentation of 15 mg cm�2 of material on a glass slide led

to a much higher degree of preferred orientation.

All samples were measured in Bragg-Brentano

geometry on a 3003TT (Seifert) diffractometer (CoKa
radiation generated at 40 kV and 40 mA) equipped with

an automatic divergence slit irradiating 10 mm sample

length, a 0.5 mm detector slit, a diffracted beam graphite

monochromator, and a scintillation counter. The patterns

were collected from 2 to 60º2y with a step size of

0.03º2y and 5 s per step.

The specimens were stored overnight in an ethylene

glycol atmosphere at 60ºC after recording a pattern

under AD conditions. The clay films were measured

again (in this case only 2 s per step) after cooling to

room temperature, representing EG conditions.

RESULTS AND DISCUSSION

The standard deviation, s, was declared with two

significant digits, and the refined value with the same

number of decimal places as s (Tables 3�5 and 7�9).

This high precision is justified in the case of simulated

data because the models for refinement are identical to

those which were used for the simulations. The

declaration of all decimals in the case of the observed

data assumed an accuracy which is not obtainable for

real measurements, because all crystallographic models

are just an approximation of reality, but it helps to

evaluate differences between the models. s was not

declared if a refinement limit was reached. No result

was declared if the parameter was kept fixed and bold

letters were used for fixed values, which differ from the

simulation. The Rwp value was declared for each

refinement. The Rwp also depends on the measurement

conditions and can only be applied directly for

comparisons of refinements using the same measure-

ment data. The comparison of results from refinements

using different measurements must be seen in relation

to the Rexp value. Rexp is the smallest obtainable value

of Rwp and can be calculated from the counting

statistics of the measurement (Howard and Preston,

1989).
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(Å

)
1
2
.5

1
1
.6
5
�1

2
.8
5

1
2
.5

1
2
.8
5

1
2
.5

1
2
.5
1
9

0
.0
1
6

1
2
.5

1
2
.8
5

1
2
.5

1
2
.2
4
7

0
.0
9
6

1
1
.6
5

1
2
.5
1
9

0
.0
1
6

t
sm

ec
ti
ti
c
(2
w
)
(Å
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(Å

)
1
.2

1
�1

.5
1
.2

1
.0
4
4

0
.0
2
4

1
.2

1
.1
5
2

0
.0
2
6

1
.2

n
.r
.

1
.2

1
.2

1
.1
5
3

0
.0
2
6

P
ro
p
o
rt
io
n
s
an
d
p
ro
b
ab
il
it
ie
s

w
I

0
.5

0
*
�1

0
.5

0
.2
4
5
1

0
.0
0
5
2

0
.5

0
.4
9
5
0

0
.0
0
2
0

0
.7
5

0
.8
0
1
0

0
.0
0
6
2

0
.8
7
5

0
.7
8
2
8

0
.0
0
8
8

0
.0
1

0
.4
9
5
0

0
.0
0
2
0

p
1
w

0
.2

0
�1

0
.5

0
.1
3
8
8

0
.0
0
7
3

0
.5

0
.2
0
4
6

0
.0
0
2
7

0
.5

0
0

0
.5

0
.2
7
9

0
.0
3
5

1
0
.2
0
4
5

0
.0
0
2
7

p
II

(R
1
)

0
.7
5

m
p
d
o
�1

0
.0

0
.7
4
4
4

0
.0
0
2
8

0
.7
5
1
5
(m

p
d
o
)

0
.7
2
3
(m

p
d
o
)

0
0
.7
4
4
5

0
.0
0
2
8

p
II
I
(R
2
)

m
p
d
o
�1

0
.5

0
.6
7
0

0
.0
1
7

0
.6
1
6
(m

p
d
o
)

p
II
II

(R
3
)

m
p
d
o
�1

0
.8

0
.9
6
1

0
.0
2
4

—
R
w
p
=
5
.2
8
%

—
—

R
w
p
=
5
.3
4
%

—
—

—
—

—
R
w
p
=
5
.2
9
%
—

—
—

—
—

—
—

—
R
w
p
=
5
.0
9
%

—
—

—
—

S
im

u
l-

R
ef
im

em
e
n
t

R
1
,
k
n
o
w
n
o
cc
u
p
an
ci
es

R
1
,
in
co
rr
ec
t
p
(F
e)

R
0
,
il
li
ti
c

5
1
.8
3
�
0
.5
8
w
t.
%

R
0
,
sm

ec
ti
ti
c

4
8
.1
7
�
0
.5
8
w
t.
%

R
1
,
il
li
ti
c

3
4
.6
�
4
.8

w
t.
%

R
1
,
sm

ec
ti
ti
c

6
5
.4
�
4
.8

w
t.
%

at
io
n

li
m
it
s

st
ar
t

re
su
lt

s
st
ar
t

re
su
lt

s
st
ar
t

re
su
lt

s
st
ar
t

re
su
lt

s
st
ar
t

re
su
lt

s
st
ar
t

re
su
lt

s

R
ep
ea
ti
n
g
d
is
ta
n
ce
s

t
sm

ec
ti
ti
c
(1
w
)
(Å
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Rietveld refinement of simulated patterns: AD I-S, R0

disordered, high smectite content

The first example was a calculated pattern of an AD

I-S with a content of wS = 0.75 smectitic layers and a

proportion of monohydrated smectitic layers of p1w =

0.5. The stacking was R0 disordered. Only two statistical

parameters had to be considered, wI = 1 � wS and p1w.

In a first step, all four models for AD I-S were

applied (Table 3). The refinements using the models for

R2 and R3 obviously failed, as indicated by Rwp =

33.63% (R2) and Rwp = 36.08% (R3). In contrast, the

refinements with the R0 and the R1 model had nearly

identical, low Rwp values of 4.87% and 4.86%. The

inspection of the patterns also showed two almost

identical refinement results (Figures 3, 4). A plot of

pII vs. wI (Figure 5), as proposed by Bethke et al.

(1986), represents all possible combinations of the R1

statistical parameters. This plot shows that the R1 model

can also describe the case of R0 ordering. All points on

the diagonal line represent random R1 ordering or R0

ordering (pII = wI). The point ‘S’ represents the

simulation parameters; ‘R0,’ the starting parameters for

the R0 model; and ‘R1,’ the starting parameters for the

R1 model. These R1 starting parameters describe an

ordered stacking of I-S sequences, which corresponds to

the mineral rectorite. Both models fitted the translations

and statistical parameters quite well, which influence the

position of intensity maxima. Only the value of pII for

model R1 was slightly too low. This additional refine-

able parameter, which is not necessary to fit the

simulated data, showed a small deviation from the

correct value. In contrast, it led to a slightly better Rwp

value. At this point, it was difficult to decide which

model was the correct one.

Refinements have the general problem that the

minimum of differences between observed and calcu-

lated data obtained may be a local minimum in the

parameter space. Other (better) solutions may be

possible. One way to test for alternative solutions is to

repeat the refinement with different starting parameters.

Some parameters of the R1 model were set to extreme

starting values for this purpose (point ‘R1 extreme’ in

Figure 5). The starting value of the two smectitic

translations was set to ts(1w) = 11.65 Å and ts(2w) =

14.3 Å, the smallest values in the considered refinement

range. The statistical parameters wI and pII were set to

0.99 (Figure 5) and p1w = 1. The results of this

refinement were nearly identical to those of the previous

refinements with R0 and R1 model, although the starting

parameters described a practically pure illite. This gave

a strong indication that the Rwp value of 4.86% obtained

with the R1 model was the best possible result with this

set of parameters.

Figure 3. Simulated pattern of an R0 ordered I-S. Refinement

with an R0 model.

Figure 4. Simulated pattern of an R0 ordered I-S. Refinement

with an R1 model.

Figure 5. Junction probability diagram for R1 ordering,

modified from Bethke et al. (1986). S: values for simulation;

R0: starting values for the R0 model; R1: starting values for the

R1 model; R1 extreme: extreme starting values for the R1

model.
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The refinement of the occupancies of the cations and

the interlayer water failed in all of these first five

refinements, indicating that the intensity-affecting para-

meters were difficult to refine while the position-

affecting parameters could be obtained with high

accuracy. In a further refinement, the parameter ts(1w)

was fixed to a slightly incorrect value to test the

sensitivity of the refinement of the position-affecting

parameters. The value ts(1w) = 12.625 Å is 1% too high,

and the refinement led to a reduced Rwp of 5.32%. The

refinement pattern showed an abnormal run of the

background line and the positions of the intensity

maxima deviated slightly, as indicated by the difference

line (Figure 6). No other refined parameter could

compensate for the incorrect ts(1w).

Supporting analysis results for the chemical compo-

sition were introduced in the next refinements. The

occupancies of Fe, K, and Ca were kept fixed to the

correct values. These values can be derived from XRF

analysis, for example. The occupancy of the water

molecules and the distance to the midplane in the 2w

state were still refined. These values depend upon the

environmental conditions and are difficult to control and

determine. The translations and probabilities were set to

the correct values and refined. The Rwp value of 4.99%

increased slightly with respect to the previous refine-

ments. The pattern (not shown) can scarcely be

distinguished from Figures 3 or 4.

Occupancies calculated from XRF data may be biased

by unidentified additional components. The value for Fe

was doubled in a further refinement. Iron can be

overestimated, for example, if poorly crystalline Fe

(oxyhydr)oxides are missed in the qualitative examina-

tion. Refinement with an incorrect Fe occupancy led to a

slightly better Rwp (4.92%) than the refinement with the

correct occupancies. An inspection of the pattern showed

that the background line of this refinement had an

abnormal run below 10º (Figure 7). The intensity of the

first maximum was calculated at too high a level due to

the incorrect Fe content. This was compensated by a

decay of the background line.

The Ca occupation was set to incorrect values in two

additional refinements, one 0.1 too low and one 0.1 too

high. The resulting Rwp values (5.04% for p(Ca) = 0.1

and 4.99% for p(Ca) = 0.3) were again close to the

optimum value of 4.86%. The patterns were similar to

that of the optimum refinement and no unusual detail

could be noticed.

This example showed that identifying the nature of

the disordering is possible by applying the four different

models only. The incorrect models R2 and R3 could

easily be identified by their very high Rwp values. The

results of the R0 and R1 models were identical, allowing

for standard deviation. The translations and probabilities

could be reproduced with high precision, even with

inappropriate starting parameters. The refinement of

occupancies and the position of the water molecules in

the 2w interlayer failed in all cases. Even with the preset

of the initial cation occupancies, obtaining correct water

parameters was not possible. Incorrect occupancies of Fe

and Ca were compensated by other parameters. Five

refinements with different results led to similar Rwp

values in the restricted range of 4.86�5.04%. Inspection

of the patterns indicated erroneous results in one case

(p(Fe) = 0.2). The other four patterns gave no indication

of incorrect parameters.

Rietveld refinement of simulated patterns: AD I-S, R1

ordered, intermediate smectite content

The second example is a calculated pattern of an AD

I-S with equal amounts of illitic and smectitic layers (wI

= wS = 0.5). The proportion of monohydrated smectitic

layers is now smaller than that of bihydrated layers (p1w

= 0.2). The stacking is R1 ordered with the stacking

probability pII = 0.75. Points which plot in the area

above the random ordering diagonal of the junction

probability diagram (Figure 5) show tendencies of

segregation. In the extreme case of pII = 1 a physical
Figure 6. Simulated pattern of an R0 ordered I-S. Refinement

with an R1 model and ts(1w) = 12.625 Å.

Figure 7. Simulated pattern of an R0 ordered I-S. Refinement

with an R1 model and p(Fe) = 0.2.
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mixture is present. The value of pII in this example was

half way between random stacking and a physical

mixture.

All four models for AD I-S were again applied as a

first step (Table 4). R2 and R3 showed very high Rwp

values of 33.92% (R2) and 32.78% (R3). They could be

ruled out. The Rwp value of the refinement with the R0

model was clearly lower (13.05%) but the pattern still

showed remaining intensities (Figure 8). The refinement

with the R1 model led to the best result (Rwp = 5.17%,

Figure 9). The parameters affecting the position of the

intensity maxima were again well reproduced. An

additional refinement with extreme starting values (wI

= 0.01, p1w = 1 and pII = 0) confirmed that this was the

optimum fit. The refined occupancies were satisfying,

considering a deviation of three times s. Just the

occupancy of the water molecules in the monohydrated

interlayers showed a strong discrepancy from the correct

value and a high standard deviation. Only 10% of all

layers (p1w · wS · 100%) were monohydrated smectitic

layers, and therefore the influence of this component on

the diffraction pattern was small and refinements of the

corresponding parameters showed strong uncertainties.

Additional information about the cation occupancies

was added in the next refinements; one refinement with

the correct values for p(Fe), p(K), and p(Ca) and another

refinement with an incorrect Fe content (p(Fe) = 0.2).

The Rwp values increased slightly (5.28% and 5.34%,

respectively), the occupancy of water in the monohy-

drated interlayer again showed a strong uncertainty, but

the translations and statistical parameters were again in

good agreement with the correct values. The pattern of

the refinement with the correct values showed no

suspicious details and was similar to the optimum fit.

The pattern of the refinement with the incorrect Fe

content showed the same abnormal run as in the first

example, indicating errors in the model.

The refinement with the R0 model led to better

results than the refinements with the R2 and R3 models

as already mentioned but the result was still not

satisfactory. A different interpretation of this refinement

might be that it was a mixture of more than one I-S

mineral. The remaining intensity in the difference line

(Figure 8) showed peaks at 10.4 Å, 5.0 Å, 3.3 Å, and

2.0 Å. These positions could be assigned to an I-S with

high proportion of illitic layers, while the refined model

resulted in an I-S with low illitic proportion (wI =

0.2451). A refinement with two R0 models was

performed, therefore; one starting with a high proportion

of illitic layers (wI = 0.95) and one with a low proportion

(wI = 0.05). The Rwp of this refinement (5.29%) was on

the order of the refinements with the correct R1 model.

The refined parameters reflected a mixture of an illitic-

and a smectitic-dominated I-S of nearly equal contents

(51.83 wt.% and 48.17 wt.%) but the pattern showed a

physically unsound run of the background line at low

angles (Figure 10). Several occupations reached the

refinement limits. The use of two different R0 models

gave unsatisfactory results.

A refinement with two different R1 models (wI = 0.95

and 0.05) decreased the Rwp to 5.09%, the best value of

all refinements for this example. The pattern showed no

unusual details (Figure 11), but again several parameters

reached the refinement limits or had incorrect values.

The proportions of illitic layers wI and stacking

probability pII converged toward the correct value. The

mean value of these two pairs of parameters was almost

identical to the correct value. The two I-S had different

contents (34.6 wt.% and 65.4 wt.%), but the shape and

position of the intensity maxima were nearly identical.

This observation indicated that the choice of just one

model was closer to the initial simulation model,

although the Rwp value of a refinement with just one

R1 model was slightly greater. The tendency of

segregation of the input structure was also reflected.

This example also showed that the application of all

Figure 8. Simulated pattern of an R1 ordered I-S. Refinement

with a R0 model.

Figure 9. Simulated pattern of an R1 ordered I-S. Refinement

with an R1 model.
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four models facilitated the identification of the stacking

order. That the models R2 and R3 were incorrect could

be established because the difference in the Rwp value

was large enough. The correct R1 model clearly led to

the best Rwp value of all four models. Inspection of the

R0 refinement pattern offered a second interpretation,

suggesting that the simulated data be viewed as a

measurement of a mixture. Both tests, using just one R1

model or a mixture of two R1 models with different

starting values, led to results of good statistical quality.

Only a deeper interpretation showed that the use of just

one model produced results closer to the correct values.

The refinement of occupancies in this example was

more successful than in the first example. The structure

contained fewer smectitic interlayers. The number and

position of the water molecules were the main source of

uncertainty.

Rietveld refinement of simulated patterns: I-S, R3

ordered, low smectite content

The third example showed how to apply the Rietveld

models in a multi-specimen analysis (Sakharov et al.,

1999). The material considered was an R3 ordered I-S

with a large proportion of illitic layers (wI = 0.9). The

R1 and R2 stacking probabilities showed the maximum

possible degree of ordering, so the stacking probabilities

were pII = (2 · wI � 1)/wI = 0.8889 and pIII = (3 · wI �
2)/(2 · wI � 1) = 0.875. The stacking parameter pIIII was

set to 0.866, describing a partially ordered stacking

between R3 random ordering and R3 (mpdo) ordering.

The junction probability diagram (Figure 12) shows that

the gap between random ordering and mpdo became

smaller for increasing wI. The difference between pIIII

(mpdo) = 0.8571 and pIII (mpdo) for wI = 0.9 was only

0.0179 and the chosen value of pIIII was close to both

cases. The R2 model cannot reflect this kind of ordering,

but R2 (mpdo) is very similar to it. An accurate

examination of the patterns to determine the stacking

nature was necessary. Two different patterns for AD

material were calculated with two different values of

p1w to simulate measurements under low (p1w = 0.9)

and high (p1w = 0.1) relative humidity. An additional

calculation was performed assuming that the material

was ethylene glycol intercalated. The synthetic noise of

the measurements was reduced in contrast to the former

calculations to simulate better counting statistics.

The variation of the hydration states and intercalation

species did not change the stacking sequence and inner

structure of the TOT layers, but all three patterns

(Figure 13) showed different intensity maximum posi-

Figure 10. Simulated pattern of an R1 ordered I-S. Refinement

with two R0 models. Black line: illite-dominated I-S; dotted

line: smectite-dominated I-S. The overall sum of all calculated

lines was not shown.

Figure 11. Simulated pattern of an R1 ordered I-S. Refinement

with two R1 models. Black line: illite-dominated I-S; dotted

line: smectite-dominated I-S. The overall sum of all calculated

lines was not shown.

Figure 12. Junction probability diagram for R3 ordering,

modified from Bethke et al. (1986). The pIIII value used for

the simulation lies in the space between R3 ordered and R3

random.
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tions due to a change of proportions (p1w) and repeating

distances (ts). The intensity distributions also changed

because the atomic content of the smectitic interlayers

had changed.

Each pattern was refined four times with the different

Reichweite models (Table 5, Figure 13). The Rwp values

obtained decreased with increasing degree of R. The

correct R3 model systematically led to the best results,

but even the worst Rwp values were not as high as in the

other examples. All models fitted, at least roughly, the

positions and intensity ratios of all maxima.

The refinements with the R0 and R1 models showed

an unusual run of the background line and discrepancies

were clearly visible in the difference line. The use of the

R2 models increased the quality of the refinement, as

indicated by the lower Rwp values. The refinements with

the R3 models showed the lowest Rwp values, but the

differences between the R2 and R3 values were

relatively small. In the case of EG intercalation it was

only 0.1%. A clear hint that the R2 model was not

correct is that the modulation of the simulated pattern at

angles below 10º could not be reproduced by this model,

especially in the case of high RH.

No chemical information on the occupancies was

used in these refinements but all models provided good

results for the occupancies of Fe and K. The refinement

of the occupancies and positional parameters of the

smectitic interlayers failed even for the correct R3

model. The proportion of these components only had a

small influence on the diffraction of the whole stack and

the refinement results were inaccurate. Remarkably,

even the R0 and R1 models led to a correct proportion of

illitic layers.

This example again showed that the application of all

models helps to identify the correct nature of disorder, but

the contrast of the Rwp values now was not as clear as for

samples with lower illitic content. The R2 and R3 models,

in particular, both led to reasonable results and only the

careful inspection of the small-angle modulations allowed

a differentiation. This requires high-quality data.

The difficulty becomes less severe for R3-ordered

materials with lower illitic content, as might be expected

because the lines of R3 ordered and R3 random diverge

with decreasing wI (Figure 12). R2 and R3 ordered I-S

with greater wI become virtually indistinguishable,

however. This example highlights the importance of

error evaluation for the use of the terminology in the

classification of mixed-layer minerals.

Characterization of sample material

The results of the chemical analysis of the same

samples were used as an independent test of the

reliability of the refinements. The structural formulae

calculated from the XRF data (Table 6) were corrected

due to the estimated quartz content. The resulting

uncertainties in the Si content may bias the Al-Mg-Fe-

ratio at the octahedral positions for which attempts were

made to refine. The following formulae were determined

using this method:

Urkut: Ca0.04K0.71Si3.91Al0.09(Al0.50Fe0.83Mg0.65)O10(OH)2.

ISCz-1: Ca0.09K0.48Si3.52Al0.48
(Al1.70Fe0.08Mg0.24)O10(OH)2.

F4: Ca0.06K0.67Si3.41Al0.59(Al1.73Fe0.03Mg0.26)O10(OH)2.

The composition calculated for ISCz-1 was consistent

with the reference formula from the CMS website

( h t t p : / / www . c l a y s . o r g / SOURCE%20CLAYS /

SCdata.html) and Gailhanou et al. (2007).

Rietveld refinements from real measured patterns

were performed under more realistic conditions than

those from simulated values. For example, all XRD

patterns showed weak peaks from impurities. The Urkut

and F4 samples contain quartz and ISCz-1 contains

kaolinite as minor constituents and all patterns (except

those prepared on glass slides) showed corundum

reflections which are produced by the ceramic tile.

These reflections were introduced into the refinement by

suitable structure models. The patterns of the Urkut

sample showed some hkl reflections from glauconite. In

general, glauconites tend to form spherical aggregates

which hamper the orientation of the particles in the

prepared samples. These reflections were ignored here.

Rietveld refinement of data: Urkut glauconite-smectite

Both patterns of the Urkut sample, measured under

AD conditions and after EG solvation, were refined with

models considering all four Reichweite degrees. The Rwp

values for the AD state were close, at 11.89% and

13.46%, while those of the EG state were 12.88% and

13.21%. The best value was achieved for R1 ordering in

case of AD and for R2 ordering in the case of EG

intercalation. A comparison of the patterns (Figure 14)

showed that the refinements using the AD material with

models R1 to R3 had a modulated run of the calculated

line in the range 2�9º2y, which was not present in the

observed diffraction line. This effect was less

Table 6. XRF data of the test materials (wt.% oxides).

Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O LOI Total

Urkut 59.1 0.2 6.3 13.8 0.2 5.5 0.5 0.0 7.0 7.2 99.8
IS-Cz1 50.7 0.1 25.7 1.5 0.0 2.2 1.1 0.0 5.2 13.1 99.7
F4 51.7 0.1 27.6 0.6 0.0 2.5 0.6 0.0 7.3 9.3 99.7
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Figure 14. Refinements of sample Urkut in AD and EG state refined with all four models. The calculated line of the quartz peaks was

not shown.

Vol. 60, No. 5, 2012 Rietveld refinement of disordered I-S mixed-layer structures 525



pronounced in the case of EG intercalation but still

observable. Only the two refinements with the R0 model

both showed an unmodulated run at small angles. This

suggests that the stacking order of this material could be

described with R0 disorder, though the Rwp values were

not the smallest obtained. The refined values of the

probability parameters pII (R1), pIII (R2), and pIII (R3)

were indeed very near to the proportion of glauconitic

layers (Table 7). The observation that all models led to

comparable Rwp values agreed with the previous finding,

that the degree of Reichweite was difficult to determine

for samples with large illite contents.

The small number of smectitic layers (wS < 0.053)

was obviously the reason that the parameters related to

the smectitic layers (ts, p1w, and occupancies of

interlayer atoms/molecules) were not satisfactorily

refineable. They all reached a refinement limit or

showed high standard deviations.

The refined values of the occupancies p(Fe) and p(K)

were very close for all eight refinements. The mean

values of the two R0 refinements were p(Fe) = 0.44 and

p(K) = 0.69. Occupancies can also be calculated from

the structural formula. The K content in the formula was

divided by the fraction of glauconitic layers, as this

value referred to the whole mineral while p(K) from the

Rietveld refinement only referred to the glauconitic

interlayers. A value of 0.97 was considered for wI, the

mean value of the two R0 refinements. This led to an

occupancy of K calculated from the chemical formula of

p(K)chem = 0.71/0.97 = 0.73. This quantity was only

slightly greater than the refined value of p(K). The value

for Fe in the structural formula had to be divided by two,

because this formula contained two octahedral positions

while the refined value referred to just one position.

p(Fe)chem = 0.83/2 = 0.42 was in good agreement with

the refined value.

The results of these two parameters supported the

conclusion from example 3 that Fe in the TOT layer and

K in the illitic (glauconitic) interlayer could be refined

reliably for stackings with small smectitic contents.

Rietveld refinement of data: ISCz-1 illite-smectite

The ISCz illite-smectite sample was also refined with

all four models in both states (Table 8). Only the

refinements with the R1 and R2 models led to acceptable

results with Rwp values of 9.34% (R1, AD), 8.65% (R2,

AD), and 12.39% (both models, EG). The Rwp values of

the refinements with the R0 and R3 models were more

than twice as large and could be ruled out. The R2 model

led to a better Rwp value than the R1 model while the

refinements of the EG-intercalated state were statisti-

cally equivalent with slightly different results. The

refined parameters of the two refinements in the AD

state corresponded quite well. All four patterns

(Figure 15) showed differences of the measured and

the calculated line but, in general, peak positions and

intensity ratios were in agreement.

The average proportion of illitic layers was refined as

wI = 0.715 for the pattern of the AD material, while the

value from the EG-intercalated state was slightly lower

(wI = 0.683).

The refined pII values of the two R1 refinements

came very close to the mpdo condition (Figure 16). The

refinement with the R2 model in the case of EG

intercalation fulfilled the condition of R2 random

ordering, which is identical to the case of maximum

ordering in R1 ordered stacking. Only the refinement

with the R2 model in the AD state led to a result which

differed from the condition of R1 (mpdo) ordering. pIII

was slightly larger than pII, which implied a weak

tendency towards segregation of illitic units.

The probability that a smectitic layer is in the

monohydrated state was quite small (p1w = 0.125,

average value). This was consistent with the general

observation that the 2w state is the dominant state of

smectites in a temperate climate with 30�50% RH and

with Ca intercalation. The overall proportion of the 1w

layer type was wS(1w) = wS·p1w = 0.036. This small

fraction made only a minor contribution to the diffrac-

tion pattern, which caused refinement of the correspond-

ing parameters, ts and p(H2O) of the 1w state, to be

problematic as they reached a refinement limit. p(Ca)

reached the lower limit of 0.1, although it corresponded

also to the more pronounced 2w state. p(Ca)chem was

calculated from the structural formula as 0.09/wS = 0.32.

This showed that the refinement of p(Ca) failed. This

occupancy is correlated significantly with the water

content and difficult to refine. d(H2O) and p(H2O) could

be refined within their refinement limits, but no

independent observation was available to check the

reliability. The ts value of the 2w state could be refined

to a realistic value of 14.95 Å, even with the failing R0

model. The refinements of the simulated data showed

that the refinement of translations is reliable.

The occupancies of Fe and K calculated from the

structural formula were p(Fe)chem = 0.08/2 = 0.04 and

p(K)chem = 0.48/wI = 0.67. The refinement results for

p(Fe) = 0.044 and p(K) = 0.618 (average values) in the

case of the AD differed from the values calculated from

the structural formula, but were of the same magnitude.

The refined value of p(K) = 0.659 from the EG-

intercalated state was even closer to the value calculated

from the structural formula. But the refinement of p(Fe)

failed. The result was more than twice the value deduced

from the structural formula.

These results showed that the reliability of the

refinement of p(Fe) and p(K) decreases with increasing

proportion of smectitic layers.

Rietveld refinement of observed data: illite-smectite F4

The patterns of sample F4 in both states were also

refined using all four models (Table 9). The Rwp values

of the refinements with the R0 and R1 models were

>20%. These models were excluded as potential
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(Å

)
1
.0
�1

.5
1
.2

1
.1
7
3

0
.0
2
4

1
.2

1
.4
3
1

0
.0
1
1

1
.2

1
.4
5
8

0
.0
1
1

1
.2

1
.5

P
ro
p
o
rt
io
n
s
an
d
p
ro
b
ab
il
it
ie
s

w
I

0
*
�1

0
.5

0
.6
4
1
7

0
.0
0
4
1

0
.5

0
.7
1
3
2

0
.0
0
1
1

0
.7
5

0
.7
1
7
1

0
.0
0
1
1

0
.8
7
5

0
.7
6
9
9

0
.0
0
2
5

p
1
w

0
�1

0
.5

0
.4
2
0

0
.0
1
0

0
.5

0
.1
2
8
7

0
.0
0
4
4

0
.5

0
.1
2
1
2

0
.0
0
4
1

0
.5

0
p
II

(R
1
)

m
p
d
o
�1

0
0
.5
9
7
9

0
.0
0
2
2

0
.6
0
5
5
(m

p
d
o
)

0
.7
0
1
1
(m

p
d
o
)

p
II
I
(R
2
)

m
p
d
o
�1

0
.5

0
.6
3
1
7

0
.0
0
2
8

0
.5
7
3
6
(m

p
d
o
)

p
II
II

(R
3
)

m
p
d
o
�1

0
.8

0
.5
5
2

0
.0
1
8

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
E
G

in
te
rc
al
at
ed
,
R
e
x
p
=
5
.7
3
%

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

R
w
p
=
2
7
.5
5
%

—
—

R
w
p
=
1
2
.3
9
%

—
—

R
w
p
=
1
2
.3
9
%

—
—

R
w
p
=
2
6
.8
8
%

—
R
ef
in
em

en
t

R
0

R
1

R
2

R
3

li
m
it
s

st
ar
t

re
su
lt

s
st
ar
t

re
su
lt

s
st
ar
t

re
su
lt

s
st
ar
t

re
su
lt

s

R
ep
ea
ti
n
g
d
is
ta
n
ce
s

t
sm

ec
ti
ti
c
(E
G
)
(Å

)
1
6
.7
5
�1

6
.9

1
6
.8

1
6
.7
6
8

0
.0
1
6

1
6
.8

1
6
.8
5
1

0
.0
0
5
0

1
6
.8

1
6
.8
5
0
0

0
.0
0
5
0

1
6
.8

1
6
.8
3
7

0
.0
1
4

A
to
m
ic

o
cc
u
p
an
ci
es

p
(F
e)

0
�0

.7
0
.1

0
.0
0
7

0
.0
1
7

0
.1

0
.0
9
2
1

0
.0
0
5
7

0
.1

0
.1
0
0
4

0
.0
0
5
7

0
.1

0
.0
0
6

0
.0
1
4

p
(K

)
0
.6
�1

0
.8

0
.6

0
.8

0
.6
5
8

0
.0
0
7
4

0
.8

0
.6
5
9

0
.0
0
7
4

0
.8

0
.6
6
6

0
.0
1
8

p
(H

2
O
)

0
�2

0
.1

2
0
.1

1
.7
5

0
.0
3
2

0
.1

1
.7
3

0
.0
3
2

0
.1

2
p
(E
G
)

0
.2
�2

1
.0

1
.1
1
4

0
.0
2
7

1
.0

0
.6
9
2
4

0
.0
0
9
8

1
.0

0
.6
7
3
6

0
.0
0
9
8

1
.0

1
.1
0
4

0
.0
2
6

D
is
ta
n
ce

to
m
id
p
la
n
e

d
(C
a,
H
2
O
)
(Å
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solutions. The Rwp values of the refinements in the AD

state came to 13.85% (R2) and 13.34% (R3) and those of

the EG state were 16.87% (R2) and 15.45% (R3). This

implies that the R3 model can be seen as the correct one

to describe the stacking of this sample. The refinement

in the EG state with the R2 model resulted in the case of

mpdo. The two refinements with the R3 model led to

pIIII values which plotted below the line of R3 random

ordering in the junction probability diagram of R3

ordering (Figure 17). The result of the refinement in the

EG state fell near or between the two lines of R3 random

and R3 mpdo ordering. The gap of these two lines is

much wider for the refined value of wI = 0.855 than for

wI = 0.9, as in the third example of simulated data. The

distinction between R2 and R3 was easier in this case.

The refinement pattern of the AD state with the R2

model showed a small-intensity maximum at 5º2y, which
was not present in the measured data (Figure 18). Both

models produced in the AD state a modulation in the

range of 29�35º2y which was not visible in the

measured line. The peak doublet at 45º2y could not be

fitted correctly by either model. The two refinements in

the EG state showed a better agreement and were

Figure 15. Refinements of sample ISCz-1 in the AD and EG states refined with the R1 and R2 models. The calculated lines of the

kaolinite and corundum peaks were not shown.

Figure 16. Refinement results of wI and pIII of sample ISCz-1

with the R1 and R2 models in a junction probability diagram for

R2 ordering, modified from Bethke et al. (1986), modified. pIII

= pII for the refinements with the R1 models.
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statistically more reliable if the Rexp value was also

considered. The Rexp value of the two refinements in the

AD state was 3.55% while that of the refinements in the

EG state was 7.17%, due to the shorter counting time of

the latter. The ratio of the Rwp to the Rexp value of the R3

refinement in the EG state was the most favorable. The

calculated pattern of this refinement had the best

agreement with the observed line. The application of

the R2 model to the measurement in the EG state again

showed a modulated shape below 7º2y. The examination

of the calculated pattern and the low Rwp value led to the

result that sample F4 showed an R3 ordered stacking

between random and mpdo ordering.

This sample had a low proportion of smectitic layers

and the proportion of monohydrated smectitic layers was

even smaller. The refinement of the related parameters

failed or led to doubtful results. The refinement of ts of

the 2w state and the EG-intercalated state led to realistic

results. The refined occupancies of Fe reached the lower

limit for the AD state and it was refined as p(Fe) =

0.0045 for the EG state. These results were satisfactory

because the occupancy of Fe calculated from the

Figure 17. Refinement results of wI and pIIII of sample F4 with

the R2 and R3 models in a junction probability diagram for R3

ordering, modified from Bethke et al. (1986). pIIII = pIII for the

refinements with the R2 models.

Figure 18. Refinements of sample F4 in the AD and EG states refined with the R2 and R3 models. The calculated lines of the quartz

and corundum peaks were not shown.

Vol. 60, No. 5, 2012 Rietveld refinement of disordered I-S mixed-layer structures 531



structural formula was quite low: p(Fe)chem = 0.03/2 =

0.015. The calculated occupancy of K was p(K)chem =

0.67/wI = 0.79. The refined values of p(K) = 0.70 (AD)

and p(K) = 0.71 (EG) were internally consistent, but

differed significantly from the value calculated from the

structural formula.

CONCLUSIONS

Evaluation of the refinements showed that refinement

of the basal reflections of disordered stacking is possible

by combining the recursive treatment of diffraction with

the Rietveld method.

The nature of stacking could be identified by applying

different models from R0 to R3 with intermediate starting

values for the refineable parameters. A pre-adjustment of

the models by introducing additional information was not

necessary. Correct values could be obtained even if the

starting parameters differed significantly from the opti-

mum values. This stability allows even inexperienced

users to obtain reliable results.

The uniqueness of the selection of the correct model

depended on the ratio of illitic and smectitic layers. The

incorrect choice of the structure model led to very high

Rwp values for high proportions of smectitic layers. In

contrast, the statistical quality of refinements with

different models became comparable for high propor-

tions of illitic layers. A detailed examination of the

statistical parameters and patterns was necessary.

The inability to fit a pattern of a smectite-rich I-S

with the R2 and R3 models resulted from the assumption

of mpdo. High wS values were simply not allowed. The

problems with determining the correct degree of R for

high proportions of illitic layers is not a consequence of

mpdo. The stacking probabilities of the minor compon-

ent (pSS, pSSS,...) generally become small for a large

amount of the other component (e.g. wI > 0.9) and

converge toward mpdo with increasing wI. In the

extreme case of wI close to unity, the whole

Reichweite concept degrades and postulating any order

such as R1 or above makes no sense. This is also valid

for the symmetrical (but hypothetical) case of a

smectite-rich I-S with any kind of order >R0 and

without mpdo.

Some types of stacking could correctly be described

by two models. R0, R1 (mpdo), and R2 (mpdo)

arrangements are identical to random ordering for the

next higher degree of Reichweite. Stacks showing

tendencies of segregation may be misinterpreted as

physical mixtures.

The position-affecting parameters could be refined

automatically with high accuracy. An aberration of 1%

of just one of these parameters (ts(1w) in the first

example) increased the Rwp value and produced a

distinct mismatch of the patterns.

Reliable occupancies and positions of cations, water,

and EG molecules in smectitic interlayers were difficult

to establish. Different sets of parameters produced

results of statistically equal quality, even if they were

definitely incorrect. For high proportions of illitic layers,

the contribution of the smectitic interlayer content is

simply too low. For high proportions of smectitic layers,

they are strongly correlated to each other and even to the

occupancies of cations in the TOT layer. In other words,

the one-dimensional pattern does not contain enough

information for a serious analysis of these parameters.

Refinement results of Fe occupancies in smectite-

dominated I-S minerals were dubious. In contrast,

occupancies of K and Fe could reliably be refined for

minerals with a high proportion of illite.

The observation that different sets of parameters can

produce statistically equivalent results is not restricted to

Rietveld refinement. This uncertainty is independent of

the method used for the pattern calculation, whether

fitted manually or refined automatically.

The uncertainties of the refinements of intensity-

affecting parameters may become greater and the

accuracy of the refinements of position-affecting para-

meters smaller if real measurements are analyzed. The

reason here is that any crystallographic model is just an

approximation of reality, while the refinement models

can reflect the input models in the case of simulated

data.

Nevertheless, the test of the recursive approach on

real samples led to satisfactory results. The application

of all four models without any additional information

allowed a determination of a realistic stacking model.

Parameters known from chemical analysis or from the

literature could be reproduced or were at least in the

same range of magnitude.

The uncertainties of the determination of the

smectitic interlayer content can only be eliminated if at

least a proportion of these parameters is controlled or

determined by additional analysis. Multi-specimen

approaches by measuring under different controlled

relative humidity or intercalation treatments should

guide further investigations.

Correct Rietveld modeling of basal reflections of

disordered stacks, now possible for basal patterns, is

needed for the refinement of powdered samples. The

refinement of three-dimensional hkl reflections of I-S

minerals for the purpose of quantitative phase analysis is

demonstrated in part II (Ufer et al., 2012).
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