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Abstract—Thirty six bentonite samples from 16 different locations were examined in order to demonstrate
the applicability of a new Rietveld description approach for quantitative phase analysis. X-ray diffraction
patterns of the bulk material were obtained and analyzed by the Rietveld method. The samples contain up
to ten different minerals, with dioctahedral smectite as the major component. A model for turbostratic
disorder of smectites was formulated inside a structure-description file of the Rietveld program BGMN.
The quality of the refinements was checked using an internal standard mineral (10.0 or 20.0 wt.%
corundum) and by cross-checking results with X-ray fluorescence (XRF) data. The corundum content was
reproduced with only small deviations from the nominal values. A comparison of the chemical composition
obtained by XRF and the composition as re-calculated from quantitative Rietveld results shows a
satisfactory agreement, although X-ray amorphous components such as volcanic glasses were not
considered. As a result of this study, the Rietveld method combined with the new structure model for
turbostratic disorder has proven to be a suitable method for routine quantitative analysis of bentonites with

smectites as the dominant clay minerals.
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INTRODUCTION

The quantitative mineral content of bentonites is
important in applied studies as well as in geological
interpretation. For this reason, a fast and accurate
method for quantitative phase analysis (QPA) is desir-
able. Microscopic methods fail in the presence of clays.
The lack of chemical contrast from coexisting silicates
prevents the use of element analyses as the sole
information for quantitative phase analysis as proposed,
e.g. by Herrmann and Berry (2002). Several ways to
determine smectite contents have been proposed and
compared by Kahr (1998) and Kaufhold e al. (2002),
based on smectite-specific properties such as cation
exchange capacity or crystallite-size distribution.
However, since powder X-ray diffraction (XRD) not
only provides qualitative information on minerals in a
powder but also allows for the determination of
quantitative phase information, this method offers
several ways to gain information on mineral-phase
contents.

Traditional XRD methods for QPA are based on the
determination of intensities of selected reflections and a
comparison with reference intensities, either from internal
or external reference phases (Snyder and Bish, 1989). For
clay-dominated materials, size fractionation and preparation
of highly oriented specimens for XRD is a widespread
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method (Moore and Reynolds, 1997), although this
procedure mainly provides qualitative information. For the
quantitative evaluation of patterns of these oriented slides,
either single-line methods or computer-based simulation
methods are used. All these methods are based on the
assumption that the degree of orientation is identical for all
minerals in the mixture or at least known for the case of
different orientations on the slide. This presumption is not
valid even for simple minerals such as illites (Reynolds,
1989), and consequently the technique of quantification
from slides containing oriented material often fails. More
recently, techniques based on randomly oriented samples
have been introduced. The prerequisite is a random
orientation of the particles, accomplished either by special
techniques to fill the sample holder (e.g. Srodon e al.,
2001; Zhang et al., 2003) or by preparation of spherical
aggregates by spray drying (e.g. Hillier, 1999). However,
the application of such techniques does not always
guarantee full randomness, and the spray-drying procedure
can produce some alteration of the minerals. Despite such
limitations, different quantification methods have been
developed to quantify clay minerals from random prepara-
tions. The most successful ones are based on full-pattern-
fitting procedures (Omotoso et al., 2006). Their application
requires extensive calibration and the collection of pure
reference mineral patterns. Unfortunately, such a laborious
procedure prohibits routine application to varying systems
for a broader community of laboratories and less experi-
enced researchers.

In recent years, the Rietveld method (Rietveld, 1967),
which consists of an automatic, whole powder-pattern
calculation and refinement of structural data against
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observed data, opened the way towards a fast and accurate
QPA method (Bish and Post, 1993). Unfortunately, clay
minerals often show stacking faults and hence the
description of clay particles as ideal crystallites which
produce intensity only at distinctive Bragg peak positions
is inappropriate. Therefore, different models were devel-
oped to handle disordered phases inside a Rietveld
refinement. The most popular and successful approach
was the introduction of ‘observed Akl files’ instead of a
structure model (Taylor and Matulis, 1994). The proce-
dure consists of the creation of a list of structure factors,
based on an ideal structure model, but modified manually
to fit the pattern of a disordered structure, such as that of
montmorillonites. As a limitation, the structural para-
meters cannot be refined using this method. Nevertheless,
the method is popular in practical phase quantification
because it was implemented in the commercial software
SIROQUANT@).

To handle structural disorder of clay minerals,
several structure models for particular clay minerals
were developed (Bergmann and Kleeberg, 1998). Such
models are essentially based on an ideal structure model
and an hkl-dependent line broadening and shifting
according to the type of disorder. Smectites, in
particular, which almost always show turbostratic
disorder, could not be handled by the Rietveld method.

Turbostratic disorder can be regarded as a random
rotation and/or translation of individual layers relative to
each other (Warren, 1941; Biscoe and Warren, 1942).
This kind of disorder leads to extremely broad and
asymmetric non-basal reflections. Simulations of powder
patterns from substances which show this kind of
disorder can be performed by different approaches
(Treacy et al., 1991; Drits and Tchoubar, 1990; Yang
and Frindt, 1996) but the handling of turbostratic
disorder inside a Rietveld refinement had not been
possible before now. Several attempts were made to fit
the reflections of turbostratically disordered smectites
(Viani et al., 2002), but the first structurally based
method to simulate this kind of disorder was proposed by
Ufer et al. (2004). The application of this new approach
in a ‘round-robin’ test for QPA proved that it is capable
of determining smectite contents accurately (Omotoso et
al., 20006). In this study we show the applicability of this
approach in determining the quantitative mineralogical
composition of bentonites not only for the purpose (and
under the conditions) of in-depth examinations but also
in day-to-day laboratory routine.

MATERIALS AND METHODS

In order to prove the practicability of the new
structure model for routine analysis, 36 bentonite
samples from different localities were examined. These
materials were derived directly from a deposit without
any further processing (except for samples 24—27 which
underwent industrial drying and grinding).
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The samples were analyzed by XRD and XRF. In
order to evaluate QPA with the new approach, only XRD
data were considered for qualitative and quantitative
analysis of the mineralogical composition. The results of
the chemical analysis of the bulk material served merely
as a cross check. As the only pre-treatment, the samples
were ground in a McCrone mill (using agate grinding
elements) before XRD and XRF measurements. An
internal standard (20.0 wt.% corundum for samples 1—9
and 10.0 wt.% for samples 10—36) was added before the
XRD measurements to evaluate the quality of the QPA.

As an additional test, the model was applied to an
artificial mixture of a smectite-rich material. The <2 pm
fractions of a Hungarian bentonite, quartz, calcite, and
two feldspars were mixed. Before the XRD measure-
ments 10.0 wt.% zincite was added as an internal
standard.

Because of the strong dominance of smectites in the
bentonites and their chemical variability, it was neces-
sary during cross checking to determine the chemical
composition of the smectites. Therefore, the <2 pm
fraction of the bentonites was separated and analyzed by
XREF. This fraction can be regarded as consisting mainly
of smectite. The cation population which mainly stems
from the interlayer was determined using the Cu-
triethylenetetramine CEC method (Kahr and Meier,
1996). Mg occurs as an exchangeable cation and in the
octahedral sheet of smectite. With the cation-exchange
procedure, only the natural exchange population was
desorbed, releasing exchangeable Na, K, Mg, and Ca.
Octahedral Mg was not substituted by the index cation of
the exchange solution. Roughly half of all samples are
calcareous. Usually calcite is partially dissolved in such
exchange experiments (Dohrmann, 2006) yielding erro-
neous exchangeable Ca values. As the bentonites were
not NaCOj-activated it was possible to correct the
amount of exchangeable Ca by using the equation {Ca =
CEC — (Mg+Na+K)}. The XRF results and the exchange
population were then used to calculate the theoretical
chemical composition. These formulae were also used
for occupancies in the Rietveld structure model and for
the calculation of a chemical composition for the cross
check.

To estimate the influence of the individual chemical
composition on the Rietveld refinement, two samples,
one with the largest Fe content of the <2 pum fraction and
another with the smallest Fe content in the same fraction,
were recalculated with a mean smectite composition,
considering the chemical composition of all 36 smectites
in this study. The Fe should have the greatest impact due
to greater atomic mass and number of electrons relative
to Mg or Al

XRF

The powdered samples were analyzed using a
PANalytical Axios PW2400 spectrometer. Samples
were prepared by mixing with a flux material and
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melting into glass beads. The beads were analyzed by
wavelength-dispersive X-ray fluorescence spectrometry
(WD-XRF). To determine the loss on ignition (LOI),
1.000 g of sample material was heated to 1030°C for
10 min. After mixing the residue with 5.0 g of lithium
metaborate and 25 mg of lithium bromide, it was fused at
1200°C for 20 min. The calibrations were validated by
the analysis of reference materials. ‘Monitoring” samples
and 130 certified reference materials (CRM) were used
for the correction procedures.

XRD

The XRD patterns of the bentonites were recorded
using a Philips X’Pert PW3710 0—-26 diffractometer
(CuKa radiation generated at 40 kV and 40 mA),
equipped with a 1° divergence slit, 2.5° soller slits
(primary and secondary), a 0.2 mm detector slit, a
secondary monochromator, a point detector, and a
sample changer (sample diameter 28 mm). The samples
were measured from 2 to 80°20 with a step size of
0.02°20 and a measuring time of 3 s per step. For
specimen preparation, a top-loading technique was used.

Ufer et al.
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The artificial mixture was measured on an URD-6
(Seifert) diffractometer (Co radiation), equipped with a
secondary beam graphite monochromator, proportional
counter, a 0.2 mm detector slit, and an automatic
divergence slit irradiating 15 mm sample length. Two
measurements of the same sample were performed with
the same diffractometer setting: (1) a ‘routine’ pattern
with a 0.03°20 step and 5 s counting time, total measuring
time of ~125 min; and (2) a ’high-quality’ pattern with
0.02°20 step and 20 s counting time, total measuring time
of ~1250 min. The measured interval was 5 to 80°20 in
both cases. The powder was inserted, by means of a side-
loading technique, into a 27 mm diameter sample holder.

For the qualitative analysis of the bentonites, the
software package Diffrac Plus (Bruker-AXS), combined
with the powder diffraction file (PDF) database, was
used. No additional information such as the chemical
analysis was used for the identification.

Rietveld refinement and disorder model

The program BGMN was used for the Rietveld
refinement (Bergmann et al/., 1998). BGMN uses a

Table 1. Results of the Rietveld quantification of 36 bentonite samples. The contents are given as wt.%; Ry, and Ry, as %.

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Ryp
Rexp

753 772 734 7.58 9.72 8.69 831 8.15 9.05 856 695 840 7.70 848 8.64 1036 981 7.83
523 540 546 5.69 572 537 538 557 550 577 599 572 579 570 6.05 527 482 5.12

Corundum 23.1 229 238 215 226 227 224 194 195 115 113 109 113 122 125 128 99 105

Smectite 77.6 76.6 89.6 91.6 89.1 932 91.7 62.7 58.8 89.6
Muscovite (1M) 1.8 3.0
Muscovite (2M7) 2.9

Tllite

Kaolinite 27 35 32 31

Chlorite

Quartz 25 14 09 1.7 1.1 1.8 236 85 64 13 14 55 33 67 46 08 1.8
Cristobalite 0.3 1.9 1.1 114

Hematite 06 0.1 24

Tlmenite 0.8 0.1

Rutile 0.7 03 02 04 05

Anatase 0.4 14 25 14 20 13

Goethite 5.6

Calcite 0.9 5.4 1.3 09 80 06 08 09 29 05 157 0.5 0.8
Dolomite 1.0 0.8
Siderite

Barite 1.5 0.4

Gypsum 0.0 08 03 03 0.4
Orthoclase 6.9 26 16 21 35 1.7 31 47 2.2
Sanidine 8.1

Anorthite 2.6

Albite
Plagioclase
(Ans)
Heulandite 14 08

Analcime 14 0.6

Clinoptilolite

Pyrite 1.4

Fluorapatite 4.3

89.2 91.0 86.8 87.6 703 57.8 952 923

342 28
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fundamental parameter approach to model the peak
profiles (Cheary and Coelho, 1992). For the predetermi-
nation of the instrument-dependent part of the diffrac-
tion profile a ray-tracing procedure was performed. This
ray tracing is also used for beam-overflow corrections
for intensities measured below 12°26.

BGMN is able to handle the model for the turbostratic
disorder of smectites (Ufer et al., 2004). This model
approximates the continuous intensity distribution of the
reciprocal rods (resulting from the turbostratic stacking
order) by a set of discrete but narrowly spaced Bragg
peaks. This is attained by using a super cell which is
obtained by elongating a standard cell in the ¢ direction.
To eliminate the periodicity in the ¢ direction, this super
cell is only filled to less than half of the cell volume. An
hkl-dependent peak-broadening model smears the inten-
sity between the distinct reciprocal positions to produce
a smooth development of the diffraction line and to
avoid the occurrence of ripples produced by the top part
of the discrete peaks. This approach is able to model the
asymmetric broad reflections of turbostratic disordered
layer structures.

Table 1 (contd.)
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The atomic structure of the dioctahedral smectites was
derived from models for dehydrated and K-saturated
smectites by Tsipurski and Drits (1984). The interlayer
space was increased to a basal distance of 12.5 A to
represent a mono-hydrated smectite and to 15 Ato represent
a bi-hydrated smectite. In the case of the bi-hydrated
smectite the interlayer cation is coordinated octahedrally by
six water molecules and the octahedron is oriented in such a
way that two triangles are aligned parallel to the layer
surface. The cations in the mono-hydrated smectites are
square-planar coordinated by water molecules oriented
parallel to the TOT layers (unit of the two tetrahedral
sheets and the octahedral sheet).

The cation occupancies in the octahedral sheet, the
tetrahedral sheet, and the interlayer complexes were
estimated from the XRF analysis of the <2 pm fraction
and from CEC determination. These occupancies were
kept fixed in the refinement. Before the refinement, the
hydration state (mono-hydrated or bi-hydrated) was
determined from the dgo; value and the corresponding
model was selected. Refined parameters of the smectite
structure were the lattice parameters a, b, and c,

Sample 19 20 21 22 23 24 25

27 28 29 30 31 32 33 34 35 36

7.03
5.18

9.55
5.15

838 7.08 8.16 7.45 9.84
5.03 4.87 497 499 532

Ryp
chp

8.24 7.80
4.84 5.11

755 9.16 9.12 796 9.78 8.23 8.4l
498 535 547 578 543 6.00 5.94

9.75 7.88
545 5.77

Corundum 10.7 95 9.7 10.6 109

116 9.6 92

106 9.1 90 104 10.1 11.1 11.7 9.6 9.1 99

Smectite 76.4 857 80.3 76.0 79.9 813
Muscovite (1M) 4.0 1.8 3.7
Muscovite (2M7)

Tllite

Kaolinite

Chlorite

Quartz 40 45 09 40 98 0.7
Cristobalite 1.7 13 11.7 2.2
Hematite

Ilmenite

Rutile

Anatase

Goethite

16.6

21.9

13.2

Calcite 22 04 0.3 0.5

Dolomite

Siderite

Barite 0.1
Gypsum 0.6

Orthoclase 33 55 34 32 65 1.7 3.1

Sanidine

Anorthite

Albite 5.4 3.5
Plagioclase 121 47 71 6.2
(50An)

Heulandite

Analcime

Clinoptilolite

Pyrite

Fluorapatite

432 83.0

12.4

747 69.0 87.4 80.6 924 883 77.0 751 804
3.0 5.5

63.0

8.5
52 1.3 22
0.3
56 20 59 72 02 33 204 11.0 63 109
7.8 8.0 87 0.1 09 33 0.2

0.1

0.7 0.9 02 73
0.5 0.7

0.2 0.2
39 23 07 63 44
4.1

2.1 19 173 20 33 77

16.7 1.0 46
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anisotropic peak broadening, the cation distribution over
the cis- and trans-octahedra position, and orientation
parameters of the interlayer cation complex.

The structural data of the additional minerals were
taken from the ICSD structure database (with minor
changes). Structural parameters for the corundum
standard were predetermined in a separate measurement
and kept fixed during the quantification. For all minerals
except smectite, only lattice parameters, peak-broad-
ening parameters, and (if necessary) corrections for
preferred orientation were refined with physically
reasonable constraints.

As non-structural parameters, the zero point, the
sample displacement error, and a Lagrange polynomial
of 9" degree for background modeling were refined.
Thus, up to 147 parameters (sample 9) had to be varied
in such intricate samples. All refinements were per-
formed by the full automatic BGMN algorithm without
any user interaction or manual definition of a parameter-
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turn-on sequence. In that way, the procedure runs
independently of user skill and is applicable to routine
laboratory work.

Cross check of the quantitative results

Chemical analysis by XRF (Table 2) was chosen as
an independent method for the assessment of the
quantitative results obtained from the Rietveld refine-
ment (Table 1). To compare the results of the two
methods, a normative chemical composition was calcu-
lated from the relative amounts of the mineral phases
determined by the Rietveld refinement. This procedure is
an indirect method for evaluating the plausibility of a
priori unknown phase compositions of complex systems
(e.g. Monecke et al., 2001; Ward and Gomez-Fernandez,
2003). To overcome the problem of high variability in
smectite composition, the individual chemistry of the
smectites was considered, estimated from the chemical
composition of the <2 pm fraction.

Table 2. Chemical composition (wt.%, determined by XRF) of 36 bentonite samples.

Sample Si0, TiO, Al,O3 Fe 05 MnO MgO CaO Na,O K,O LOI Total
1 53.3 0.2 16.6 2.8 0.1 4.1 1.7 1.3 0.9 18.7 99.7
2 52.0 0.6 15.4 5.0 0.1 44 1.7 0.9 1.1 18.5 99.5
3 52.1 0.7 16.6 4.9 0.1 3.1 1.6 0.6 0.3 19.5 99.5
4 49.4 0.7 15.6 8.0 0.0 3.1 0.9 0.6 0.4 19.5 98.3
5 47.6 0.7 15.9 6.0 0.0 3.0 44 0.4 0.5 20.2 98.8
6 52.8 0.7 18.0 34 0.0 3.5 1.5 0.5 0.5 18.7 99.5
7 54.8 0.3 17.0 32 0.1 4.5 1.5 2.0 1.5 14.5 99.3
8 66.8 0.1 15.7 3.1 0.0 1.5 0.9 2.6 0.4 8.3 99.5
9 59.6 0.1 14.7 3.0 0.3 1.4 5.4 2.2 0.4 12.2 99.3
10 49.4 1.9 13.9 11.4 0.0 2.6 1.5 0.8 0.5 17.5 99.6
11 46.1 2.4 14.4 15.7 0.1 2.5 0.9 1.8 0.1 15.9 99.8
12 47.9 0.6 13.6 9.8 0.0 3.9 3.1 1.6 0.1 17.7 98.3
13 44.6 2.0 16.2 10.1 0.1 2.1 3.1 0.1 0.6 20.4 99.3
14 45.8 2.1 16.8 9.9 0.0 2.2 1.6 0.1 0.7 20.3 99.4
15 383 1.7 13.8 8.8 0.2 2.0 10.2 0.2 0.5 23.0 98.6
16 51.5 0.4 20.1 59 0.0 2.9 1.4 0.1 1.7 15.5 99.4
17 54.5 0.3 17.4 32 0.1 4.2 1.9 2.0 1.0 14.6 99.2
18 53.6 0.2 16.7 3.1 0.0 4.2 1.7 1.2 0.9 18.1 99.6
19 54.1 0.2 15.5 34 0.0 43 2.9 1.2 1.2 16.7 99.6
20 60.8 0.1 19.0 3.6 0.0 2.3 1.2 2.0 0.5 9.9 99.4
21 54.2 0.2 20.7 2.2 0.0 2.0 1.2 2.0 1.1 15.8 99.5
22 62.4 0.2 15.0 1.1 0.0 33 1.0 2.3 0.4 13.9 99.7
23 58.7 0.2 17.5 1.1 0.0 3.1 1.2 2.5 0.5 14.8 99.6
24 532 0.2 21.2 2.0 0.0 2.1 1.3 2.0 1.0 16.6 99.4
25 55.0 0.5 18.1 5.8 0.0 2.3 1.2 0.3 1.7 14.8 99.7
26 62.3 0.1 14.0 1.1 0.0 3.0 1.7 0.8 0.7 15.9 99.7
27 59.2 0.2 19.2 3.7 0.0 2.3 1.3 2.3 0.5 10.7 99.3
28 58.8 0.2 13.5 2.1 0.0 3.1 2.7 0.1 0.5 18.4 99.6
29 49.8 1.2 21.0 5.4 0.0 1.9 1.1 0.0 0.1 19.3 99.8
30 59.7 0.7 13.7 4.7 0.0 3.2 1.8 2.0 0.7 13.1 99.4
31 52.1 0.4 12.8 8.4 0.0 2.7 1.9 0.4 0.5 20.1 99.4
32 58.6 0.1 19.5 3.6 0.0 2.4 1.2 2.1 0.5 11.4 99.4
33 57.9 0.6 15.5 7.2 0.0 2.4 1.6 0.2 0.6 13.4 99.5
34 61.7 0.8 17.5 8.1 0.1 1.6 1.3 0.4 1.4 6.7 99.6
35 63.3 0.1 20.1 2.4 0.1 34 1.9 0.5 0.8 7.0 99.5
36 54.6 0.7 16.0 3.1 0.1 2.5 5.8 1.0 0.9 14.7 99.3
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A source of uncertainty is the a priori unknown
chemical composition and amount of X-ray amorphous
material in the bentonites. Even if it were possible to
determine with the greatest precision the amount of
X-ray amorphous material by the internal standard
method as described below, the unknown chemical
composition of the glass component would prohibit a
complete and accurate recalculation of the sample
chemistry. The limitations resulting from this problem
in case of larger amounts of glass are discussed in the
results section.

Another difficulty in the comparison of the calculated
and observed chemical composition is the estimate of the
amount of volatile components which are evolved before
XRF measurements of the material. This can be divided
into non-structural proportions, such as pore water, and
structural proportions, such as OH™ in hydroxides or
CO3™ in carbonates, which elute during heating. A
differentiation between structural and non-structural
components is difficult to calculate. Therefore, the loss
on ignition in the pre-treatment for the XRF analysis was
ignored. The XRD results contain only structural compo-
nents. Proportions of non-structural components were not
detectable. To correct for the influence of volatile
structural components, the normative composition was
only calculated from the oxide forms of the minerals.

Application to an artificial mixture

The patterns of the artificial mixture of smectite,
quartz, calcite, and two feldspars were analyzed first,
using starting structures which were not optimized to
match the minerals of this mixture. In order to treat the
material equally to the unknown bentonite samples, the
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two feldspars were modeled with the same structure
models as the bentonite samples. For the plagioclase, a
pure albite, and for the K feldspar, an orthoclase was
chosen, ignoring the fact that not all peak positions are
fitted properly. In a second refinement, the albite
structure model was replaced by an oligoclase (plagio-
clase 16An) model, and the orthoclase by an adularia
structure having structure parameters closer to the peak
positions of the reference feldspars used in the mixture.
The structural model for the smectite was calculated
with the mean composition of the bentonites examined.

RESULTS AND DISCUSSION

Bentonite samples

Table 1 shows the mineralogical compositions of the
36 bentonites determined by the Rietveld refinement.
The results are given without listing the compositions of
the internal standard or the X-ray amorphous compo-
nents. For better comparison, all values are specified
with one decimal digit which certainly suggests a greater
degree of accuracy than is actually achievable. The
samples contain between three and ten different miner-
als. Smectite is always the most abundant component.
Additional layer silicates are muscovite, illite, kaolinite,
and chlorite. In most cases, these minerals were treated
as ordered. Only in the case of kaolinite in sample 25
was a structure model with disorder parameters applied.
Although naturally occurring feldspars show a high
variability, only five models were considered in this
work (two alkali feldspars and three plagioclases). The
flexibility of the chosen models allows a description of a
large range of different feldspars. Figures 1 and 2 show
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Figure 1. Rietveld plot of the refinement of sample 3. +: observed data. Gray line: calculated data. Dashed line: background.

Continuous black line: difference curve.
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Figure 2. Rietveld plot of the refinement of sample 28. +: observed data. Gray line: calculated data. Dashed line: background.
Continuous black line: difference curve. The dotted line represents the diffraction profile of the smectite.

two examples for the refinement results. Figure 1 shows
the pattern of sample 3, a bentonite with high smectite
content. This pattern is dominated by the smectite
diffraction profile, which is also shown in the figure.
The pattern shown in Figure 2 (sample 28) is covered by
a large number of mainly clinoptilolite reflections.

The corundum standard contents could be recovered
satisfactorily by all refinements, although a tendency
towards higher values is obvious. These overestimations
indicate the presence of additional X-ray amorphous
components. This assumption is in some cases supported
by the occurrence of an amorphous ‘hump’, as seen in
Figure 1 in the 20—30°20 region. The chemical compo-
sition of this X-ray amorphous phase is unknown.
Therefore, only the crystalline components were con-
sidered for the cross check. This probably decreases the
quality of the compliance of normative chemical
composition and observed chemical composition as
these X-ray amorphous components should differ in
chemical composition from the average composition of
the crystalline fraction of the bentonite.

The determination of the hydration state from the
basal distance showed that almost all smectites show a
non-rational series of basal reflections and the position
of the 001 reflection lies between the expected values of
approx. 12.5 A for a mono-hydrated smectite and 15 A
for a bi-hydrated smectite with a certain tendency for
one of the states. This can be interpreted as a mixed
layering of both states and reflects the mixed exchange
population of mono- and bivalent cations and inhomo-
geneous hydration states of these cations. Figure 3
shows this effect for sample 23. Thus far, it has proven
impossible to handle this additional disordering and
therefore the refinement was performed for data above

10°26 with a d spacing suitable to fit the remaining 00/
reflections. The error caused by this uncertainty is
relatively small as most of the intensity of the powder
pattern comes from non-basal reflections.

Figures 4 to 6 show the comparison of the chemical
composition calculated from the Rietveld results and
measured by XRF. In the case of exact agreement, the
points would lie on the dashed line. Points below this
line indicate an overestimation, and points above it, an
underestimation by the Rietveld results.

For SiO, and Al,0Os;, all samples show good accord
between values from XRD and XRF (Figure 4). The
deviation from the ideal agreement for Fe,O; and MgO
(Figure 5) is larger than for SiO, and Al,O3, but both
oxides follow the trend of the y = x line. In most
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Figure 3. Powder XRD pattern of sample 23. The d values
indicate a non-rational series of basal reflections.
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Figure 4. Comparison of the theoretical composition, calculated
from the Rietveld quantification, with the chemical composi-
tion, from XRF, for the oxides of Si and Al.

samples, Mg and Fe were underestimated by the Rietveld
results. The main carrier of Mg and Fe are the smectites.
Only two samples contain chlorite, five contain dolo-
mite, three pyrite, one siderite, and one goethite, these
being the only Mg- and Fe-bearing minerals considered
(except smectite). For most samples, Ti minerals were
not identified. This leads to a strong underestimation by
the Rietveld analysis. In order to improve the quantifica-
tion, a loop back to the qualitative analysis would
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Figure 5. Comparison of the theoretical composition, calculated
from the Rietveld quantification, with the chemical composi-
tion, from XRF, for the oxides of Ti, Fe, and Mg.
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certainly be necessary. By identifying minor phases and
including them in the Rietveld refinement, the misfit
between chemical analysis and calculated chemical
composition would be reduced.

The comparison of CaO, Na,O, and K,O shows a
clear dispersion (Figure 6). The occurrence of these
elements is related to the feldspars, and for Ca, is related
also to the carbonates. The choice of only five different
feldspars was not flexible enough to reflect the complex
chemical composition of the minerals occurring. The
remaining uncertainties are the X-ray amorphous com-
ponents such as volcanic glasses.

To cross check all calculated chemical compositions
against the measured compositions, it was necessary to
consider the individual chemical compositions of the
smectites. However, the determination of the smectite
composition from the <2 um fraction is a rough
estimation, but it obviously improved the quality of the
cross check. To estimate the impact of the individual
smectite composition on the Rietveld refinement, two
samples (sample 10 and 22) underwent additional
refinement with a mean composition of the TOT
structural unit. This mean composition, calculated from
the composition of all 36 smectites, is
(Al} 40F €5 30Mgo 30) ' (Siz 55Al.15)' Y O1o(OH),. Sample
10 has the largest Fe content in the <2 pm fraction of
all the bentonites examined. The TOT composition is
(Al 10F e ssMgo.25) Y (Siz.75Al9.25) Y O10(OH),.  Sample
22, the bentonite with the smallest Fe content in the
<2 pm fraction, has the composition (Al 4oFedy7Mgo 44)
VI(Sis 00Alo.00) VO 1o(OH),. Table 3 compares the quan-
titative results of these two samples, calculated using the
individual composition and using the mean composition.
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Figure 6. Comparison of the theoretical composition, calculated
from the Rietveld quantification, with the chemical composi-
tion, from XRF, for the oxides of Ca, Na, and K.
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Table 3. Results of the Rietveld quantification of samples 10 and 22, calculated with the individual and with the mean
smectite compositions. The contents are given as wt.%; Ry, and R, are given as %.

Sample 10 10 mean 10 bias 22 22 mean 22 bias
Ryp 8.56 8.62 7.08 7.20

Rexp 5.77 5.77 4.87 4.86

Corundum 11.5 11.0 0.5 10.6 10.6 0.0
Smectite 89.6 90.1 0.5 76.0 73.7 23
Quartz 6.4 6.1 0.3 4.0 4.2 0.2
Cristobalite 11.7 12.2 0.6
Hematite 0.6 0.4 0.2

Ilmenite 0.8 0.7 0.1

Rutile 0.7 0.6 0.1

Anatase 1.4 1.4

Calcite 0.6 0.7 0.1 0.3 0.3 0.0
Orthoclase 34 34 0.1
Plagioclase (Ansg) 4.7 6.1 1.5
Sum bias 1.3 4.7

For both samples the agreement criteria (R values and
internal standard) are satisfactory, both if calculated
using individual compositions as well as using mean
compositions. For sample 10 the differences in miner-
alogical contents are quite small. For sample 22 the use
of the mean composition led to a decrease in smectite
content, compensated mainly by an increase in the
plagioclase content.

ARTIFICIAL MIXTURE

The results of the simplified refinement and the
second optimized refinement using additional informa-
tion obtained from both measurements are shown in
Table 4. From the overestimation of the internal
standard, an X-ray amorphous content of 2.6—6.0 wt.%
was calculated. It is assumed that the <2 um fraction of
the Hungarian bentonite used for the mixture contains
some X-ray amorphous material, as indicated by

previous investigations in preparation of the second
Reynolds Cup contest (Kleeberg, 2004). In addition,
small amounts of feldspars below the estimated XRD
detection limit of 1—-2 % may be also present in the
<2 pum fraction of the bentonite. The total purity of the
smectite can be estimated as 92—95 wt.%. Thus, the
‘true’ smectite content of the mixture is ~71—73 wt.%.
The phase composition was calculated from the ratio of
the weighted scale factors of the phases related to the
internal standard zincite. The difference from 100% was
assumed to be ‘X-ray amorphous’. Within the BGMN
program, the estimated standard deviation of all
concentration values was calculated by error propagation
from the refined parameters. The 3c values are given in
Table 4. Although the Ry, is more suited to the
optimized refinement and for the high-quality measure-
ment, respectively, there are no significant differences
between the four results. Slight systematic underestima-
tion of the calcite content and overestimation of the

Table 4. Results of the analysis of an artificial mixture. The contents are given as wt.%; Ry, and R.y, are given as %.

Initial wt.%

Simplified composition
calculated wt.% +3c

Optimized composition
calculated wt.% +3c

Measurement 0.03° 3 s
Reyp 5.16

Ryp 7.07

Smectite 71-73%* 72.8+2.7
Amorphous 4-6 4.543.3
Plagioclase 5 4.4+0.4
Alkali feldspar 5 5.3+0.6
Calcite 3 2.7+0.5
Quartz 10 10.2+0.4

0.02°, 20 s 0.03°% 3's 0.02°, 20 s
2.64 5.16 2.64
543 6.75 4.79

71.3£1.9 73.3+£2.7 71.4+1.9
6.0+2.1 2.6+3.3 42+2.1
4.5+0.3 5.3+0.6 5.6+£0.3
5.4+0.5 6.0+0.6 6.0+0.5
2.5+0.3 2.4+0.4 2.4+0.3
10.3+0.3 10.3+0.4 10.4+0.3

* the true concentration is 71—73 wt.% because of X-ray amorphous material in the <2 pm fraction. The initial weight was
77 wt.% of the <2 um fraction, containing significant amounts of X-ray amorphous material.
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K-feldspar seems to be independent of the models and of
the data quality. As expected, the estimated standard
deviations of the results from the routine measurement
are greater than those from the high-quality measure-
ment. In general, although it is necessary to make some
assumptions to assess these results, it can be seen that
even with imperfect qualitative composition, the smec-
tite content can be determined accurately. On the other
hand, the uncertainties in the determination of the X-ray
amorphous content are relatively high and, conse-
quently, a quantification of a small amount of X-ray
amorphous material with large error seems to be of
limited value for routine analysis.

CONCLUSIONS

The quantitative analysis of 36 bentonites showed
that the Rietveld method combined with the new
structure model is a suitable method for ‘routine’
quantitative analysis. The use of information exclusively
from XRD led to reasonable values for phase contents.
The additional examination of an artificial mixture
demonstrated that, even with routine measurements,
parameters, and non-optimized structure models, reliable
values can be obtained. The individual chemical
composition has only a small influence on the quanti-
fication. Even with an average smectite composition,
satisfactory results can be achieved. However, knowl-
edge of the individual chemical composition of the
dominant smectites is necessary for a chemical cross
check. This cross check is helpful in terms of improving
the QPA, e.g. for a re-examination of the qualitative
composition to discover minor components. There is
further potential for the improvement of quantification,
e.g. with more accurate examination of minerals with
high variability such as feldspars. X-ray amorphous
components can only be quantified indirectly by an
internal standard and are still difficult to handle, because
they influence the XRD characterization as well as the
chemical-analysis methods in a complex way. In this
work, however, we omitted further steps in order to show
the capacity of the Rietveld method without supporting
analyses.

The interstratification of different hydration states of
the smectites is a serious draw-back. So far no structure
model is capable of handling stacking disorder of layers
with different spacings in a Rietveld refinement. A
further development would be necessary. At present,
only an extensive sample preparation and/or the control
of measuring conditions may help to limit the problem of
interstratification.
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