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Two calibration-based quantitative X-ray diffraction (XRD) models for

turbostratically disordered Bulong nontronite, the PONKCS (partial or no

known crystal structure) approach and the supercell structural model, were

compared in terms of the accuracy and refinement error from Rietveld

quantitative phase analysis. The PONKCS approach achieved improved

nontronite quantitative results with synchrotron diffraction patterns compared

with those achieved with laboratory XRD data as a result of better data quality

and the use of Debye–Scherrer geometry with significantly reduced preferred

orientation effects. The introduction of a peak shape modifier (spherical

harmonics) to correct the quantification result is mainly useful for laboratory

XRD patterns containing nontronite collected from Bragg–Brentano geometry

with appreciable preferred orientation effects. A novel calibration approach for

the nontronite supercell model was developed, based on the Rietveld

quantitative formula in the TOPAS symbolic computation system. The

calibrated supercell model achieved better accuracy (deviation within 1 wt%)

and lower refinement error than the PONKCS approach because the physically

based description of turbostratic disorder requires fewer refinable parameters

than the PONKCS approach. The drawbacks and limitations of the supercell

approach are also discussed.

1. Introduction
High-grade sulfide nickel resources are declining. In contrast,

there are vast resources of low-grade (<0.8 wt% Ni) nickel

laterites in Western Australia that are currently uneconomic to

process (Dalvi et al., 2004). Heap leaching has advantages of

much lower energy usage and capital requirements compared

to high-pressure acid leaching, but a major problem is that the

leaching behaviour of the ores is often unpredictable. Some

ores leach well while other superficially similar ores are acid

resistant and leach slowly with variable recoveries. The

differences between these ores are not well characterized or

understood.

The investigation of the influences of mineralogy on

leaching, the prediction of leaching behaviour and improve-

ments in leaching technology require accurate quantitative

phase analysis, especially for nontronite, which is a major

nickel-containing phase. The nontronite phase has been the

most difficult to characterize, with a substantial fraction often

reported as unaccounted or ‘amorphous’ content in X-ray

diffraction studies. No suitable structural model is available

for nontronite because this clay mineral is always turbo-

stratically disordered, showing asymmetric nonbasal diffrac-

tion profiles. The PONKCS method (partial or no known

crystal structure; Scarlett & Madsen, 2006), which is particu-

larly useful for quantification of disordered materials, was

improved by using spherical harmonics as a peak shape

modifier and applied to the quantitative analysis of nontronite

from Western Australia to achieve an absolute quantification

error of less than 5 wt% using laboratory X-ray diffraction

(XRD) data (Wang et al., 2011). However, the model is not

physically based and still demonstrates substantial errors at

low nontronite concentrations. The accuracy and Rietveld

refinement error of the modified PONKCS approach with

synchrotron XRD patterns are here compared with laboratory

XRD analysis.

A supercell model previously developed by Ufer et al.

(2004) using the BGMN program (Bergmann et al., 2010) was

reported to be suitable for quantitative analysis of smectite in

bentonites; this approach involved the measurement of the

cation exchange capacity (CEC) for interlayer cations using

Cu triethylenetetramine (Ufer et al., 2008). The supercell

structure was modified and incorporated into the TOPAS

(Total Pattern Analysis Solutions; Bruker, 2009) software and

achieved good fitting of the asymmetric nonbasal diffraction

peaks (Wang et al., 2011). However, this model requires cali-

bration in order to be used successfully for nontronite quan-

electronic reprint



titative analysis. A method for calibrating the interlayer cation

occupancies for the supercell model has been developed,

resulting in significant improvement of the quantitative bias to

within 1 wt%. Both the supercell and PONKCS models have

been applied to XRD data obtained from the powder

diffraction beamline at the Australian Synchrotron, and the

results demonstrate the advantages of using a physically based

model to quantify turbostratically disordered clay minerals.

2. Materials and methods

2.1. Clay separation

Green nontronite-rich clay (�0.5 kg) collected from the

Bulong mine site, Western Australia, was crushed into powder

(<1 mm) using a Rocklabs model 1A ring mill. A sample of

100 g was transferred into a 500 ml cylinder, soaked with

deionized water and shaken vigorously. The cylinder was left

standing until all the particles settled and the clear super-

natant was decanted. The powder was washed with deionized

water in this way several times until the solids started to form a

gel (i.e. the particles do not settle under gravity because the

total dissolved salt level of the liquid has decreased). This gel

was further diluted with deionized water into 5 � 500 ml

cylinders and allowed to settle under gravity for 4 h, at which

point the green supernatant suspensions were collected in a

large beaker and dried at 343 K. After the water had evapo-

rated the residual solid remained as hard green aggregates,

which were crushed with an agate mortar and pestle until the

powder passed through a 100 mesh sieve.

A nontronite standard, NAu-1, from Port Lincoln, South

Australia (Keeling et al., 2000), was used as a control for

chemical assay. The NAu-1 nontronite standard was received

as bright-green hard lumps. Dark stains indicating manganese

oxide impurities were carefully removed using a scalpel, and

the nontronite crumbs were hand milled with an agate mortar

and pestle and passed through a 100 mesh sieve.

The enriched Bulong and NAu-1 nontronite powders were

further purified to remove kaolinite using high-speed centri-

fugation. Five gram sub-samples of each nontronite were

agitated in 1 l of 0.02 M LiCl solution using rolling plastic

bottles for 48 h to lithium saturate the nontronite. The

resulting suspensions were centrifuged (Heraeus Multifuge

3S-R centrifuge) to separate the clays from the exchanged

LiCl solutions, which were collected and referred to as the

‘first cation exchange liquor’. The centrifuged clays were

treated with 0.02 M LiCl solution again to ensure that the

resulting clays were mostly Li saturated. Milli-Q water was

used to wash and disperse the Li-saturated clays, which were

then repeatedly centrifuged in order to collect the supernatant

suspensions containing fine clay fractions of less than 0.2 mm.

The suspensions were collected in large beakers then floccu-

lated with excess CaCl2 and left to settle overnight before the

clear supernatants were decanted. Residual CaCl2 solution

was removed by centrifugation and Ca2+ saturation was

repeated. Excess CaCl2 was removed by repeated dispersion

of the clay in Milli-Q water followed by centrifugation until

the supernatant become turbid. The settled clays were

collected and oven dried at 343 K. The dried solids were hand

milled with an agate mortar and pestle to pass through a 100

mesh sieve and are referred to as ‘purified Bulong nontronite’

and ‘purified NAu-1 nontronite’, respectively.

2.2. Inductively coupled plasma emission spectrometry

The chemical compositions of the first cation exchange

liquors were determined by inductively coupled plasma

emission spectrometry (ICP-OES) to estimate the species and

amounts of interlayer cations for both Bulong nontronite and

the NAu-1 standard. Both purified Ca-saturated nontronite

powders were also analysed by ICP-OES after high-

temperature fusion with Sigma Chemicals 12:22 lithium borate

flux and dissolution in water.

2.3. Bulong nontronite chemical formula

The approach adopted for calculation of the Bulong

nontronite structural formula was the same as that reported

for NAu-1 (Keeling et al., 2000). The equations for deter-

mining the 2:1 phyllosilicate chemical formula as described in

CLAYFORM (Bodine, 1987) were rewritten in Microsoft

Excel. The chemical formula of Bulong nontronite was

generated based on 22 equivalent O atoms using the ICP assay

of purified Ca-saturated Bulong nontronite.

2.4. Standard mixtures and synthetic laterites

In order to calibrate both the PONKCS and supercell

models, the enriched Bulong nontronite was mixed with 10, 30

and 50 wt% fluorite (CaF2, Sigma–Aldrich, >99.5%, powder

�325 mesh) using a McCrone micronizing mill for 5 min to

prepare three standard mixtures. Fluorite was chosen because

its mass absorption coefficient is close to that of nontronite at
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Table 1
Quantitative results of six synthetic mixtures of goethite (Goe), quartz (Qtz) and nontronite (Nont).

Figures in brackets represent the 1� uncertainty on the last decimal place.

Weighed wt% of synthetic laterites Calculated wt% by SH-assisted PONKCS model Calculated wt% by calibrated supercell model

Sample ID Nont Goe Qtz Nont Goe Qtz Nont Goe Qtz

NGQ1 10.03 70.13 19.84 6.1 (3) 72.8 (2) 21.12 (8) 9.3 (3) 70.0 (2) 20.78 (10)
NGQ2 15.07 55.02 29.91 14.3 (2) 55.06 (15) 30.66 (10) 14.2 (2) 55.17 (17) 30.59 (11)
NGQ3 19.96 39.96 40.08 19.40 (17) 39.76 (9) 40.84 (10) 19.71 (19) 39.84 (11) 40.45 (11)
NGQ4 30.02 20.08 49.90 30.15 (15) 19.58 (6) 50.27 (12) 30.09 (17) 20.20 (7) 49.71 (13)
NGQ5 34.97 50.01 15.02 33.30 (18) 50.76 (14) 15.94 (6) 35.06 (18) 49.44 (14) 15.50 (7)
NGQ6 49.97 24.92 25.11 50.35 (10) 24.54 (6) 25.11 (6) 50.36 (15) 24.94 (9) 24.70 (10)
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the 1 Å X-ray wavelength used in the synchrotron experiment.

Laboratory-grade ethanol (10 ml) was chosen to assist milling

and corundum pellets were used as the milling medium. The

milled slurries were oven dried at 343 K and gently ground

using an agate mortar and pestle. Six independent synthetic

limonitic laterites were prepared by mixing Bulong nontronite

with goethite (Synergy Pigments Australia Pty Ltd) and quartz

(pulverized cleaning sand from Cook Industrial Minerals Pty

Ltd), to simulate various common phase compositions of

Western Australian nickel laterite (Elias et al., 1981; Landers et

al., 2009; Singh & Gilkes, 1992). The pulverized quartz used in

this study was not subject to size fraction separation and was

hence suspected to be a polydisperse size system, i.e. having

wide particle size distribution. Details of the weight ratios are

shown in Table 1. The mixing method was the same as used in

the standard mixture preparation, with 10 wt% CaF2 as an

internal standard. Quartz and goethite were verified to be

pure phases and lattice parameters were determined with 2�
correction (zero error and sample displacement error) by an

internal standard method (McCusker et al., 1999).

2.5. Synchrotron X-ray diffraction

The purified Bulong and NAu-1 nontronite samples, three

standard mixtures, and six synthetic laterites were loaded into

0.3 mm internal diameter borosilicate capillaries (GLAS,

Schönwalde, Germany) for synchrotron diffraction measure-

ments. The capillaries were agitated in an ultrasonic bath to

assist powder loading and promote random orientation of the

particles.

Synchrotron X-ray powder diffraction patterns of all

samples were collected on the Powder Diffraction Beamline

(10-BM-1) at the Australian Synchrotron using a Mythen

microstrip position-sensitive detector and Debye–Scherrer

geometry (Schmitt et al., 2003). The wavelength was set to 1 Å

and measured accurately to be 0.999 Å from NIST Standard

Reference Material 660b LaB6 diluted with diamond powder.

This standard was also used to obtain the instrumental profile

of the beamline under the experimental settings employed.

The Mythen detector has small gaps between the 16 detector

modules so two patterns were collected with a small 2� angle

offset (0.5�). Each of these patterns was collected for 450 s and

spliced using the DataPro (Version 2.7 beta; Gu, 2011)

program, accounting for decay of the beam intensity via the

ion chamber counts. The combined patterns ranged from 1.2

to 81� 2� covering d spacings from 40 to 0.77 Å, respectively.

The sample capillaries were spun at 15 r min�1 during data

collection. The spinner incorporates a motorized goniometer

head with image capture and processing software designed to

automatically align capillary eucentric positions reproducibly

to �10 mm.

2.6. Applying the PONKCS method with synchrotron data

The accuracy of the PONKCS quantification method was

compared for Bulong nontronite XRD patterns collected at

the Australian Synchrotron using Debye–Scherrer geometry

and laboratory data collected using Bragg–Brentano geometry

in our previous study (Wang et al., 2011). Calcite was included

in the Pawley fitting of synchrotron data of purified Ca-satu-

rated Bulong nontronite as residual calcium chloride appears

to have transformed to calcite during oven drying. The

approach used to build a lattice model (hkl_Is) for Bulong

nontronite is similar to that described previously (Wang et al.,

2011) but is briefly described here.

The instrumental convolutions, zero error and wavelength

of synchrotron radiation were determined from the NIST 660b

LaB6 standard. The capillary background was modelled from

the pattern of an empty capillary using a peaks phase group,

which is essentially a group of peaks (xo_Is) with the peak

shape modifier described individually and scale factors linked

and refinable (Wang et al., 2011). A zero-order Chebyshev

background was used to minimize the correlation between the

Chebyshev background and nontronite Bragg humps. A

background function fit_obj = a/(X � b) (a, b refinable) was

used to fit the low-angle high background prior to the

nontronite 001 basal reflection; the fit was much closer than

that achieved by the One_on_X macro, which uses the basic

inverse proportion function fit_obj = a/X.

The C2/m space group was selected for the nontronite

lattice model (hkl_Is) used in the PONKCS method on the

basis of previous work (Wang et al., 2011). The unit-cell b

value can be predetermined from the 060 diffraction peak

position [1.5160 (1) Å] by fitting it to a peaks phase compo-

nent (d_Is). Pawley fitting was then used to extract reflections

(hkls), the number of which was gradually reduced by

deleting zero- and low-intensity reflections and those reflec-

tions with intensity less than the corresponding error until the

fitting parameter Rwp (weighted profile R factor) began to

increase. Spherical harmonics (SH) were used to reproduce

asymmetric peak shapes, anisotropic strain and size broad-

ening in this process. The final model was achieved by refining

all parameters to achieve the best fit to the measured Bulong

nontronite pattern. The reflection intensities and SH coeffi-

cients were then fixed. The ZM (unit-cell mass) factor of the

nontronite lattice model was calibrated using the synchrotron

XRD patterns of the nontronite and CaF2 standard mixtures

described in x2.4.

2.7. Calibration of the supercell model by the PONKCS

method

For the supercell model the instrumental convolutions, zero

error, radiation wavelength and background treatment were

the same as those used in x2.6. The species and occupancies of

octahedral and tetrahedral cations in the nontronite supercell

model were determined from the Bulong nontronite formula

calculated in x2.3. The atom coordinates were adopted from

the cis-vacant nontronite structure model, solved by Tsipursky

& Drits (1984), as an approximate structure. The rigid-body

rotation and translation were revised from the original

supercell model (http://www.bgmn.de/download-structures.

html) by linking them together with subcell parameters (see

Appendix A1). This guarantees that the double-layer hydrated
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1 Appendix A (containing a TOPAS input file) is available as supplementary
material from the IUCr electronic archives (Reference: NB5033). Services for
accessing this material are described at the back of the journal.
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interlayer cations are always placed at the centre of the subcell

with two of the H2O planes parallel to the ab plane, regardless

of subcell deformation during refinement, as shown in Fig. 1.

The occupancy of the interlayer cations was initially based on

the molar ratio of major exchangeable cations from the ICP

assay of the first cation exchange liquor. The unit-cell b value

was predetermined from the 060 diffraction peak position.

This model was built entirely on the basis of the ICP chemical

assay and is referred to as the ‘uncalibrated supercell model’.

The supercell model calibration involves two refinement

steps. A normal refinement with the uncalibrated nontronite

supercell model and the structural model of CaF2 was

performed first, in order to achieve a best fit to the patterns of

the standard mixtures prepared in x2.4. The scale factors and

lattice parameters of the internal standard, CaF2 in this case,

were determined from this refinement. These parameters of

the internal standard were then fixed for a ‘second refine-

ment’, in which the Rietveld quantification formula was used

in a reverse manner. In contrast to measuring the interlayer

cation occupancy with the CEC method (Ufer et al., 2008), the

weighed percentages of components in standard mixtures

were used to refine the lattice parameters and a coefficient for

the nontronite interlayer cation occupancies, as shown in Fig. 2.

As will be discussed in x3.3.1, the starting value of this coef-

ficient for the nontronite interlayer cation occupancies is 0.5.

This coefficient and the lattice parameters of Bulong nontro-

nite used in the final Bulong nontronite supercell model were

determined by arithmetically averaging their refined values

from the ‘second refinement’ for all three standard mixtures.

These parameters were fixed in the final supercell model used

for the quantitative analysis of nontronite in the synthetic

laterite mixtures.

3. Results and discussions

3.1. Bulong nontronite formula

The ICP assays for the first cation exchange liquor and the

purified Ca-saturated Bulong and NAu-1 nontronites are

shown in Table 2. The exchangeable cations for the two

nontronites are quite different. Calcium is the dominant

interlayer exchangeable cation for NAu-1, while for Bulong

nontronite it is sodium. The ICP assay for the purified NAu-1

sample matches that previously reported (Keeling et al., 2000).

The ICP analysis of the purified Bulong nontronite confirms

that Ni is not present as an exchangeable cation but is fixed
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Figure 1
The nontronite supercell model used in this study drawn using the
TOPAS rigid-body editor, indicating the interlayer hydrated cations were
calculated twice in the unit cell. The c direction length of the supercell ‘c’
is ‘layer’ times longer than that of subcell ‘c0’. To save space, the case
where layer = 2 is shown, though a layer = 9 model was used in this study.
The rigid-body rotations and translations given in Appendix A were
linked to unit-cell parameters to ensure that the double-layer hydrated
cations were always placed at the centre of the subcell (layer = 1) with two
of the H2O planes parallel to the ab plane, while the unit-cell dimensions
were refined.

Figure 2
A section of the TOPAS input file showing reversal of the Rietveld
quantification formula. In line 17, the nontronite scale factor is linked
with the unit-cell mass and volume by refining the interlayer occupancy
coefficient and lattice parameters. The values of ‘0.1’ and ‘0.9’ used in line
17 are the weight percentages of CaF2 and nontronite in this standard
mixture, respectively.
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within the octahedral layer. The structural formula of Bulong

nontronite calculated as described in x2.3 is M1.29
+-

[Si7.33
4+Al0.67

3+][Al0.95
3+Fe2.40

3+Ni0.26
2+Co0.01

2+Mg0.26
2+Cr0.09

3+]-

O20(OH)4, where M+ represents monovalent cations.

3.2. Re-evaluation of the PONKCS model with synchrotron

data

The accuracy and Rietveld refinement error of the

PONKCS approach with synchrotron XRD patterns collected

using Debye–Scherrer geometry were compared with the

previous analysis of laboratory XRD data collected using

Bragg–Brentano geometry (Wang et al., 2011). The fitting and

bias of the quantitative results from the weighed percentages

for the synthetic laterites based on the original PONKCS

method (Scarlett & Madsen, 2006) are shown in Figs. 3 and 4,

respectively. The nontronite 001 basal diffraction peaks were

fitted well but the asymmetric nonbasal diffraction bands were

poorly fitted (Fig. 3). However, quantitative results for the

synthetic laterite samples (Fig. 4b) show better accuracy with

lower refinement error than those obtained from laboratory

XRD data using the same method (Fig. 4a). The much lower

refinement error and standard uncertainty of the phase weight

percentages can be partially attributed to the superior signal-

to-noise ratio of the synchrotron radiation data (Toby, 2006).

The fitting and the quantification results of the synthetic

laterite samples calculated using spherical harmonics to model

peak shape (modified PONKCS approach) are presented in

Fig. 5 and Table 1. The biases of quantitative results from the

weighed percentages for the synthetic laterites are shown in

Fig. 6. The fit of the nontronite asymmetric nonbasal diffrac-

tion bands with the modified PONKCS method (Fig. 5) is

significantly better than the fitting generated by the original

PONKCS method (Fig. 3). The quantification results (Fig. 6b)

are again more accurate, with lower refinement error than

those obtained from the laboratory data using the same

method (Fig. 6a). However, the synchrotron-based results with
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Table 2
ICP assays for the ‘first cation exchange liquors’ and the purified Ca-saturated Bulong and NAu-1 nontronites.

Exchangeable cation (mg g�1)

Sample Co Fe Ni Mg Al Si Na Ca K Cr

First cation exchange liquors NAu-1 <0.04 <0.04 <0.04 1.03 <0.04 0.58 1.12 3.02 <0.04 <0.04
Bulong Nontronite <0.04 <0.04 <0.04 1.94 <0.04 0.30 4.58 0.10 <0.04 <0.04

Elemental concentration (%)

Sample CoO Fe2O3 NiO MgO Al2O3 SiO2 Na2O CaO K2O Cr2O3

Purified powders NAu-1 – 36.0 0.022 0.270 8.02 50.9 0.020 4.72 0.091 0.019
Bulong Nontronite 0.060 24.4 2.52 1.361 10.57 56.2 0.107 4.47 0.099 0.849

Figure 3
Simultaneous fitting of synchrotron patterns of synthetic laterite ores
with overall goodness of fit (GOF) = 3.541, Rwp = 4.008 and Rexp = 1.132.
The asymmetric nonbasal diffraction bands were poorly fitted. Inset:
enlargement of the nontronite asymmetric nonbasal diffraction from 11.6
to 14.5� 2�.

Figure 4
Difference plot showing the weighed percentage and quantitative analysis
results of synthetic laterite ores from the original PONKCS method using
(a) laboratory data (Wang et al., 2011) and (b) synchrotron data.
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the lowest nontronite content (10 wt%) have a large bias. The

underestimation of nontronite content is due to the low 001

diffraction intensities correlating with the capillary back-

ground, driving the nontronite scale factor to a lower value.

This is confirmed by the least-squares covariance matrix from

the refinement.

The quantitative results derived by the modified PONKCS

method for synchrotron data (Fig. 6b) did not show obvious

improvement from those derived by the original PONKCS

method (Fig. 4b). However, the improvement of the quanti-

tative results due to the use of spherical harmonics to model

peak shape is apparent for laboratory XRD data obtained

using Bragg–Brentano geometry (Wang et al., 2011). This is

due to the effect of sample preferred orientation, which is

unavoidable for front-pressed samples measured with Bragg–

Brentano geometry but can be alleviated using Debye–

Scherrer geometry. Correct modelling of the nontronite

nonbasal diffraction bands means that the quantitative results

are less correlated with the intensity of the major 001

diffraction peak. When the nonbasal diffraction bands are not

fitted correctly, the nontronite scale factor, which directly links

to the phase percentage, is highly susceptible to preferred

orientation effects associated with flat-plate sample prepara-

tion (Kleeberg et al., 2008). Hence a significant improvement

in quantitative accuracy is found by fitting the nonbasal

diffraction bands obtained in laboratory Bragg–Brentano

geometry, but this is not the case in synchrotron Debye–

Scherrer geometry where preferred orientation effects are

negligible. Fitting nonbasal diffraction peaks could also assist

in determining other phases with overlapping peaks in the

same 2� angle range. The Rwp factor decreased from 4.008 to

3.735 when spherical harmonics were used to define the peak

shape. This is not a large Rwp decrease because the misfit of the

main diffraction peak of quartz appears to be the major

contributor to Rwp (Fig. 5). Particle size analysis of scanning

electron microscopy images of the quartz powder used in

synthetic mixtures suggests it has a polydisperse size distri-

bution and therefore the normal ‘double Voigt’ approach

could not reproduce the peak profile (Langford et al., 2000;

David et al., 2010).

3.3. Quantitative analysis using the supercell model approach

3.3.1. Uncalibrated supercell model. An uncalibrated

supercell model (atom occupancies solely determined from

chemical assay) usually gives rise to inaccurate quantitative

results, although good fitting for a nontronite pattern can be

achieved, as shown in Fig. 7. This may be a result of the error

associated with the chemical assay, or the deviation between

the real atom positions of Bulong nontronite and those

reported by Tsipursky & Drits (1984). The uncalibrated

supercell model resulted in quantitative discrepancies of more

than 5 wt% for the synthetic laterite samples, as shown in

Fig. 8(a).

According to the Rietveld quantitative theory the ZM

factor for this supercell model should be calibrated to achieve

accurate quantitative analysis of nontronite in synthetic

laterites. However, unlike the peaks phase (xo_Is) or Pawley

phase (hkl_Is) reported previously (Wang et al., 2011), the

ZM factor of a structural model (str) cannot be manually

assigned. It solely depends on the atomic species and their

occupancies in the unit cell. The atomic species determined by

ICP assay should be more reliable than their occupancies as

calculated for the nontronite chemical formula. The variation

of the octahedral and tetrahedral cation occupancies from
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Figure 5
Simultaneous fitting of synchrotron patterns of synthetic laterite ores
with overall GOF = 3.301, Rwp = 3.735 and Rexp = 1.132. The asymmetric
nonbasal diffraction bands were well fitted. Inset: enlargement of the
nontronite asymmetric nonbasal diffraction from 11.6 to 14.5� 2�.

Figure 6
Difference plot showing the weighed percentage and quantitative analysis
results of synthetic laterite ores from the modified PONKCS method
using (a) laboratory data (Wang et al., 2011) and (b) synchrotron data.
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chemical assay errors would not affect the ZM factor

substantially since the stoichiometric numbers for these two

sites are fixed to 4 and 8, respectively (if the octahedral

vacancy is not considered), i.e. a decrease in aluminium would

be compensated by an increase in iron, using the CLAY-

FORM algorithm. On the other hand, the variation of inter-

layer cation occupancies influences the unit-cell mass

significantly. This is further amplified by the fact that the

interlayer atoms are effectively calculated twice in the super-

cell approach, as shown in Fig. 1. Therefore, the coefficient of

the interlayer cation occupancies should be calibrated with a

starting value of 0.5.

3.3.2. Calibrated supercell model. The calibrated coeffi-

cient of the interlayer cation occupancies derived from the

three standard mixtures was 0.398 (6), which corresponds to a

ZM factor of 980 atomic mass units in the supercell model for

Bulong nontronite. The averaged lattice parameters of Bulong

nontronite from three standard mixtures correspond to a unit-

cell volume of 6637 Å3 in the final Bulong nontronite supercell

model. The product of the calibrated unit-cell mass and

volume plays the same role as the calibrated ZMV factor in

the PONKCS approach (Wang et al., 2011). The calibrated

coefficient of the interlayer cation occupancies does not have a

physical meaning but is simply a factor for adjusting the unit-

cell mass to achieve the correct weight percentage. This cali-

bration constant also absorbs residual sample-related effects

such as microabsorption (Madsen et al., 2011) and other

systematic errors, such as structural deviation and residual

preferred orientation.

The quantitative results for the synthetic laterite samples

using the calibrated supercell model are shown in Table 1. The

use of this model reduced the bias from the known weighed

values to within 1 wt% (Fig. 8b). This shows greater accuracy

than the modified PONKCS approach (Fig. 6b). This result

also demonstrates the advantage of using a crystallographic

structure-based model for the quantitative analysis of

turbostratically disordered clay minerals. Only four para-

meters relating to the size and strain broadening of the basal

and nonbasal diffraction peaks were refined. In contrast, for

the modified PONKCS approach 12 parameters are required

for the use of spherical harmonics to reproduce anisotropic

size/strain broadening and associated asymmetries (three

second-order spherical harmonics in the C2/m space group).

The larger number of parameters refined in the PONKCS

Pawley model may therefore lead to correlations that impact

on the calculated scale factor, thus preventing accurate phase

quantification.

The calibration method used here for the supercell model

for nontronite quantitative analysis was derived from the core

idea of the PONKCS approach, which uses the target material

to calibrate the quantitative X-ray diffraction (QXRD) model.

Hence both approaches should be regarded as calibration-

based methods. It should be noted that, although the inter-

layer cation occupancies in the nontronite supercell model

were refined during the calibration, this approach is purely to

facilitate quantitative analysis and should not be considered

for structure solution. An approach similar to that used by

Manceau et al. (1998) is recommended for determination of

the nontronite crystal structure.

The supercell model requires significantly more effort than

the PONKCS method. Building the supercell model requires

chemical assay data for the purified nontronite to determine

the substituted metal cations and their occupancies, while the
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Figure 8
Difference plot showing the weighed percentage and quantitative analysis
results of synthetic laterite ores using (a) the uncalibrated supercell
model and (b) the calibrated supercell model.

Figure 7
Fitting of the asymmetric nonbasal diffraction band using the uncali-
brated supercell model. The quantitative results show an overestimation
for the Bulong nontronite in this 9:1 mixture with CaF2. The reflection
markers at the bottom indicate the significant number of additional
diffraction peaks included in the calculation for each refinement step,
making the calculation time consuming. The nontronite curve is
highlighted.
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PONKCS approach only requires the target phase to be

enriched. The PONKCS method is useful for any phase with

unknown or partially known crystal structure, while the

supercell model approach is only applicable to the turbo-

stratically disordered clay minerals. Another drawback of the

supercell approach is that the refinement is time consuming

since nine times more reflections are included in the calcula-

tion in each refinement step (for this case where layer = 9 in

the supercell structure shown in Appendix A). On the other

hand, the diffraction peaks used to define the Pawley phase in

the PONKCS approach can be selectively deleted, as stated in

x2.6, reducing the calculation time. If the QXRD accuracy of

the PONKCS approach is acceptable then it is the most direct

and effective method for mining and metallurgy industries to

perform quantitative mineralogy, where large numbers of

samples are analysed.

4. Conclusions

The modified PONKCS approach (Wang et al., 2011) was

applied to synchrotron data for standard mixtures and

synthetic laterites, generating improved accuracy and lower

refinement error relative to laboratory-based XRD data for

the same samples. The benefit of using spherical harmonics as

a peak shape modifier to improve the quantitative analysis was

not as obvious for synchrotron-based data as previously found

for laboratory XRD data (Wang et al., 2011). This is primarily

because of the preferred orientation of the nontronite, which

is exacerbated in the flat-plate samples prepared for labora-

tory-based Bragg–Brentano geometry XRD. Better fitting of

the asymmetric nonbasal diffraction bands causes the quan-

titative results to become less dependent upon the primary

basal diffraction peak, the intensity of which is highly

susceptible to preferred orientation.

The TOPAS symbolic computation system (Coelho et al.,

2011) provided an ideal platform to develop a novel structural

model calibration approach for the interlayer cation occu-

pancies in the nontronite supercell model using the patterns of

standard mixtures with known weight ratios. The new cali-

brated supercell model was able to achieve quantitative

analysis of nontronite in synthetic laterites to within 1 wt% of

the weighed values.

This supercell calibration approach is aimed at quantitative

analysis and should not be regarded as providing a structure

solution. Although improved quantitative results were

obtained, the time-consuming refinement, the need to

chemically assay the pure target phase and the limitation to

handling turbostratically disordered clay minerals make the

supercell model less attractive than the PONKCS approach

for mining and metallurgy industries that demand rapid, and

often just comparative, mineralogical data.
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