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ABSTRACT
Quantitative determination of the mineralogical composition of hydrothermally altered rocks was performed by means of the
Rietveld method using X-ray powder-diffraction data. Initially, experiments were carried out to minimize systematic errors
arising from preferred orientation of particles as well as micro-absorption. The precision of the proposed method was tested by
independent replicate sample-preparation and analyses. The closeness of the replicate phase-determinations showed that random
within-laboratory errors were comparatively small. Expressed as chemical compositions, the quantitative results are in good
agreement with the major oxide concentrations determined by X-ray fluorescence. The results indicate that the relative abundances
of phases and refined element substitutions were accurately determined. The method developed was applied to hydrothermally
altered rocks from the Waterloo volcanic-rock-hosted massive sulfide (VHMS) deposit in Queensland, Australia. Hierarchical
cluster analysis led to the discrimination of several mineralogically distinct alteration-induced assemblages. These mineral
assemblages are characteristic of specific zones of alteration. The strong spatial zoning with respect to the mineralized body and
the distinct mineralogical assemblages of the alteration halo are interpreted to result primarily from varying degrees of hydrolytic
decomposition and potassium metasomatism of the wallrocks. Based on these results, we suggest that quantitative phase-analysis
by the proposed method represents a new powerful tool in studies of alteration halos.
Keywords: quantitative phase-analysis, Rietveld method, alteration mineralogy, volcanic-rock-hosted massive sulfide deposits,
Waterloo VHMS deposit, Queensland, Australia.

SOMMAIRE
Nous avons pu déterminer de façon quantitative la composition minéralogique de roches sujettes à une altération
hydrothermale au moyen d’une analyse selon la méthode de Rietveld de traitement de données de diffraction X obtenues sur
poudre. Au départ, les expériences ont porté sur une minimisation des erreurs systématiques dues à l’orientation préférentielle des
particules et à la micro-absorption. La précision de notre méthode a pu être vérifiée par préparations et analyses répétées des
échantillons. La concordance des résultats répétés portant sur la détermination des phases montre que les erreurs aléatoires intralaboratoire sont relativement petites. Exprimées en termes de compositions chimiques, les résultats quantitatifs concordent bien
avec la proportion des éléments majeurs tels qu’établie par fluorescence X. Les résultats indiquent que les abondances relatives
des phases et les schémas de substitutions d’éléments sont affinés avec justesse. Nous avons appliqué la méthode aux roches
volcaniques altérées par voie hydrothermale au gisement de sulfures massifs de Waterloo, au Queensland, en Australie. Une
analyse par groupements hiérarchique mène à la discrimination de plusieurs assemblages minéralogiques attribuables à l’altération
hydrothermale. Ces assemblages sont caractéristiques de zones spécifiques réparties autour du gisement, et résulteraient surtout
d’une altération plus-ou-moins avancée menant à la déstabilisation hydrolytique et à la métasomatose potassique. A la lumière de
ces résultats, nous croyons que l’analyse quantitative des phases selon la démarche proposée fournit un outil nouveau et puissant
dans l’étude des auréoles d’altération.
(Traduit par la Rédaction)
Mots-clés: analyse quantitative des phases, méthode de Rietveld, minéralogie des zones d’altération, gisements de sulfures massifs,
encaissant volcanique, gisement de Waterloo de type VHMS, Queensland, Australie.
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INTRODUCTION
Over the past decades, much work has been conducted in and around volcanic-rock-hosted massive sulfide (VHMS) deposits to determine the effects of
alteration on the mineralogical, geochemical, and isotopic characteristics of the wallrocks (Franklin et al. 1981,
Urabe & Scott 1983, Richards et al. 1989, Marquis et
al. 1990, Gemmell & Large 1992, Large 1992, Barrett
et al. 1993, Leistel et al. 1998). However, the quantitative description of mineralogical changes during alteration has been hampered by the lack of analytical
techniques allowing a correct determination of the relative abundance of minerals in the altered (and unaltered)
rocks. Traditionally, the determination of the relative
abundances of the constituent minerals in rocks has been
carried out by (1) point-counting techniques or image
analyses of thin sections, (2) normative calculations
based on whole-rock geochemical data, and (3) conventional X-ray powder-diffraction (XRD) measurements
using integrated peak-intensities combined with some
scheme of internal or external calibration. However, the
applicability of these techniques to quantitative phaseanalysis of intensely altered rocks is limited owing to
the very nature of these rocks. In most cases, point
counting is inappropriate because hydrothermally altered rocks are very fine grained or intensely foliated.
Normative calculations typically assume idealized compositions of the component minerals and may, therefore,
not yield reliable estimates of the true compositions.
Conventional X-ray powder-diffraction techniques using calibration curves or internal standards are also
troublesome because standards with physical and
chemical properties similar to the rocks investigated
have to be obtained or prepared, which may be extraordinarily difficult in the case of products of hydrothermal alteration. Moreover, extensive peak-overlaps as
well as the effects of preferred orientation typically prohibit a correct determination based on single-peak intensities, as required by these techniques. Some
problems associated with conventional X-ray methods
can be overcome by application of the Rietveld method.

PHASE ANALYSIS BY THE RIETVELD METHOD
The Rietveld method is a full-profile approach that
was initially introduced for the refinement of crystalstructure parameters (Rietveld 1969) but has been expanded over the last ten to fifteen years for application
in quantitative phase-analysis. The method is based on
a least-squares fit between step-scan data of a measured
diffraction pattern and a simulated X-ray-diffraction
pattern. The simulated XRD pattern is calculated from
a large number of parameters, including crystal-structure parameters of each component phase, a scale factor
for each constituent phase to adjust the relative intensities of the reflections, parameters describing the peak
profile and the background, and parameters simulating
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the instrumental aberrations as well as effects resulting
from size-related strain, preferred orientation, and particle size. A key feature of the quantitative analysis of
phase proportions by the Rietveld method is that the
phase abundances of the constituent phases can be
directly calculated from the refined scale-factors. Therefore, quantitative analysis can be performed without the
need of experiments undertaken on standard samples to
calibrate the method (Hill & Howard 1987, Bish &
Howard 1988, Snyder & Bish 1989, Bish & Post 1993,
Hill et al. 1993, Mumme et al. 1996, Raudsepp et al.
1999, Gualtieri 2000, Guirado et al. 2000, Hillier 2000).
Although the Rietveld method may potentially be
useful in the study of hydrothermally altered rocks, an
accurate quantitative analysis is challenging because of
the large number of phases contained in these rocks and
their chemical and structural variability. In particular,
the occurrence of layer disorder in phyllosilicates contained in the altered rocks may cause considerable difficulties in quantitative phase-analysis by the Rietveld
method (Bish 1993, Hillier 2000). Moreover, the effects
of preferred orientation and micro-absorption are significant problems encountered in Rietveld refinement
(Bish & Reynolds 1989, Bish & Post 1993, Madsen et
al. 2001), and systematic errors arising from these effects need to be minimized to obtain meaningful results.
In the present paper, a procedure of sample preparation
and analysis is described that has been designed to lead
to a correct analysis of hydrothermally altered rocks.
The precision and accuracy of the method were evaluated using whole-rock samples collected from the alteration halo of the Waterloo VHMS deposit, Australia.
Particular efforts were undertaken to develop a procedure that can be used as a matter of routine in studies of
alteration halos in VHMS-type deposits.

GEOLOGICAL BACKGROUND AND SAMPLE STRATEGY
The Waterloo VHMS deposit is located in the Charters Towers region in northern Queensland. The volcanic host-rocks of the deposit belong to the Seventy Mile
Range Group that forms a major east–west-trending
relic of Cambro–Ordovician back-arc volcanism 165 km
long at the northern end of the Tasman Fold Belt System (Henderson 1986, Berry et al. 1992, Stolz 1995).
The mineralization at Waterloo led to a relatively small
high-grade base-metal resource of 0.372 Mt at 3.8% Cu,
19.7% Zn, 2.8% Pb, 94 g/t Ag, and 2 g/t Au (Berry et
al. 1992, Huston et al. 1995). The blanket-like massive
sulfide bodies are underlain by an extensive footwall
alteration characterized by intensely altered and schistose rocks. In the periphery of the footwall alteration
halo, these intensely altered volcanic rocks grade into
moderately to weakly altered andesite containing relict
volcanic textures. The immediate hanging-wall to the
massive sulfides is composed of coarse quartz–feldspar
crystal-rich sandstone and breccia that have been
intruded by a dacite cryptodome. The upper part of the
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hanging wall consists of mudstone, fine sandstone,
coarse feldspar–quartz sandstone and breccia, basalt,
andesite, and rare dacite. The 80 whole-rock samples
used in the present study were collected from exploration diamond-drill core throughout the footwall of the
massive sulfides.

EXPERIMENTAL METHODS
Sample preparation and measurement
Initially, the drill-core samples (2 kg) were crushed,
and rock chips containing visible vein material were
removed. A split of 300 g was subsequently pulverized
in a disc mill. One part of the powder obtained was taken
for X-ray fluorescence (XRF) analysis on standard fused
beads and pressed pellets using a Philips automated
XRF spectrometer. Preparation of the sample powder
for the XRD measurement was carried out in the following manner. To avoid additional layer disorder of
the phyllosilicates contained in the samples, a split of
the powder (~ 1 g) was further pulverized by hand in an
agate mortar, and the fine powder was stepwise removed
by sieving (20 m mesh). Subsequently, the fine powder was vibrated along with small steel balls for five
minutes to achieve homogeneous mixing. The powders
were then filled into conventional top-loading holders
(26 mm opening diameter) using the method described
below. Step-scan XRD data (5 to 80° 2, 0.03° 2 step,
8 s/step) were collected with an URD 6 (Seifert–FPM,
Germany) diffractometer. The diffractometer was
equipped with a diffracted-beam graphite monochromator and a variable divergence slit that allowed the irradiation of a constant area of sample (355 mm2) on the
rotated sample. A Co tube was used and operated at 40
kV and 30 mA.
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Rietveld refinement and quantitative phase-analysis
Qualitative phase-analysis of the raw diffraction patterns was carried out by conventional search/match procedures using reference diffraction patterns stored in the
ICDD PDF–2 (International Centre for Diffraction
Data). Identification of minor mineral phases in complex diffraction patterns was, therefore, limited to
phases having relatively distinct peak-positions. Quantitative analysis was performed using the fundamentalparameter Rietveld refinement programs BGMN/
AutoQuan (Bergmann et al. 1994, 1998, Taut et al.
1997). We have chosen this software package for several reasons, including the numerical stability and the
convenient refinement in fully automatic mode without
a user-defined strategy for refinement, enabling routine
analysis.
Crystal-structure models
The use of the Rietveld method requires knowledge
of the approximate crystal-structure of each phase
present in the sample investigated. Such crystal-structure information as well as starting parameters of site
occupancies and lattice parameters were taken from the
literature (Table 1). In the Rietveld program used, the
parameter space can be limited by the introduction of
physically and mineralogically meaningful upper and
lower limits for each parameter. The limitation of the
parameter space substantially improves the stability of
the refinement and also leads to a better convergence
into the global minimum. The upper and lower limits of
the crystal-structure parameters were derived experimentally by investigation of a large number of natural
samples. Prior to the present study, the applicability of
the starting crystal-structure models obtained and parameter limits was tested in experiments using synthetic
50:50 mineral mixtures of known compositions.
The refined crystal-structure parameters included the
unit-cell parameters of each phase as well as element
substitutions with pronounced influences on intensities
and positions of reflections. For instance, the Mg2+–Fe2+
occupancy of the octahedral positions in the chlorite
structure was refined owing to its control on the intensity distribution of the chlorite basal reflections. Another
important element substitution considered was the nature of the interlayer cation in a true dioctahedral mica
because of its influence on the intensity ratios of the
basal reflections of that mica.
A particular problem encountered was the disorder
by ±b/3 layer displacement of chlorite. This layer displacement yields (1) sharp and intense 00l peaks, (2)
fairly sharp, but less intense hkl peaks with k = 3n, (3)
extremely wide hkl peaks with k ≠ 3n, and (4) broadening and minor shifts of the 0k0 peaks in the diffraction
patterns. In order to describe these diffraction patterns
correctly, a specially designed real-structure model was
implemented into the starting structure of this mineral
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(Bergmann & Kleeberg 1998). This real-structure model
was successfully applied during refinement of diffraction patterns of samples from the Waterloo deposit that
contain a high concentration of chlorite (> 10 wt.%).
Description of peak profile
The peak profiles were described by separate consideration of the wavelength distribution of the X-ray
tube, the instrumental assemblage (e.g., length of divergence slit, focus and length of detector slit, sample dimension and thickness), and the contribution of the
phases contained in the sample (e.g., crystallite sizes and
degree of microstrain). During routine Rietveld analysis, only the sample function was refined because the
wavelength distribution of the X-ray tube is constant and
the instrumental settings remained unmodified.
In the Rietveld software used, the wavelength distribution was modeled by a set of four Lorentz functions
describing the K␣1 and K␣2 lines of the Co tube. This
model was based on the spectral measurements carried
out by Hölzer et al. (1997). The instrumental profile
function was derived by a Monte Carlo ray-tracing
method prior to the Rietveld refinement (Bergmann et
al. 1997, 1998, 2000). This simulation method includes
the calculation of instrumental profile shapes at defined
angular steps as well as the intensity function of the
automatic divergence slits. The procedure described by
Bergmann et al. (2000) was followed to describe the
low-intensity tails occurring on both sides of all Bragg
reflections, which is due to emission of X-rays outside
the focus of the X-ray tube.
The sample profile function was represented by folding of a Lorentzian and a squared Lorentzian profile
describing the size and microstrain broadening, respectively (Bergmann et al. 2000). The size broadening is
independent of 2 and was assumed to be isotropic for
all phases contained in the samples. An isotropic
microstrain-induced broadening parameter was only
introduced in the case of albite because the width of the
albite reflections varied as a function of 2, possibly
owing to variations in the chemical composition. Moreover, microstrain-induced broadening was considered in
the hkl-dependent broadening models for the layer silicates. Together with up to 14 parameters of the background polynomial function and the relatively large
number of parameters introduced by the models of preferred orientation (see below), a total of up to 140 independent parameters was reached.

OPTIMIZATION OF THE EXPERIMENTAL METHOD
Systematic experiments were carried out prior to
routine analyses of the samples from the Waterloo deposit to optimize the methods of sample preparation and
analysis. Particular efforts were undertaken to minimize
and correct the effects of micro-absorption and preferred
orientation.
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Particle size and micro-absorption
Micro-absorption occurs in the samples because the
constituent minerals have very different coefficients of
linear absorption (CoK␣: quartz 146 cm–1 and pyrite 516
cm–1). This effect results in the systematic underestimation of the highly absorbing pyrite in the quantitative
phase-analysis. Although micro-absorption can be minimized by very fine grinding of the powders, overgrinding has to be avoided because excessive mechanical
treatment would result in substantial layer disorder of
the phyllosilicates. Therefore, the samples were carefully pulverized by hand, and the ground sample was
sieved periodically during the grinding process to remove the material of small size (<20 m). Moreover,
CoK␣ radiation was used in the present study to reduce
the contrast in the absorption coefficients among the
minerals contained in the samples (Bish & Reynolds
1989).
To correct the effects of micro-absorption during
Rietveld refinement, the mean particle-size of each constituent mineral has to be determined (Brindley 1945,
Taylor & Matulis 1991). However, this is not possible
because the minerals contained in the finely powdered
samples cannot be readily separated. Nevertheless, mineral separation takes place to some extent during the
process of sieving and grinding owing to differences in
the hardness and fissility of the different minerals. In
the samples investigated, powder passing the sieve at
an early stage of the grinding process contains a high
proportion of phyllosilicates, whereas most of the pyrite passes the sieve at the final stage. Therefore, mean
particle-sizes can be estimated for these minerals by
measuring the particle-size distributions of the material
of small size passing the sieve at different stages of the
grinding procedure.
As an example, several grams of one representative
sample (WT22–163) were sieved and ground by hand,
and the powder that passed the sieve was split into four
subsequent fractions (F1 to F4) after approximately
equal times of sieving and grinding. The first fraction
that passed through the sieve (F1) contains a high percentage of phyllosilicates, whereas the last fraction (F4)
has a high pyrite content. Mean particle-sizes of the four
fractions, determined on a Leeds & Northrup Microtrac
laser-based particle-size distribution granulometer, increase from 4 m (F1) to 8 m (F4). Thus, phyllosilicate particles are, in general, smaller than the pyrite
particles. The mean particle-sizes were used in the
Rietveld analyses of the four fractions, and their mineral modes were determined (Fig. 1). As the weights of
the fractions F1 to F4 were also measured, the mineral
modes of the sample WT22–163 could be calculated
(Fig. 1). Sample WT22–163 was also prepared conventionally by sieving and grinding the whole powder at
once. The mean particle-size of the conventionally prepared sample is 6 m, and this value was used as a parameter for all constituent minerals in the Rietveld
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analysis of this sample. For the highly absorbing pyrite,
the resulting product of the mean grain-size and the linear absorption coefficient for CoK␣ yields a value of
0.3096. This value is in the lower interval of coarse
powders as defined by Brindley (1945). Therefore, micro-absorption correction can be applied during Rietveld
refinement. Taking the errors of the method into account
(see below), Figure 1 shows that the mineral modes
determined on the conventionally prepared sample are
identical to the mode of the calculated composition derived from a more accurate correction of the effects of
micro-absorption.
The results of the experiment suggest that the influence of micro-absorption can be minimized sufficiently
if an appropriate mean particle-size of the analyzed
multiphase powder is known and used as a global parameter for the grain sizes of all constituent phases.
Because the method of sample preparation was similar
for all samples, routine analysis was based on the assumption that the mean particle-sizes of all samples was
identical (~6 m).
Particle orientation
The second serious problem encountered was the
preparation of XRD samples with minimal preferred
orientation of the particles. The preparation of sample
mounts with random orientation of all grains was precluded by the non-spherical shape of the grains that form
during the process of milling, sieving, and grinding in
response to the physical properties of the constituent
minerals. Previous investigators have shown that the
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effects of preferred orientation can be largely minimized
by collecting step-scan data on rotated glass capillaries
(Hill et al. 1993, Mumme et al. 1996). However, this
method of sample preparation is not convenient for routine measurements because of the time-consuming
preparation of the capillaries and the long countingtimes per step needed to achieve appropriate counting
statistics. Moreover, the size of the capillary limits the
amount of powder analyzed and small inhomogenities
in the sample may yield incorrect abundances of phases.
Hillier (1999) has shown that most of these problems
can be overcome by spray-drying the powdered sample
using an air-brush and preparation of the spherical aggregates in conventional sample holders. In the present
study, we attempted to reduce the preferred orientation
of particles during sample preparation without this additional treatment and to correct the remaining influence
of preferred orientation on the intensity distributions by
the use of appropriate analytical models during the
Rietveld refinement.
Initially, we tested two different ways of filling conventional top-loading holders with a powdered sample
(WT22–163). In a first experiment, the powder was
gently pressed into the top-loading holder, without a
shearing motion, using the sharp edge of a sheet of glass.
The surface was then carefully made rough with emery
paper, and step-scan data were collected. The observed
intensities of the strongest reflections in the XRD pattern were found to deviate significantly from the ideal
ratios of intensities. Subsequently, the powder-filled
top-loading holder was gold-coated and the surface of
the powder was investigated with a Leica Stereoscan

FIG. 1. Phase abundances (wt.%) and mean particle-sizes of four fractions (F1 to F4), the calculated, and the conventionally
prepared sample WT22–163 (see text for explanation). Note that the mean particle-sizes are smaller in the phyllosilicate-rich
fractions than in the samples containing substantial amounts of pyrite.
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260 scanning electron microscope (SEM). The SEM
was operated at 5 kV to allow inspection of the poorly
conducting surface. A representative secondary electron
(SE) image is shown in Figure 2. The figure illustrates
that grain-size variations are remarkably large. The powder is densely loaded and large grains of plagioclase,
quartz, and pyrite appear to be pressed into a loose matrix composed of phyllosilicate aggregates, yielding a
relatively smooth surface. The orientations of the large
grains appear to be controlled by the cleavage. Some of
the phyllosilicate aggregates are smeared out and stick
to the corners, edges, and surfaces of the larger grains.
In a second experiment, powder of the same sample
was gently pressed into a holder with the sharp edge of
a sheet of glass. Some additional powder was tapped
through a sieve onto the holder. Because the grains have
a more or less random orientation when falling from the
sieve, a surface without strong preferred orientation of
the particles was achieved. The sample obtained in this
way was also investigated by XRD. Some significant
deviations from the ideal intensity ratios of the strongest reflections of the constituent minerals were still
observed, although the sample was less textured than in
the first experiment. The surface of the powder was likewise studied under the SEM (Fig. 3). The powder in this
top-loading holder appears to be more porous and exhibits more topography than that of the first experiment.
Large grains of plagioclase, quartz, and pyrite are ran-

domly distributed throughout a loose matrix dominated
by the small aggregates of phyllosilicates. The differences in the observed deviations from the ideal intensity ratios as well as the results of the SEM study suggest
that the effects of preferred orientation were minimized,
at least to some extent, using the sample preparation
applied in the second experiment. Therefore, the second method of preparation of the top-loading holders
was routinely applied throughout the study.
The remaining effects of preferred orientation on the
intensity distributions of the reflections in the diffraction patterns were corrected during Rietveld refinement.
The algorithm used to model the hkl-dependency of the
preferred orientation is described in detail by Bergmann
et al. (2001). It is equivalent to models that expand the
polar-axis density into a series of symmetrized spherical harmonics (Popa 1992, Järvinen 1993, Ferrari &
Lutterotti 1994, Von Dreele 1997). The texture-correction yields hkl-specific correction factors of preferred
orientation, which represent the ratio between the ideal
intensity assuming a random orientation of the grains
and the intensity taking preferred orientation into account. The suitability of the applied texture-model was
tested for each phase by visualizing these correction
factors for all possible crystallographic orientations of
families of lattice planes, including those actually realized in the phase under investigation. The three-dimensional construction of all texture-correction factors of

FIG. 2. Scanning electron microscope image of the strongly textured XRD powder sample
WT22–163. The sample shows prominent grain-size variations although the powder
was sieved using a 20 m mesh. The surface of the powder was carefully roughed using
emery paper. Preferred orientation of the grains in the powdered sample resulted in
pronounced deviations from the ideal intensities in the XRD pattern. The scale bar is
25 m.
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FIG. 3. Scanning electron microscope image of a moderately textured XRD powder sample
WT22–163. The large grain at the center is pyrite. The loose sample was obtained by
tapping powder through a sieve on to the surface of the top-loading holder. The effects
of preferred orientation of the grains on the intensity distribution in the XRD pattern
was minimized by this method of sample preparation. The scale bar is 25 m.

the phase under investigation is equivalent to the shape
of the normalized polar-axis density and, therefore,
gives a good visual impression whether the applied
texture-model was physically reasonable. As an
example, the shapes of the normalized polar-axis
densities of epidote, muscovite, albite, and pyrite are
shown in Figure 4. The shape of the polar-axis density
of plagioclase can be accounted for by the perfect
cleavages along {001} and {010}, whereas the preferred
orientation of epidote was caused by the fairly good
{001} cleavage. The shape of the polar-axis density of
muscovite can be related to the very good {001}
cleavage, whereas the preferred orientation of pyrite
results from the shape of the crystals.
The texture description of all phases contained in the
samples clearly introduces a large number of parameters
to the Rietveld refinement. The information stored in
the XRD patterns is usually insufficient to allow texture
description of all phases using high orders of the texture models; resultant correlations among parameters
may yield inaccurate results. Therefore, a scheme of
parameter reduction was applied enabling routine analysis of the altered rocks characterized by pronounced
differences in mineral abundances. The Rietveld refinement was started with different orders of the texture
models for each phase contained in the multiphase
sample because the extent of preferred orientation in a
single top-loading holder is phase-specific. Therefore,
a low order of the texture model was initially chosen for
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phases amenable to simple description of texture. Moreover, the order of the texture model was automatically
reduced during Rietveld refinement as a function of the
intensity of the phase after a first stage of isotropic refinement. The suitability of the texture model applied
was checked routinely by inspection of the obtained list
of peaks containing the hkl-specific correction factors
of preferred orientation to ensure that no significant
correlation of parameters occurred during the refinement. These correction factors should be in the range of
0.5 to 3 for slightly textured samples in conventional
top-loading holders (Kleeberg & Bergmann 1998).

ROUTINE APPLICATION OF THE METHOD DEVELOPED
The proposed method of sample preparation and
analysis was applied routinely to the 80 samples collected from the footwall of the Waterloo VHMS deposit.
Sample preparation took approximately 30 min/sample,
and data collection required a measurement time of 5.5
h/sample. Quantitative analysis of the multiphase
samples was performed by refining approximately 140
independent parameters on the basis of 2,501 measured
intensity values forming ca. 1,000 peaks in the diffraction patterns. The computation time required was approximately 5 to 10 minutes per diffraction pattern using
the program AutoQuan running on a Pentium III 1,000
MHz personal computer. The refinement was conducted
in fully automatic mode. The use of the program
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FIG. 4. Shapes of the normalized polar-axis densities of (a) albite, (b) epidote, (c)
muscovite, and (d) pyrite (see text for explanation). The order of the texture model
applied was n = 2 for muscovite, n = 4 for epidote and albite, and n = 6 for pyrite. The
shapes of the polar-axis densities are primarily influenced by the orientation of the
cleavage planes of the minerals.

AutoQuan proved to be particularly convenient because
the measured and the calculated diffraction-patterns, as
well as the difference curve, could be observed and compared with the peak positions of stored mineral structures during calculation. Therefore, the refinement was
stopped as soon as peaks of an unidentified mineral
phase appeared in the difference curve. This mineral
phase was then identified by the search/match procedure and added to the list of constituent minerals. After
careful qualitative analysis, this trial-and-error method
rapidly led to the identification of all detectable mineral
phases.

RESULTS AND DISCUSSION
The validity of the quantitative phase-analysis by the
proposed method was evaluated in detail prior to geological interpretation of the results to constrain the pre-
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cision and accuracy of the analytical results obtained on
the samples from the Waterloo deposit.
Goodness of fit
The quality of the Rietveld refinement was assessed
by inspection of the difference curve between the measured and the calculated XRD patterns and examination
of numerical criteria of quality. A typical Rietveld refinement plot is given in Figure 5 to visualize the goodness of fit obtained between the measured and calculated
intensities. The observed weighted residual errors Rwp
ranged from approximately 6.5 to 14%, indicating very
good agreement between the observed and simulated
XRD patterns. Ideally, these weighted residual errors
should approach the statistically expected values Rexp
that ranged from 4 to 6%. The calculated goodness-offit values S ranged from approximately 1.5 to 2.5. In
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FIG. 5. Rietveld refinement plot of the sample WT22–163 (point: observed intensity at each step; solid line: calculated XRD
pattern; thin line: fitted background; solid line below: difference curve between observed and calculated intensities).

FIG. 6. Whisker-and-box plot representation of results of 10 independent preparations and analyses of the sample WT22–163.
The box encloses the interquartile range with the median displayed as a line. The vertical lines extending outside the box mark
the minimum and maximum values that fall within the acceptable range. The individual point is considered to be an outlier.

general, the observed S values were higher in the micarich samples than in samples containing low amounts
of mica because layer disorder in the mica structures
was not considered in the present study.
Precision
To evaluate the precision of the proposed method,
the sample preparation of the powder WT22–163 (siev-
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ing and grinding of the powder obtained from disc milling, homogenization, and preparation of top-loading
sample holders) and the XRD data collection was repeated ten times under standard conditions. The ten
XRD patterns were refined in fully automatic mode using identical starting parameters and model settings. A
whisker-and-box plot of the results obtained is given in
Figure 6. The interquartile range of the major rock-forming minerals was observed to be in the range of 0.5
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wt.%. The acceptable range for major phases is in the
order of 1 to 1.5 wt.%. The closeness of the replicate
determinations shows that random within-laboratory
errors were relatively small. The observed spread in the
data can be primarily accounted for by loss of sample
powder during the process of sieving and grinding (e.g.,
dust production) and the preparation of the top-loading
sample holders (e.g., different degrees of preferred orientation).
Accuracy
The accuracy of the quantitative XRD analysis is
difficult to demonstrate for the samples investigated
because appropriate reference-materials are not available and the composition of the altered rocks is highly
variable. Although synthetic rocks could be prepared as
weighed mixtures of pure minerals, such in-house reference materials would undoubtedly have different
physical properties (e.g., strain and crystallite sizes) and
chemical compositions (e.g., cation occupancies), hampering their direct applicability. However, the quantitative phase-analysis by the Rietveld method can be
evaluated by expressing the modal abundance of minerals in the rocks as chemical compositions and comparing them to the whole-rock XRF data.

The recalculation of XRD results was performed by
assuming ideal compositions of minerals except where
the cation occupancies were refined as a part of the
Rietveld analysis. Routine recalculation of the phase
compositions and comparison with the geochemical results proved to be a useful test of systematic errors in
the quantitative XRD analysis. Figure 7 shows a comparison of the sulfur concentrations derived from the
recalculation of the sulfide contents of the samples and
the sulfur concentrations determined by XRF. Because
no systematic difference was observed, we conclude that
the effects of micro-absorption were successfully
minimized. Similar plots are given in Figure 8 for other
major elements. The recalculated SiO2 content of many
samples seem to be only slightly overestimated, whereas
the Al2O3 contents were commonly underestimated in
comparison to the XRF results. A similar relationship
was observed for the recalculated MgO and Fe2O3
concentrations. Figure 8 also shows that the agreement
between the recalculated Na2O and K2O and the directly
measured values is excellent, taking into account
that peak overlap between the various species of
dioctahedral mica is pronounced and may lead to
significant correlation among parameters during refinement. From Figure 8, it is clear that the phase abundance
and refined occupancies of cations were accurately determined by the Rietveld method. The observed slight
deviations can be accounted for by the non-ideal compositions of the constituent minerals and possible substitutions among cations in the alteration minerals that
were not considered in the Rietveld refinement. However, the presence of minor phases (below detection limits of the XRD) as well as refinement errors may also
yield some differences between the recalculated XRD
results and the XRF data.
Phase abundance
The altered rocks investigated from the Waterloo
deposit contain up to 10 detectable phases. Hierarchical
cluster analysis performed on the basis of the quantitative abundances of phases showed that the samples can

FIG. 7. Plot of the sulfur contents of the hydrothermally
altered rocks obtained by recalculation of the XRD results
versus XRF data. The error bars are based on 3 errors of
the sulfur-bearing phases as determined by the Rietveld
refinement. Errors of the XRF are smaller than the symbol
size. The plot indicates that the effects of micro-absorption
were successfully minimized during routine application of
the method developed.
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F IG . 8. Plots of major-element concentrations of the
hydrothermally altered rocks obtained by recalculation of
the XRD results versus XRF data (both datasets are
renormalized to 100% anhydrous). The error bars are based
on 3 errors of concentrations of the rock-forming minerals
as determined by the Rietveld refinement. Errors associated
with the XRF data are smaller than the symbol size. The
plots demonstrate that the phase abundances and refined
occupancies of cations were accurately determined during
routine application of the method developed.
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be grouped into seven distinct alteration-induced assemblages (Fig. 9). The mineralogical compositions of representative samples from these assemblages are given
in Tables 2 to 4, together with their respective estimated
random errors (3). These errors were derived from the
uncertainties in the Rietveld scale-factors and are typically ≤0.5 wt.% for minor phases and range from 0.5 to
1.5 wt.% for major rock-forming minerals.
The alteration-induced assemblages distinguished
are characteristic of specific zones of alteration, which
show a strong spatial zonality with respect to the mineralization (Fig. 10). The innermost zone underlying the
massive sulfide lenses is silicic and consists of an alteration-induced assemblage of pyrite, quartz, muscovite
with minor amounts of rutile (Table 2). The quartz content varies from approximately 45 to 75 wt.%. In all
samples investigated, the muscovite content was found
to be lower than that of quartz. Samples from this assemblage contain up to 25 wt.% pyrite. Chlorite and
calcite are not present. The zone of silicic alteration is
locally enveloped by a zone of phyllic–argillic alteration
(Table 2). This zone of alteration is typified by an as-

Notes: Rwp: weighted resitual error, Rexp: expected error, S: goodness of fit.
Proportion of phases in wt.%.

FIG. 9. Dendrogram resulting from hierarchical cluster analysis of the quantitative phase-abundances (Ward’s method performed
on centered-log-ratio-transformed data). The dendrogram shows that seven mineralogically distinct alteration-induced
assemblages can be identified in the footwall alteration-induced halo of the Waterloo VHMS deposit.
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FIG. 10. Cross-section of the Waterloo VHMS deposit showing the spatial distribution of
the alteration assemblages in the footwall alteration halo. Note that the massive sulfides
and the volcanic wallrocks were turned into a subvertical position during regional deformation. Map patterns as in Figure 9.

semblage of pyrite, muscovite, pyrophyllite, kaolinite,
Na–K mica, paragonite, quartz, and minor rutile. The
quartz content of the samples from this assemblage is
usually lower than that in the rocks collected from the
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zone of silicic alteration. Muscovite is the most abundant phyllosilicate in the samples from the phyllic–
argillic alteration zone. The contents of pyrophyllite and
kaolinite range up to 5 and 15 wt.%, respectively. The
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Notes: Rwp: weighted resitual error, Rexp: expected error, S: goodness of fit. Proportion of phases in wt.%.

Notes: Rwp: weighted resitual error, Rexp: expected error, S: goodness of fit.
Proportion of phases in wt.%.

concentration of pyrite varies from 5 to 20 wt.%. Chlorite and calcite also are absent from the zone of phyllic–
argillic alteration.
The zone of silicic alteration typically grades outward into a zone of phyllic alteration. The XRD study
revealed that this zone consists of three distinct alter-
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ation-induced assemblages (Table 3). The alterationinduced assemblage in the inner part of the zone of
phyllic alteration proximal to the massive sulfides is
characterized by pyrite, muscovite, chlorite, quartz, and
rutile. Muscovite and quartz are the most abundant minerals in this alteration-induced assemblage. The chlorite contents are variable and range from approximately
2 to 15 wt.%. With increasing distance to the massive
sulfides, this alteration-induced assemblage grades into
an assemblage consisting of pyrite, paragonite, muscovite, chlorite, Na–K mica, quartz, as well as minor calcite and rutile. The dioctahedral mica, quartz, and
chlorite represent the most important rock-forming minerals. Calcite is present in some samples only from this
alteration-induced assemblage. The peripheral parts of
the zone of phyllic alteration are typified by the mineral
assemblage pyrite, muscovite, albite, chlorite, paragonite, Na–K mica, quartz, calcite, and minor rutile.
Muscovite, albite, paragonite, quartz, and chlorite are
the major components of samples from this alterationinduced assemblage. The concentration of albite varies
between 5 and 40 wt.%.
The fringes of the footwall alteration halo are characterized by a zone of propylitic alteration (Table 4).
This zone consists of two mineralogically distinct
assemblages. The mineral assemblage reflecting more
intense hydrothermal alteration is typified by albite,
chlorite, epidote, muscovite, paragonite, quartz, calcite,
pyrite, and minor rutile. The chlorite and epidote contents in samples from this mineral assemblage range
from 5 to 30 and 1 to 25 wt.%, respectively. The other
assemblage of minerals in the zone of propylitic alter-
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ation lacks dioctahedral mica. This assemblage is characterized by albite, chlorite, epidote, quartz, calcite, and
minor amounts of titanite. Samples from this alterationinduced assemblage are typified by substantial amounts
of chlorite and epidote. The pyrite content is typically
very low (<3 wt.%).
The XRD results presented above reveal that the
mineralogy of the footwall alteration halo is relatively
complex, primarily reflecting variations in the extent of
hydrolytic decomposition of the andesitic host-rocks.
The types of resulting alteration-induced assemblages
range from intense hydrolytic alteration, represented by
the silicic and the phyllic–argillic alteration, to weak and
incipient hydrolytic alteration represented by the
propylitic assemblages (Fig. 10). In addition, potassium
metasomatism appears to have played a major role in
the formation of the observed assemblages of minerals.

CONCLUSIONS
In the present study, a scheme of sample preparation, measurement and analysis was developed that allows a reliable quantification of the phase abundances
in hydrothermally altered rocks. Experiments were carried out to reduce systematic errors associated with the
method. We found that the effects of micro-absorption
can be sufficiently minimized by fine grinding of the
samples (<20 m), the use of CoK␣ radiation, and particle-size correction during Rietveld refinement. Different techniques of sample preparation were tested to
reduce the extent of preferred orientation of the particles.
The choice of appropriate models of the texture during
Rietveld refinement allows a correct description of the
remaining effects of preferred orientation.
The proposed method of sample preparation and
analysis was evaluated using samples from the altered
zone in the footwall of the Waterloo VHMS deposit,
Australia. The samples investigated are characterized by
highly variable mineralogical compositions and contain
up to 10 phases, causing substantial overlap of peaks in
XRD patterns. We demonstrate that with the Rietveld
program BGMN/AutoQuan, we were able to refine
these complex diffraction patterns in fully automatic
mode without user-defined refinement strategy. The
results obtained were shown to be precise and accurate.
The results of the quantitative phase-analysis were used
to discriminate mineralogically distinct alteration-induced assemblages. We found that these assemblages
are characteristic of several alteration zones that occur
spatially disposed with respect to the massive sulfides.
Thus, the routine phase-analysis of altered rocks by the
methods proposed will enable economic geologists to
quantify alteration-induced assemblages and to distinguish alteration zones associated with VHMS-type deposits.
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