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(HRPXRD) ILLUSTRATED WITH RIETVELD STRUCTURE REFINEMENT OF QUARTZ,
SODALITE, TREMOLITE, AND MEIONITE
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Abstract
Synchrotron high-resolution powder X-ray diffraction (HRPXRD) data and Rietveld structure refinements were used to
examine the crystal structures of quartz, sodalite, tremolite, and meionite Me79.6, and compare them with those obtained by
single-crystal diffraction (SXTL). The purpose is to illustrate that crystal structures obtained by HRPXRD are comparable to
those obtained by SXTL. The comparisons indicate important and significant differences between the structures obtained by
the two methods. The cell parameters obtained by Rietveld refinements using HRPXRD data appear of superior quality to those
obtained by SXTL. The <Si–O> distances in pure SiO4 tetrahedron in quartz, sodalite, and tremolite are 1.6081(3), 1.6100(2), and
1.620(1) Å, respectively. These values are affected by interstitial cations. In meionite Me79.6, the average <T1–O> and <T2–O>
distances are 1.647(1) and 1.670(1) Å, respectively, and they indicate that the occupancies are (Al0.28Si0.72) for T1 where the
atoms are partially ordered and (Al0.45Si0.55) for T2 site where the atoms are nearly disordered, based on sodalite Si–O and Al–O
distances of 1.6100(2) and 1.7435(2) Å, respectively.
Keywords: quartz, sodalite, tremolite, meionite, crystal structure, HRPXRD.

Sommaire
Nous nous sommes servis des données diffractométriques sur poudre obtenues en rayonnement synchrotron avec détecteurs à
résolution élevée et d’un affinement de Rietveld de ces données pour établir la structure du quartz, de la sodalite, la trémolite et
la méionite Me79.6, en vue de les comparer avec les résultats d’affinements obtenus sur monocristaux. Notre but était de comparer
la qualité des descriptions structurales obtenues par les deux méthodes. Ces comparaisons révèlent des différences importantes.
Les paramètres réticulaires obtenus par affinement de Rietveld en utilisant les données obtenues sur poudre à résolution élevée
s’avèrent supérieurs en qualité à ceux découlant de l’affinement de données obtenues sur monocristal. Les distances <Si–O> des
tétraèdres SiO4 dans le quartz, la sodalite et la trémolite sont 1.6081(3), 1.6100(2), et 1.620(1) Å, respectivement. Ces valeurs
dépendent de la présence de cations interstitiels. Dans la méionite Me79.6, la longueur moyenne des liaisons <T1–O> et <T2–O>
est 1.647(1) et 1.670(1) Å, respectivement, distances qui sont conformes à un taux d’occupation de (Al0.28Si0.72) pour T1, où les
atomes seraient partiellement ordonnés, et (Al0.45Si0.55) pour T2, où les atomes sont presque totalement désordonnés, en nous
basant sur les distances Si–O et Al–O de 1.6100(2) et 1.7435(2) Å, respectivement, déterminées pour la sodalite.
(Traduit par la Rédaction)
Mots-clés: quartz, sodalite, trémolite, méionite, structure cristalline, diffraction sur poudre à haute résolution.

§
¶

Current address: Department of Geoscience, University of Calgary, Calgary, Alberta T2N 1N4, Canada. E-mail address:
antao@ucalgary.ca
Permanent address: Department of Chemistry, University of the West Indies, Mona, Kingston 7, Jamaica.

1502

the canadian mineralogist

Introduction
Several techniques are currently in use to determine and refine crystal structures. The commonly used
method is based on single-crystal (SXTL) X-ray diffraction using laboratory, synchrotron, or neutron sources.
Another method is based on powder X-ray diffraction
and Rietveld refinement using the diffraction sources
mention above. A dedicated high-resolution powder
X-ray diffractometer (HRPXRD) was recently made
available at beamline 11-BM at the Advanced Photon
Source (Lee et al. 2008, Wang et al. 2008).
The purpose of this study is to illustrate that crystal
structures obtained by HRPXRD are comparable to
those obtained by the SXTL method. The HRPXRD
technique may be used to study: (1) powdered samples
that do not occur as single crystals, (2) many samples
rapidly, (3) intergrowths (exsolution and zoning), and
(4) superstructures; in addition, the technique may be
used as an alternative to the SXTL method.
The minerals selected for comparison of the two
methods are quartz, sodalite, tremolite, and meionite; all
have a well-known crystal structure. In our comparison,
the accuracies of the structures are judged mainly by
errors on cell parameters and bond lengths, as they
reflect the errors on the atom positions.

Experimental
The quartz sample is part of a euhedral crystal. As
quartz usually has a high purity, the formula used in
the refinement is SiO2. The sodalite sample is from
Bancroft, Ontario, and the structure of the same sample
was refined by Hassan & Grundy (1984). The chemical
formula used in the refinement is Na 8[Al 6Si 6O 24]
Cl2. The sample of tremolite is from the Gouverneur
district, New York, and the structure of the same
sample was refined by Hawthorne & Grundy (1976).
The chemical formula used in the structure refinement is (Na 0.38 K 0.12 Ca 1.8 )Mg 4.94 Fe 0.06 (Al 0.2 Si 7.8 )
O 22 (OH) 1.34 F 0.66 . The meionite sample is from a
skarn deposit from Slyudyanka, Siberia, Russia,
and the chemical composition is (Ca3.15Na0.77K0.04)
[Si6.84Al5.16O24]Cl0.01(CO3)0.67(SO4)0.24 and corresponds
to Me79.6 (Evans et al. 1969).
Crystals were hand-picked under a binocular microscope, and finely ground in an agate mortar and pestle
for HRPXRD experiments that were performed at
beamline 11-BM, Advanced Photon Source, Argonne
National Laboratory. The samples were loaded into
kapton capillaries and rotated during the experiment at
a rate of 90 rotations per second. Data were collected
to a maximum 2u of about 50 with a step size of 0.0005
and a step time of 0.1 s/step. The beamline optics consist
of a platinum-coated collimating mirror, a dual Si
(111) monochromator and a platinum-coated vertically
focusing mirror. The HRPXRD traces were collected

with twelve silicon crystal analyzers, which increase
detector efficiency as well as reduce the angular range
to be scanned, and therefore, allows rapid acquisition
of data. A silicon and alumina NIST standard (ratio of
1/3 Si to 2/3 Al2O3) was used to calibrate the detector
response, zero offset, and to determine the wavelength
used in the experiment (Table 1). Data were merged by
interpolating measured counts onto a regularly spaced
grid, and by applying corrections for small differences
in wavelength (~1 eV). In two recent publications, the
technical aspects of the experimental set-up, including
schematic drawings, are given (Lee et al. 2008, Wang
et al. 2008).

Rietveld Structure Refinements Using
HRPXRD
The HRPXRD traces were modeled using the Rietveld method (Rietveld 1969), as implemented in the
Gsas program (Larson & Von Dreele 2000) and using
the Expgui interface (Toby 2001). The starting coordinates of the atoms, cell parameters, and space groups
were taken from Le Page & Donnay (1976) for quartz,
Hassan & Grundy (1984) for sodalite, Hawthorne &
Grundy (1976) for tremolite, and Teertstra et al. (1999)
for meionite Me79.6.
The background was modeled with a Chebyschev
polynomial, and the reflection-peak profiles were fitted
using profile type-3 in the Gsas program with the
refinable coefficients GU, GV, GW, LX, and LY. All
the refinements were carried out in a sequence; we first
refined a scale factor, then the background, cell, zero
offset, profile variables, atom positions, isotropic and
subsequently anisotropic displacement parameters. At
the end of the refinement, all parameters were allowed
to vary simultaneously, and the refinement proceeded to
convergence. HRPXRD patterns for the four structures
are shown in Figure 1.
The cell parameters and other information regarding
data collection and refinement are given in Table 1. The
refined positional coordinates and displacement parameters given in Tables 2a, 3a, 4a, and 5a are for quartz,
sodalite, tremolite, and meionite Me79.6, respectively.
Their corresponding bond distances and angles are
given in Tables 2b, 3b, 4b, and 5b.

Discussion
The cell parameters obtained by Rietveld refinements using HRPXRD appear superior to those obtained
by SXTL, if judged by errors, s (Table 1). It may be
argued that the SXTL method produces accurate unitcell parameters if all the reflections are used, but this
has not been demonstrated in the literature. The SXTL
method typically uses about 25 high-angle reflections
to refine the unit-cell parameters. As the HRPXRD cell
parameters are different from those obtained by the
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SXTL method, the bond lengths also are expected to be
different. The accuracy of structural parameters can be
judged on the basis of the errors, s, determined by the
full-matrix least-squares refinement. It may be argued
that these errors are underestimated, but the underestimated errors apply to both experimental methods.
In the case of (low) quartz, our cell parameters are
nearly identical to those reported by Le Page & Donnay
(1976). However, the cell parameters they used were the
mean values of those determined by Cohen & Sumner
(1958) on three different samples of synthetic quartz
(Table 1). Le Page & Donnay (1976) compared their
structure of quartz with results of previous refinements
by Young & Post (1962), Smith & Alexander (1963),
and Zachariasen & Plettinger (1965), and concluded that
their structure is the most accurate one. The structure
of quartz by Le Page & Donnay (1976) is well refined
to an R factor of 0.0171 for 342 observed reflections,
whereas we have obtained an RF2 factor of 0.0539 for
450 observed reflections (Table 1). However, they had
to deal with the problem of twinning in their sample,
which was not encountered in our refinement. The Si–O
bond lengths, although similar to those of Le Page &
Donnay (1976), differ by as much as 2s (Table 2b).
The differences in individual bond-angles are more
significant, with differences of about 3s. On this basis,
the structural parameters obtained in the present study
of quartz appear more accurate than those obtained by
Le Page & Donnay (1976).
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The single-crystal structure of sodalite was refined
to an R factor of 0.017 for 157 observed reflections
(Hassan & Grundy 1984), whereas we have obtained
an RF2 factor of 0.0371 for 561 observed reflections. In
the case of the sodalite structure, s occurs in the fifth
decimal place for atom positions, and the fourth place
for bond lengths (Tables 3a, b). Significant differences
in bond lengths occur for the Si–O and Na–O distances,
although the difference in cell parameter is not so large,
about 1s (Tables 1, 3b). The difference between the two
structures clearly resulted from the number of reflections used in the two studies. Sodalite usually does not
occur as good single crystals, and does not scatter well
with conventional X-rays. With HRPXRD, in spite of
the poor quality of the crystal, sodalite diffracts quite
well, and we obtained a better refined structure in the
present study.
The crystal structure of tremolite was studied by
Warren (1929), Zussman (1959), Papike et al. (1969),
Sueno et al. (1973), Hawthorne & Grundy (1976),
and Yang & Evans (1996). The structure of tremolite
was refined to an R factor of 0.032 for 1376 observed
reflections (Hawthorne & Grundy 1976), whereas we
have obtained an RF2 factor of 0.0432 for 2850 observed
reflections. There are significant differences in the cell
parameters; the present structure contains values of s
that occur in the fifth decimal place for many atom
positions, and typically in the third decimal place for
bond lengths, but the values of s are smaller than those
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obtained by SXTL (Tables 1, 4a, b). Significant differences occur in the important T–O distances. Hawthorne
& Grundy (1976) observed that the <T1–O> is longer
than the <T2–O> distance and placed a small amount
of Al at the T1 site, whereas the exact opposite can be
deduced from the present study (Table 4b). In addition,
longer <T2–O> than <T1–O> were also observed by
Papike et al. (1969), Sueno et al. (1973), and Yang &
Evans (1996).
The average <Si–O> distance in quartz, sodalite,
and tremolite are 1.6081(3), 1.6100(2), and 1.620(1)
Å, respectively. Interestingly, a longer Si–O distance
occurs in sodalite than in quartz because Na atoms bond
to O atoms that form the TO4 tetrahedron in sodalite.

As the Na atom attracts electrons from the bridging O
atoms, the Si–O bonds are longer in sodalite than in
quartz, which is devoid of interstitial cations. The Si–O
distance is longer in tremolite, where interstitial cations
of higher charge (Ca, Mg) bond to the bridging O atoms.
Accurate T–O (T = Al, Si) distances are important in
mineralogy, as they are commonly used to determine Al,
Si occupancy. Because of the similar scattering-factors
for Al and Si atoms, there is no possibility of accurate
site-refinements. However, problems arise where one
has to decide about which T–O distances to use for
Al, Si occupancy. We have obtained accurate <Si–O>
distances for the pure SiO 4 tetrahedron in quartz,
sodalite, and tremolite. Which of these distances do
we use to determine the T-site occupancies in meionite
Me 79.6? We choose the T–O distances in sodalite
because of the similarity of the chemical composition
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of sodalite and meionite (both contain large anions), and
they are framework aluminosilicates.
The structure of meionite Me79.6 was refined to
an RF2 factor of 0.0651 for 1588 observed reflections
(Table 1). The average <T1–O> and <T2–O> distances
are 1.647(1) and 1.670(1) Å, respectively (Table 5b).
These distances indicate that the site occupancies are
(Al0.28Si0.72) for T1 and (Al0.45Si0.55) for T2, based on
sodalite Si–O and Al–O distances of 1.6100(2) and
1.7435(2) Å, respectively. Therefore, the Al and Si
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atoms at the T1 site are partially ordered, and nearly
disordered at the T2 site. Our structure is similar to the
structures of Me72.2 (Teertstra et al. 1999) and Me93
(e.g., Lin & Burley 1973, Ulbrich 1973). Our siteoccupancy factors (sof) are similar to those indicated by
chemical analysis. In particular, the refined sof for Ca
is 0.812(4) and gives rise to Me81.2 compared to Me79.6
from chemical analysis.
The Ueq values are similar for the T sites in quartz,
sodalite, and tremolite, but they are about twice as large
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Fig. 1. HRPXRD traces for (a) quartz, (b) sodalite, (c) tremolite, and (d) meionite Me79.6, together with the calculated (continuous line) and observed (crosses) profiles. The difference curve (Iobs – Icalc) is shown at the bottom. The short vertical
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lines indicate the positions of allowed reflections. Note that the intensity of the high-angle region is scaled by various factors
compared to the low-angle region, and this applies to the difference curves as well.
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in meionite Me79.6 (Tables 2a, 3a, 4a, 5a). This difference arises from the disordered T sites in the meionite
structure.

Conclusions
The cell parameters obtained by Rietveld refinements using HRPXRD data seem to be superior to those
obtained by SXTL. The structural parameters obtained
by HRPXRD are similar, if not more accurate than those
obtained by the SXTL method. The <Si–O> distances
for the pure SiO4 tetrahedron in quartz, sodalite, and
tremolite are affected by the surrounding interstitial
cations. Therefore, the selection of a T–O distance to
determine Al, Si occupancy needs some justification.
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