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ABSTRACT
Leverage analysis allows detection of the reflections that have the greatest influence on the estimate of a refined variable. We have applied leverage analysis in the structure refinement of some
rock-forming minerals, in the attempt of settling the best procedures to obtain accurate and reliable
results. Attention has been focused on those variables (e.g., the refined site-scatterings) which are
fundamental to the determination of site populations, which in turn are the basis for the study of
order-disorder processes and petrogenetic modeling. A garnet (pyrope) and an amphibole (tremolite)
were used to test the procedure, being illustrative of different symmetries and structural complexity.
As the omission of reflections with high leverage on a particular variable may strongly decrease the
accuracy in its estimate, the results indicate that systematic procedures for data truncation [either on
the basis of (low or high) sin θ/λ, high ∆F/σFo or of low I/σI] are potentially dangerous.
The choice of a correctly ionized model is shown to be critical to obtain accurate estimates of the
refined site-scatterings. The set of reflections with the highest leverage value with respect to a peculiar group of variables was found to be nearly invariant within isomorphous solid-solutions; this
implies that the results of this work are valid throughout the amphibole and garnet compositional
spaces. The warnings proposed to the treatment and refinement of X-ray diffracted data may be of
general utility in the structure refinement of minerals.

INTRODUCTION
Crystal structure refinement is used to obtain accurate and
precise values of atom coordinates, atom displacement parameters, and scattering powers at the structural sites (hereafter
abbreviated as site scattering). The last item is particularly
important when dealing with minerals, owing to the widespread
occurrence of isomorphous substitution at several structural
sites. Refined site-scattering values depend on the model used
(e.g., use of the scattering factors of the correct atom species
and appropriate ionization state) and on the refinement procedure (e.g., the weighting scheme, selection of the “observed”
reflections, adequate corrections for absorption and secondary
extinction, use of constraints, and/or restraints, control of correlations between atomic-displacement parameters and site scattering, etc.). Additionally, correct determination of site
scattering is necessary to obtain reliable site populations.
Studies of cation ordering in rock-forming minerals combine chemical analysis with structure refinement and/or spectroscopic characterization of cation ordering at the short- and
long-range level as a function of bulk composition and intensive parameters of crystallization. In particular, variations in
the site populations as a function of temperature (T) are cur-
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rently used as input for thermodynamic and kinetic modeling
of ordering processes in minerals.
Convergence in the modeling procedure is particularly sensitive to the starting point, (i.e., to the estimate of the site populations). To give an idea of this dependence, a precision of
±0.0007 (which is the highest precision claimed so far) in the
(Mg vs. Fe2+) occupancy of an octahedral site of an orthopyroxene
may give calculated cooling rates ranging from 0.06 to 0.6 °C/y
(Kroll et al. 1997). Different precisions and systematic errors
are inherent in the experimental procedures used. As a consequence, different (but highly precise) strategies used in two laboratories on two orthopyroxene crystals separated from the same
portion of a meteorite may result in equilibration temperatures
of 388 and 467 °C, respectively, corresponding to cooling rates
of 0.2 °C/y and 18 °C/y (Zema et al. 1996; Kroll et al. 1997
respectively). Taking into account all the sources of random and
systematic error, Kroll et al. (1997) concluded that these values
are to be considered in satisfactory agreement.
Precision and accuracy of estimated site populations are
strongly dependent on: (1) the ability to apply the best experimental conditions and procedures for each analytical technique,
and (2) systematic biases between the different techniques
which have been used for characterization of the crystal composition (most often single-crystal structure-refinement, electron-microprobe analysis, and Mössbauer spectroscopy). In this
paper, we focus only on the optimization of the procedures for
single-crystal structure-refinement.

