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absTRacT

The structural relationships between the new mineral markascherite, ideally Cu3(MoO4)(OH)4, and 
the related minerals szenicsite, antlerite, deloryite, flinkite, retzian, and cahnite are analyzed using 
hypothetical ideal closest-packed equivalents. Markascherite and the first three related minerals are 
based on cubic closest-packing (CCP) of anions, flinkite is based on stacking sequence ABAC, and 
retzian and cahnite are based on hexagonal closest-packing (HCP). However, models that are more 
realistic than those based on CP can be constructed for retzian and cahnite using small but systematic 
alterations of CP monolayers. A regular pattern of slight dislocations of some of the spheres in the 
monolayers creates dodecahedral interstitial sites when the monolayers are stacked, a feature not 
seen in perfect CP.

The use of ideal crystals removes all distortion from polyhedra in closest-packed minerals, allowing 
for comparison of structural similarities and differences. CCP minerals can have up to four nonequiva-
lent stacking directions. Corresponding stacking directions in the minerals of interest are identified 
and used to compare the layers of cation coordination polyhedra perpendicular to these zones or face 
poles (stacking directions are presented in both direct space and reciprocal space). Such layers are 
natural structural subunits and provide insight into the relationships among these minerals.
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inTRoducTion

Identifying the packing schemes of the anion arrangements 
of crystal structures is one of the fundamental tasks of building 
a comprehensive understanding of mineral systematics. Interest 
in the packing of spherical atoms as the basis of matter goes 
back at least to the late 16th century and the atomist Thomas 
Harriot (Hales 2000), who convinced the skeptical Kepler (1611) 
to investigate the problem of determining the densest possible 
arrangement of equal-sized spheres. The resulting Kepler Con-
jecture, stating that no packing of spheres can be denser than 
the face-centered cubic packing, remained unproven until the 
year 1998 (Hales 2000). In the late 19th century, Barlow (1883) 
began generating various packings and deriving the resulting 
symmetries, recognizing that many real crystal structures must 
be based on distortions of his idealized models. Early workers 
such as Pauling (1940) and Bragg et al. (1965) emphasized the 
importance of systematics such as packing schemes and coor-
dination polyhedra, not only for their value as an intellectual 
framework, but also from practical necessity because they had 
to solve crystal structures by hand.

close packing and disToRTion

Understanding structural relationships between minerals is 
important as it leads toward understanding the mechanisms of 
phase transformation and the ways that minerals adapt to varying 

conditions. Unfortunately, it is not always obvious how minerals 
with related chemistries and/or structures should be oriented 
relative to each other for comparison. An examination of the 
anion skeleton can provide a starting point. It is natural to align 
stacking vectors in minerals that are based on closest-packing 
of anions to compare them.

In addition, hypothetical ideal equivalent crystals can be de-
rived that have perfectly closest-packed arrangements of anions 
and regular cation-coordination polyhedra. All distortion can 
thereby be removed from the structures, enhancing visual analy-
sis and clearly illustrating possible phase transition pathways. 
In particular, the layers formed by two CP oxygen monolayers 
and the cations between them are natural structural subunits, 
forming one layer of cation coordination octahedra, tetrahedra, 
or both. Comparing these subunits across different minerals is 
an insightful way to evaluate different crystal structures. This 
paper examines seven minerals using this approach. Where ap-
propriate, possible transition pathways that have minimal cation 
diffusion distances are described.

We will use a parameter, Ucp (Thompson and Downs 2001), 
that expresses the degree of distortion of an arrangement of 
atoms from perfectly closest-packed to quantitatively compare 
the oxygen anion skeletons of markascherite and related CP 
minerals. In the CCP (HCP) case, it is the minimum mean-square 
displacement of 675 (677) corresponding anions contained in a 
spherical volume of space in the observed and ideal structures. 
The parameter is calculated by allowing the ideal structure to * E-mail: rmthomps@email.arizona.edu 


