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Chessboard structures: Atom-scale imaging of homologs from the kobellite series
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abstraCt

High-angle annular dark-field scanning transmission electron microscopy is a powerful Z-contrast 
technique able to depict the structural motifs in Pb-(Bi-Sb)-sulfosalts. Using two homologs from the 
kobellite homologous series, a group of “chessboard derivative structures,” represented by Bi-, and Sb-
rich pairs of natural phases (the kobellite-tintinaite isotypic series and giessenite-izoklakeite homeotypic 
series), we visualize the slabs underpinning crystal structural modularity for the N = 2 homolog kobellite 
and the N = 4 homolog, in this case a Bi-rich izoklakeite [Sb/(Sb+Bi) = 0.35]. The homolog number, N, 
can be readily calculated as N = n1/6 – 1 and N = n2/4, where n1 and n2 are the numbers of atoms in the 
PbS- and SnS-motifs, respectively. Atom-scale imaging of thinned foils extracted in situ from samples for 
which compositional data are available also reveals syntactic unit-cell scale intergrowths on [001] zone 
axis with akobellite || bizoklakeite. These are as small as half-unit cells of bizoklakeite and one-unit cell akobellite. Re-
placement relationships are also observed as irregular slabs of kobellite “intruding” into izoklakeite. Both 
banded and irregular intergrowths account for the compositional fields measured at the micrometer scale.
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introduCtion and baCkground

Direct nanoscale visualization of the crystal structures of 
complex minerals by scanning transmission electron microscope 
(STEM) imaging offers unparalleled insights against which crystal 
structural models can be validated and microprobe-scale non-
stoichiometry understood in terms of nanoscale heterogeneity. The 
use of Z-contrast techniques such as high-angle angular dark-field 
(HAADF) STEM imaging is particularly relevant for enhanced 
high-resolution imaging of structures containing elements with 
heavier atomic mass and is thus well suited to sulfosalts (e.g., 
Ciobanu et al. 2016).

Sulfosalts are compounds chemically related to sulfides but 
containing one or more metalloids (Bi, Sb, As) as cations accord-
ing to the general formula: (Me+,Me2+,etc.)x[(Bi,Sb,As)3+,Te4+]y 

[(S,Se,Te)2–]z, where Men+ are various metals (Moëlo et al. 2008). 
This formula is a simplification as oxy-sulfosalts are also recog-
nized (e.g., Kryukova et al. 2005; Doussier et al. 2008; Biagioni 
and Moëlo 2017) The ability of metals and metalloids to form 
various coordination polyhedra, such as (Bi,Pb,Ag)S6 octahedra, 
bi-caped prismatic PbS9 polyhedra, or (Sb,As)S4 square-pyramidal 
coordination, opens-up a broad range of block modularity in 
which structural motifs formed by the same polyhedral types are 
combined by symmetry operators, e.g., twin, shear, or inversion 
planes, etc., leading to some of the largest crystal structures and 
their derivatives (e.g., Makovicky 1997). Smaller metals such as 
Cu, Fe, and in some cases Ag, occur within interstitial tetrahedral 

sites. A focus of debate for sulfosalt classification is the disagree-
ment between the crystal-structural restrictions imposed on 
chemistry/substitution mechanisms and the broad compositional 
fields identified for many sulfosalts (Moëlo et al. 2008, and refer-
ences therein). Second, these minerals are ideal for the study of 
non-stoichiometry vs. structural disorder since the presence of 
micrometer to nanoscale intergrowths among species from the 
same or related series appears to be an inherent characteristic 
rather than the exception (e.g., Pring et al. 1999; Ciobanu and 
Cook 2000; Ciobanu et al. 2004).

The kobellite homologous series belongs to the wider family 
of Pb-(Bi, Sb)-sulfosalts and is defined as: 2(Cu,Fe)2M10N+6S11N+13 
for a 4 Å-repeat subunit of the structure, where M = Sb and Bi, 
and N is the homolog number (Zakrzewski and Makovicky 1986; 
Makovicky and Mumme 1986; Figs. 1a–1c). The series includes 
two homologs, each represented by Bi- and Sb-rich pairs of 
phases currently classified as “chessboard derivative structures” 
(Moëlo et al. 2008): N = 2 for the kobellite-tintinaite isotypic 
series; and N = 4 for the giessenite-izoklakeite homeotypic series.

Giessenite, (monoclinic) was described from the type local-
ity Giessen (Switzerland) by Graeser (1963), with additional 
data provided by Graeser and Harris (1986) and Makovicky and 
Karup-Møller (1986). The two specimens have a Sb/(Sb+Bi) ratio 
of 0.195 and 0.146, respectively. The Sb-rich end-member of the 
series, izoklakeite (orthorhombic), was first defined by Harris 
et al. (1986) from the type locality [Izok Lake, Northwest Ter-
ritories, Canada; Sb/(Sb+Bi) = 0.527]. In the same year species 
of comparable composition [Sb/(Sb+Bi) = 0.453–0.555] were 
described from Vena, Sweden (Makovicky and Mumme 1986; 
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