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THE CRYSTAL STRUCTURE OF Cu 1.6Pb1.6Bi6.4S12, A NEW 44.8 Å DERIVATIVE OF
THE BISMUTHINITE–AIKINITE SOLID-SOLUTION SERIES
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Geological Institute, University of Copenhagen, Øster Voldgade 10, DK-1350 Copenhagen K, Denmark

ABSTRACT

The crystal structure of Cu1.60Pb1.62Bi6.38S11.97, idealized Cu1.6Pb1.6Bi6.4S12, a new derivative of the aikinite–bismuthinite
series from the metamorphosed scheelite deposit of Felbertal, Austria, with a 4.0074(9), b 44.81(1), c 11.513(3) Å, space group
Pmc21, Z = 4, has been solved by direct methods and difference Fourier syntheses to a residual R value of ~4.7%. The unit cell of
this “four-fold derivative” contains two “bismuthinite-like” Bi2S3 ribbons and six “krupkaite-like” CuPbBi3S6 ribbons. The fully
occupied Cu sites occur in zigzag [001] rows Dy ≈ 0.25 apart; the third [001] row, in which the Cu sites are 71% occupied, is Dy
≈ 0.375 apart from them. The latter interval hosts a strongly zigzag pattern of 10% occupied Cu sites. Coordination polyhedra
have been analyzed using the polyhedron-distortion parameters devised recently by Bali´c-Žunić & Makovicky. Cu1.6Pb1.6Bi6.4S12
occurs at Felbertal both as independent grains and as a component of exsolution pairs.
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SOMMAIRE

Nous avons résolu la structure cristalline de Cu1.60Pb1.62Bi6.38S11.97, membre récemment reconnu de la série aikinite–
bismuthinite dont la formule idéale serait Cu1.6Pb1.6Bi6.4S12, découvert dans le gisement de scheelite métamorphisé de Felbertal,
en Autriche [a 4.0074(9), b 44.81(1), c 11.513(3) Å, groupe spatial Pmc21, Z = 4] par méthodes directes et synthèse de Fourier par
différence, jusqu’à un résidu R d’environ 4.7%. La maille élémentaire de ce dérivé quadruple contient deux rubans Bi2S3 à
caractère de bismuthinite, et six rubans CuPbBi3S6 à caractère de krupkaïte. Les sites Cu qui sont remplis sont distribués en zigzag
en rangées le long de [001], séparées par Dy d’environ 0.25; la troisième rangée [001], dans laquelle les sites Cu sont occupés à
71%, est situé à Dy ≈ 0.375 de ces dernières. Dans cet intervalle se trouve une rangée en zigzag plus frappant dont le taux
d’occupation est 10%. Les polyèdres de coordinence ont été analysés selon les paramètres de distorsion proposés récemment par
Balić-Žunić et Makovicky. A Felbertal, on trouve l’espèce Cu1.6Pb1.6Bi6.4S12 en grains indépendants et comme composant d’une
texture d’exsolution.

(Traduit par la Rédaction)

Mots-clés: Cu1.6Pb1.6Bi6.4S12, dérivé d’aikinite–bismuthinite, structure cristalline, Felbertal, gisement de scheelite, Autriche.
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INTRODUCTION

After the classical works of Ohmasa & Nowacki
(1970a), Kohatsu & Wuensch (1976), Syneˇcek & Hybler
(1975), Mumme & Watts (1976), Mumme et al. (1976),
and ̌Zák (1980), the treatment of the ordered derivatives
of the bismuthinite–aikinite solid-solution series CuxPbx
Bi2–xS3 (0 ≤ x ≤ 1) appeared to be complete. Attention
shifted to the composition ranges of these ordered struc-
tures (e.g., Harris & Chen 1976, Makovicky & Mako-
vicky 1978, Pring 1989, Mozgova et al. 1990). Syntheses
of disordered intermediate compositions (Springer 1971,
Mumme & Watts 1976) were followed by some anneal-
ing experiments to achieve order (Pring 1995).

Makovicky & Makovicky (1978) proposed to char-
acterize these structures as members of the solid-solu-
tion series aikinite (x) – bismuthinite (100–x) or, in a
short form, by na corresponding to the percentage of the
CuPbBiS3 end-member in the Bi2S3–CuPbBiS3 series.
The generally accepted picture is that of three composi-
tions, Bi2S3 (na = 0, bismuthinite), Cu0.5Pb0.5Bi1.5S3
(na = 50, krupkaite), CuPbBiS3 (na = 100, aikinite),
which have simple orthorhombic structures with
“11 3 11 3 4 Å unit cells” and only one type of struc-
tural ribbons (Bi4S6, CuPbBi3S6 and Cu2Pb2Bi2S6, re-
spectively) in each structure. These three compositions
are interleaved by additional ordered structures in which
ribbons of two different types combine: CuPbBi11S18

611 38#3-juin00-2150-05 27/07/00, 11:24611



612 THE CANADIAN  MINERALOGIST

(na = 16.67), CuPbBi5S9 (na = 33.33), Cu2Pb2Bi4S9
(na = 66.67), Cu5Pb5Bi7S18 (na = 83.33), all these being
of “33 3 11 3 4 Å type”, and Cu3Pb3Bi7S15 (na = 80.0),
the only phase of the “56 3 11 3 4 Å type”.

New material from the metamorphosed scheelite
deposit of Felbertal, Austria (Thalhammer et al. 1989),
has altered substantially this well-established scheme.
The deposit has yielded, in the form of independent
grains and as lamellae in exsolution pairs, two phases
of a new, “44 3 11 3 4 Å type”, with compositions na
= 40 and na = 67. The present communication concerns
the crystal-structure determination of the first of these
two phases, Cu1.6Pb1.6Bi6.4S12. The mineralogy for this
deposit is currently the object of further investigation.

Experimental

The chemical composition of the analyzed crystal
was obtained by electron-microprobe analysis before its
extraction from a polished section. We used a JEOL–
8600 electron microprobe equipped with Link EXL soft-
ware with on-line ZAF correction. Analytical conditions
employed were 25 kV and 30 nA; synthetic and natural
sulfide standards were used. The analytical results
(wt.%) are Cu 4.65, Fe 0.05, Pb 15.97, Bi 61.58, S 17.79,
total 100.04. The resulting empirical formula is Cu1.60
Pb1.64Bi6.38S11.97, i.e., na = 40.5 or, alternatively, the
mol% of the krupkaite end-member is equal to 81.0%,
and that of the bismuthinite end-member, 19.0%.

A crystal with irregular shape and 0.04–0.09 mm
diameter was measured on a Bruker AXS four-circle
diffractometer equipped with CCD 1000K area detec-
tor (6.25 cm 3 6.25 cm active detection-area, 512 3
512 pixels) and a flat graphite monochromator using
MoKa radiation from a fine-focus sealed X-ray tube.
The sample – detector distance was fixed at 6 cm. In all,
1800 static exposures 0.3° apart were made, each mea-
surement taking 90 s, with 94.7% coverage and average
redundancy of 6.6 inside the limits of the angular span
covered. The maximum 2u value covered in the equato-
rial plane of detector was 56° (d = 0.76 Å) and Miller
index limits were ̄4 ≤ h ≤ 5, ̄55̄ ≤ k ≤ 54, ̄13̄ ≤ l ≤ 13. The
SMART system of programs was used for unit-cell de-
termination and data collection (Table 1), SAINT+ for
the calculation of integrated intensities, and SHELXTL
for the structure solution and refinement (all Bruker
AXS products). For the empirical absorption correction,
based on reflection measurements at different azimuthal
angles and measurements of equivalent reflections, pro-
gram XPREP from the SHELXTL package was used,
and yielded a merging RINT factor (for equivalents) of
0.0633 compared to 0.1348 before absorption correc-
tion. Minimum and maximum transmission-factors were
0.008 and 0.032, respectively. The systematic absences
(h0l, l = 2n + 1, and 00l, l = 2n + 1) are consistent with
space groups Pmc21 and Pmcm. The former was chosen
as consistent with structures of the bismuthinite–aikinite
family. The structure was solved by direct methods,

which suggested a solution revealing the positions of Bi
and Pb atoms together with three principal Cu sites and
most of the S atoms. In subsequent refinements, the
positions of the remaining S atoms and two Cu sites with
lower occupancies were deduced from the difference-
Fourier syntheses.

An additional check of the Cu distribution was made
by lowering the symmetry to Pm, which makes all of
the theoretically possible 16 Cu positions in the unit cell
unique. The difference-Fourier map was then calculated
with only one Cu position occupied to fix the origin.
The additional Cu positions that appeared in the map
and that could subsequently be refined conformed to the
distribution found in the Pmc21 model, with positions
corresponding to Cu2 and Cu3 showing practically full
occupancy, and positions corresponding to Cu1 having
somewhat lower occupancy. The low maxima appeared
also at positions corresponding to Cu4 and Cu5, which
were refined with ca. 10% occupancy in Pmc21.

After the final refinement in Pmc21, with anisotro-
pic temperature-factors used for all the atoms except
Cu4 and Cu5, for which they were fixed to isotropic
values of 0.03 (about the average for S atoms), the high-
est residual peak was 4 e/Å3, 0.86 Å from Pb1 and the
deepest hole –3 e/Å3, 0.87 Å from the same atom. The
refinement was stopped when the maximum shift/e.s.d.
for varied parameters dropped below 1. The results of
the refinement are represented in Table 2 and Figure 1,
interatomic distances in Table 3 (deposited). Structure
factors may be obtained from the Depository of Unpub-
lished Data, CISTI, National Research Council, Ottawa,
Ontario K1A 0S2, Canada.

Description of the structure

The crystal structures of bismuthinite–aikinite series
are superstructures of the Bi2S3 structure, with en
échelon Me4S6 ribbons (Me = Bi, Pb). The adjacent tet-
rahedral voids are capable of accommodating Cu atoms.
For each occupied Cu site, the inner Bi position in the
adjacent Bi4S6 ribbon is replaced by Pb.

The unit cell of Cu1.6Pb1.6Bi6.4S12, a unidimensional
quadruple of the unit cell of Bi2S3, contains eight Me4S6
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U12 = U13 = 0.
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ribbons in an n-glide-related herringbone arrangement
(Fig. 2). Ignoring the presence of two 10%-occupied
tetrahedral sites, it contains two Bi4S6 “bismuthinite-
like” ribbons and six CuPbBi3S6 “krupkaite-like” rib-
bons. In each [010] row, two of the latter ribbons are
oriented in one way and one in the opposite way.

The fully occupied Cu sites Cu2 and Cu3 occur in
two zigzag [001] rows Dy ≈ 0.25 apart, at y ≈ 0.375 and
≈ 0.625 (Fig. 1). The third [001] row of occupied Cu
sites (Cu1 with 71% occupancy) is based on a 21 axis at
y ≈ 0, i.e., Dy ≈ 0.375 from the previous rows. Adjacent
Cu2 – Cu3 rows are separated by a single row of unoc-
cupied Cu sites situated along the 21 axis at y = 0.5. The
Cu2 – Cu3 rows are separated from the Cu1 rows by
two zigzag [001] rows of potential Cu sites (Fig. 2).
These broader intervals are occupied by a statistical dis-
tribution of Cu4 and Cu5 (~10% occupancy), in a
strongly zigzag pattern stretching over two adjacent,
sparsely occupied [001] rows of tetrahedra. This distri-
bution of Cu atoms preserves the pure “bismuthinite-
like” Bi 4S6 character of ribbons, above and below which
Cu4 and Cu5 occur. It also speaks against the possibil-
ity of being produced as a result of stacking errors in
the width of interspaces between the consecutive [001]
rows of (nearly) fully occupied Cu sites.

The fully occupied Cu2–Cu3 sites have a slightly
eccentric coordination typical for the bismuthinite–
aikinite derivatives (e.g., Kohatsu & Wuensch 1976).
The 70% occupied Cu1 position approaches this situa-
tion as well (Table 3). The 10% occupied sites have
apparently more distorted bond-lengths because the pro-
portion of S positions related to unoccupied tetrahedra
to those related to Cu-occupied tetrahedra in the same
site is 9:1.

The Pb1, 2 and 3 sites, related spatially to Cu1–3,
have typical lead–sulfur bonds. The partly lead-occu-

pied sites Bi7 and 8 adjacent to the sparsely occupied
Cu4 and Cu5 sites do not show visible deviations from
the remaining Bi sites.

FIG. 1. Atom labeling in the crystal structure of Cu1.6Pb1.6Bi6.4S12.
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Polyhedron-distortion parameters

In the process of characterization of polyhedron dis-
tortion (Balić-Žunić & Makovicky 1996, Makovicky &
Balić-Žunić 1998), a least-squares-fitted sphere is cir-
cumscribed to the coordination polyhedron. Its volume
is compared to that of the polyhedron and to the volume
of an ideal polyhedron with the same coordination num-
ber (CN), which is inscribed in the same sphere as the
observed polyhedron. This comparison (Table 3) yields
a measure of polyhedron distortion. “Sphericity” is a
measure of the fit of ligands to the sphere, and “eccen-
tricity” expresses a displacement of the cation from the
center of the sphere (Table 4). All calculations have been
performed with CN = 7 for the large cations and CN =
4 for copper. The central cations of the Me4S6 ribbons
(i.e., Pb1–3, Bi7–9, 12 and 13) have minimal polyhe-
dron distortions when compared with the ideal “split
octahedron” (monocapped trigonal prism with cation in
the capped wall and seven equal cation–ligand dis-
tances). The “apical” anions (i.e., the remaining Bi at-
oms) deviate more from this model, by several percent
toward the Vs/Vp ratio typical of the pentagonal
bipyramid (Makovicky & Balić-Žunić 1998).

The measure of distortion for the ideal split octahe-
dron, when its polyhedron volume is taken as Vr and
compared to that of the pentagonal prism taken as Vi, is
equal to 0.1333. This value should be compared with
the n values calculated for the observed polyhedra in
Table 4. The universal trend, albeit quantitatively dif-
ferent for the two coordination types, toward the volu-

metrically “more efficient” coordination is caused by
the fact that in the ideal “split octahedron”, all bond
lengths are equal, distorting the shape of its trigonal–
prismatic part, whereas in the present structure the cat-
ion–ligand distances across the prism space are longest
of all, and the “prism flattening” just mentioned is lim-
ited or it does not take place. The larger deviation of the
“apical” Bi atoms from the split octahedron model indi-
cates that their lone pairs of electrons have steric activi-
ties higher than those of the “central” cations. The
principal difference between the Pb and Bi polyhedra
comprises (a) larger polyhedral and sphere volumes for
Pb, (b) much larger eccentricity of Bi (demonstrating
its active lone pairs of electrons), and (c) consistently
lower sphericities for the latter element.

The polyhedron volume and the fairly variable sphe-
ricity of Bi do not seem to depend on its position in the
ribbons. However, the “central” Bi atoms have some-
what larger volumes of circumscribed spheres and
higher eccentricities when compared to the “apical”
ones, in agreement with the conclusions reached from
the differences in their distortion coefficients.

With the possible exception of Cu4, the volumes of
circumscribed spheres and the polyhedron volumes for
the coordination tetrahedra of copper do not depend on
the Cu-occupancy factors (Table 4). However, the ec-
centricity of the weakly occupied Cu sites is apprecia-
bly larger than the eccentricity of the (nearly) fully
occupied sites Cu1 – Cu3, which show values charac-
teristic for other aikinite–bismuthite derivatives.

FIG. 2. The crystal structure of Cu1.6Pb1.6Bi6.4S12. In order of increasing size, circles represent partly and fully occupied Cu
positions, (predominantly) Bi sites, Pb and S. Void and filled circles represent atoms at two x levels, 2 Å apart. Selected [001]
rows of Cu atoms are indicated.

611 38#3-juin00-2150-05 27/07/00, 11:24615



616 THE CANADIAN  MINERALOGIST

Comparison of the distortion parameters for Cu1.6
Pb1.6Bi6.4S12 with such parameters for the corresponding
positions in Bi2S3 (bismuthinite) and CuPb BiS3 (aikinite)
(Table 5) corroborates the high degree of polyhedral and
modular unity in the structures of the bismuthinite–
aikinite series. All tenets postulated for the present struc-
ture are valid for the end-members as well. This
comparison also reveals the distribution of the increase
in the unit-cell volume that takes place from Bi2S3 to
CuPbBiS3, among the individual cation polyhedra.

Epilogue

The exceptional geological conditions at Felbertal,
Austria, led to the formation and preservation of
aikinite–bismuthite derivatives with ordering period-
icities equal to four-fold multiples of the substructure
motif. This discovery leads to a revision of models for
the mechanisms of cation ordering in this series and of
the tentative composition – temperature diagram Bi2S3
– CuPbBi3S6. In addition to the present structural inves-
tigations, the voluminous compositional and textural data
obtained from that locality will be used in this revision.
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