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ABSTRACT

We have determined the crystal structure of paarite, a newly discovered 56 Å derivative of the bismuthinite–aikinite series
from the metamorphosed scheelite deposit of Felbertal, Austria. Its electron-microprobe-established composition is
Cu1.7Pb1.7Bi6.3S12, and the structure-derived composition is Cu1.6Pb1.6Bi6.4S12, with a 4.007(1), b 55.998(8), c 11.512(2) Å, space
group Pmcn, Z = 5. The structure has been solved by direct methods and difference-Fourier syntheses, and refined to a residual
value R1 of ~7.0%. The unit cell of this “fivefold derivative” contains two “bismuthinite-like” Bi4S6 ribbons and eight “krupkaite-
like” CuPbBi3S6 ribbons. The fully occupied Cu sites occur in zigzag [001] rows at y = 0.15, 0.30, 0.70 and 0.85, comprising
gladite-like and krupkaite-like intervals in the structure in regular 1:1 alternation. Coordination polyhedra have been analyzed
using the polyhedron-distortion parameters devised recently by Balić-Žunić & Makovicky, and comparisons to the structures of
salzburgite and lindströmite are given. This new derivative occurs at Felbertal both as independent grains and as a component of
exsolution pairs with krupkaite.

Keywords: paarite, Cu1.7Pb1.7Bi6.3S12, bismuthinite–aikinite derivative, crystal structure, sulfosalt, Felbertal, scheelite deposit,
Austria.

SOMMAIRE

Nous avons déterminé la structure cristalline de la paarite, dérivé à périodicité de 56 Å nouvellement découvert de la série
bismuthinite–aikinite, provenant du gisement métamorphisé de scheelite de Felbertal, en Autriche. Sa composition, telle qu’établie
avec une microsonde électronique, est Cu1.7Pb1.7Bi6.3S12, tandis que du point de vue structural, sa composition serait
Cu1.6Pb1.6Bi6.4S12, avec a 4.007(1), b 55.998(8), c 11.512(2) Å, groupe spatial Pmcn, Z = 5. Nous avons résolu la structure par
méthodes directes et par synthèses de Fourier par différence, et l’affinement s’est fait jusqu’à un résidu R1 d’environ 7.0%. La
maille élémentaire de ce dérivé à multiple de cinq contient deux rubans semblables à la bismuthinite, Bi4S6, et huit rubans de type
krupkaïte, CuPbBi3S6. Les sites Cu, tous occupés, sont distribués en zigzag le long de [001] à y = 0.15, 0.30, 0.70 et 0.85,
définissant ainsi des intervalles ressemblant à la gladite et à la krupkaïte dans la structure en alternance régulière 1:1. Les polyèdres
autour des cations ont été analysés pour en évaluer la distorsion selon les paramètres récemment définis par Balić-Žunić et
Makovicky, et nous comparons la structure à celles de la salzburgite et de la lindströmite. Ce dérivé a été découvert récemment
à Felbertal sous forme de grains individuels et de lamelles d’exsolution, en coexistence avec la krupkaïte.

(Traduit par la Rédaction)

Mots-clés: paarite, Cu1.7Pb1.7Bi6.3S12, dérivé de la série bismuthinite–aikinite, structure cristalline, sulfosel, Felbertal, gisement
de scheelite, Autriche.

INTRODUCTION

The sulfosalt material from the metamorphosed
scheelite deposit of Felbertal, Austria (Thalhammer et
al. 1989) has recently yielded a new mineral with a four-
fold ordered superstructure of the bismuthinite–aikinite
solid-solution series (Topa et al. 2000), approved by the
IMA under the name of salzburgite. Now, another new
derivative has been discovered, a fivefold ordered su-

perstructure, chemically very close to salzburgite, yet
clearly distinct from it.

Using the percentage of the aikinite end-member in
the compounds of the aikinite CuPbBiS3 (naik = 100) –
bismuthinite Bi2S3 (naik = 0) solid-solution series as the
best means of characterization (Makovicky & Makovicky
1978), the electron-microprobe-based estimates of com-
position of the current compound correspond to naik =
42, whereas those for the previously described, fourfold
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superstructure of salzburgite, to naik = 40 (Topa et al.
2000). The title compound occurs both as independent
grains and as exsolution pairs with microprobe-esti-
mated compositions of the two components equal to
naik(42) and naik(47–48), respectively. These exsolution
pairs are commonly further replaced by the pairs naik(40)
– naik(48) and, finally, by the most common pair naik(37)
– naik(48) (Topa et al., in press). In the present report,
we describe the fivefold superstructure; a mineralogical
description of this phase, recently accepted by CNMMN
IMA as a new mineral species, paarite, will follow. We
should stress that this compound is very different from
lindströmite, the other fivefold superstructure in the
series, with ideal naik = 60, described by Horiuchi &
Wuensch (1977).

EXPERIMENTAL

The chemical composition of the crystal was ob-
tained by electron-microprobe analysis before its extrac-
tion from a polished section. We used a JEOL–8600
electron microprobe equipped with Link EXL software
with on-line ZAF correction. Analytical conditions
employed were 25 kV and 30 nA; synthetic and natural
sulfide standards were used. The averaged analytical
results (wt.%) for five points on the crystal fragment
that was subsequently used for crystal-structure analy-
sis are: Cu 4.79(3), Fe 0.08(1), Pb 16.7(1), Bi 60.8(2), S
17.83(4), total 100.20 wt.%. The resulting empirical
formula is Cu1.62Fe0.03Pb1.74Bi6.29S11.99. It becomes
Cu1.66Pb1.71Bi6.32S11.99 with the Fe2+ → Cu+ conversion
compensated for by the appropriate Pb2+ → Bi3+ con-
version, i.e., naik = 42.1 or, alternatively, the mol.% of

the krupkaite end-member is equal to 84.2% and that of
the bismuthinite end-member is 15.8%. The observed
range of naik values, �naik, is equal to 0.7.

A crystal fragment with an irregular shape and 0.04–
0.09 mm in diameter was measured on a Bruker AXS
four-circle diffractometer equipped with CCD 1000K
area detector (6.25 cm � 6.25 cm active detection-area,
512 � 512 pixels) and a flat graphite monochromator
using MoK� radiation from a fine-focus sealed X-ray
tube. The sample – detector distance was fixed at 6 cm.
In all, 2080 static exposures 0.25° apart were made, each
measurement taking 45 s, with 94.5% coverage and av-
erage redundancy of 5.8 inside the limits of the angular
span covered. The maximum 2� value covered was 54°,
and Miller index limits were 5̄ ≤ h ≤ 4, 6̄9̄ ≤ k ≤ 69, 1̄4̄
≤ l ≤ 14. The SMART system of programs was used for
unit-cell determination 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 differ-
ent azimuthal angles and measurements of equivalent
reflections, program XPREP from the SHELXTL pack-
age was used, and yielded a merging RINT factor of
0.0899 compared to 0.2050 before absorption correc-
tion. Minimum and maximum transmission factors were
0.0006 and 0.0127, respectively. This indicates a pro-
nounced anisotropy of crystal outlines, causing the el-
evated R values (Table 1). However, no other grains of
paarite suitable for crystallographic analysis were found,
and we had to use the present crystal fragment. The sys-
tematic absences (h0l, l = 2n + 1, and hk0 for h + k = 2n
+ 1) are consistent with space groups P21cn and Pmcn.
The latter was chosen as consistent with structures of
the bismuthinite – aikinite family. Solution of the struc-
ture by direct methods revealed the positions of Bi and
Pb atoms and of all S atoms. In subsequent refinements,
the positions of the Cu atoms were deduced from the
difference-Fourier syntheses.

After the final refinement with anisotropic displace-
ment-factors used for all the atoms, the highest residual
peak was 3 e/Å3, 0.86 Å from Bi3, and the deepest hole,
–3 e/Å3, 1.64Å from S 11. The refinement was stopped
when the maximum shift/e.s.d. for varied parameters
dropped below 1. The results of the refinement are rep-
resented in Table 2 and Figure 1, with interatomic dis-
tances in Table 3 (deposited). Structure factors may be
obtained from the Depository of Unpublished Data,
CISTI, National Research Council, Ottawa, Ontario
K1A 0S2, Canada.

Description of the structure

The present structure contains 10 en échelon Me4S6
ribbons in the unit cell, arranged in two parallel rows.
Eight of them are “krupkaite-like ribbons” CuPbBi3S6
(Mumme et al. 1976), two are “bismuthinite-like rib-
bons” Bi4S6 (Fig. 1). The latter ribbons are as far apart
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as possible, at y = 0.0 and 0.5, respectively, and related
by c-glide operators.

The tetrahedrally coordinated copper atoms flank-
ing unilaterally the “krupkaite-like ribbons” are ar-
ranged in zig-zag [001] rows positioned at y ≈ 0.15,
0.30, 0.70 and 0.85. They display full site-occupancy.
The intermediate rows of tetrahedra appear unoccupied;
no additional Cu atoms were found in these positions,
and the structure thus seems to be fully ordered. The
intervals between the copper [001] rows respectively
correspond to those observed in gladite and krupkaite
(Syneček & Hybler 1974, Kohatsu & Wuensch 1976)
in regular alternation and in a 1:1 ratio.

The fully occupied Cu1 and Cu2 sites have a slightly
eccentric tetrahedral coordination, typical for all
aikinite–bismuthinite derivatives (e.g., Kohatsu &
Wuensch 1976). Adjacent to these are monocapped
trigonal coordination prisms of lead, Pb1 and Pb2
(Fig. 2). All the remaining large-cation positions are
fully occupied by Bi atoms.

The microprobe-derived composition of the paarite
crystal under study, Cu1.7Pb1.7Bi6.3S12, is slightly richer
in Cu and Bi than indicated by the idealized formula
derived from the refined crystal structure. The differ-
ence of about 0.1 Cu per subcell formula unit is distrib-
uted over the empty tetrahedral sites without a
statistically significant accumulation at a particular site.

The ideal formula of the present phase based on the
crystal-structure analysis is Cu1.6Pb1.6Bi6.4S12, i.e., 4.72
wt.% Cu, 15.38% Pb, 62.05% Bi and 17.85% S. It leads
to a theoretical naik of 40, i.e., 80 mol.% of the krupkaite
end-member and 20 mol.% of the bismuthinite end-
member.

Relations to lindströmite

The only known fivefold superstructure of the
bismuthinite–aikinite series until now, lindströmite
Cu3Pb3Bi7S15 (Horiuchi & Wuensch 1977), has an ideal
naik of 60. It contains eight krupkaite-like ribbons
CuPbBi3S6 and two aikinite-like ribbons Cu2Pb2Bi2S6
in the unit cell (Fig. 3). In this way, it is a mirror image
of the current structure, in which the latter two ribbons
are replaced by bismuthinite-like ribbons Bi4S6. The
space group is the same, Pmcn, in the present orienta-
tion. However, in lindströmite the Cu-free and Cu-oc-
cupied ends of krupkaite ribbons are interchanged in
relation to those in the current phase. This results in an
interchange of Cu-occupied and Cu-free (010) planes
of coordination tetrahedra between these two structures
and in an entirely different type of intervals between the
Cu-occupied (010) planes: the regular alternation of
single gladite-like and krupkaite-like intervals in our
phase is replaced by a regular alternation of two
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krupkaite-like intervals with a single, ½b-subcell-wide
aikinite-like interval.

Coordination polyhedra

The present structure contains eight atoms of bis-
muth and two atoms of lead. Bi 1, 3, 4, 6, 7 constitute
the apical Bi polyhedra of Me4S6 ribbons denoted as A2

by Berlepsch et al. (2001), whereas Bi 2, 5, 8 and Pb 1,
2 occupy the “central” polyhedra of these ribbons, de-
noted as Z2 by Berlepsch et al. (2001) (Fig. 1).

In order to study the differences in coordination of
these three groups, a coordination analysis similar to that
in Topa et al. (2000) will be undertaken, somewhat dif-
ferent from the usual examination of interatomic dis-
tances in Table 3. Following the principles given in

FIG. 2. The crystal structure of Cu1.7Pb1.7B6.3S12. In the order of decreasing size, the circles indicate S, Pb, Bi and Cu (red). The
krupkaite-like intervals (narrower) and gladite-like intervals (broader) between Cu-occupied planes (010) are prominent.
Void and shaded circles indicate atoms at two x levels 2 Å apart.

FIG. 1. Labeled atoms in the crystal structure of paarite, Cu1.7Pb1.7Bi6.3S12 (an aikinite–bismuthinite derivative with naik = 42).
Projection on (100), directions of crystal axes are indicated.
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Balić-Žunić & Makovicky (1996) and Makovicky &
Balić-Žunić (1998), and used by Berlepsch et al. (2001)
for all meneghinite homologues, including the hitherto
published structures of the aikinite–bismuthinite series,
a least-squares-fitted sphere is circumscribed to the co-
ordination polyhedron. A coordination number (CN) of

7 is used for all Bi and Pb sites, whereas CN = 4 for the
copper sites, in agreement with a number of previous
publications on the bismuthinite–aikinite group.

The volume of the circumscribed sphere (Table 4) is
compared to that of the coordination polyhedron and to
the volume of an ideal polyhedron inscribed in the same
sphere; this approach yields a measure of polyhedron
distortion (Table 4). “Sphericity” is a measure of the fit
of ligands to the sphere, and “eccentricity” expresses a
displacement of the cation from the center of the sphere.
The relevant definitions are given in the footnote to
Table 4.

The central Z2 cations of the Me4S6 ribbons have
distinctly larger sphere volumes than the apical A2 cat-
ions, although the polyhedron volumes do not invari-
ably follow suit (Table 4). Polyhedron and sphere
volumes for Pb are marginally larger than those of cor-
responding Bi atoms. Volume distortion is distinctly
greater for the central cation polyhedra, both for Pb and
Bi. All these findings agree with the conclusions reached
by Berlepsch et al. (2001) for the entire bismuthinite–
aikinite series, but they are here obtained at a higher
level of accuracy. “Central” Bi5 and Bi8 have a dis-
tinctly higher eccentricity; that of Bi2 is lower, at the
upper limits of eccentricity for “apical” Bi sites
(Table 4). The eccentricity of Pb, however, is much
lower; lead has a marginally better sphericity than all
Bi sites, which all show rather uniform characteristics.

Comparison with the data for salzburgite, with the
composition estimated by electron-microprobe analyses
to be Cu1.6Pb1.6Bi6.4S12 (Table 4 in Topa et al. 2000),
shows a near-identity of all these features between the
two chemically close compounds. Thus, all the conclu-
sions reached for salzburgite can be transferred to the
present structure. This holds also for the fully occupied
copper sites in these two structures (Table 4 in the

FIG. 3. The crystal structure of Cu3Pb3Bi7S15 (lindströmite; Horiuchi & Wuensch 1977). Graphic conventions as in Figure 2.
The krupkaite-like intervals (broader) and the aikinite-like intervals (narrower) between Cu-occupied (010) planes (red) are
prominent.
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present work and Table 4 in Topa et al. 2000), slightly
eccentric in a way typical of the structures of the
bismuthinite–aikinite series (Fig. 1). The increased unit-
cell (subcell) volume as a function of proportion of
Bi2S3 is clearly distributed over the individual cation
polyhedra: the Bi–S polyhedra in the present compound
and salzburgite have polyhedron volumes of 36.4–37.8
Å3, whereas those in the end-member Bi2S3 are only in
the range 35.5–35.9 Å3 (Kupčík & Veselá-Nováková
1970).

With respect to the occupancy of tetrahedral sites by
copper, paarite is close to an ideal structural model with
respectively fully occupied and empty tetrahedral sites.
In this, it contrasts with salzburgite in which, besides
fully occupied Cu sites, a site with 71% occupancy and
two sites with 10% occupancy also were detected.
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