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THE CRYSTAL STRUCTURE OF EMILITE, Cu10.7Pb10.7Bi21.3S48, THE SECOND 45 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 the new mineral species emilite, discovered in the Felbertal scheelite deposit, Austria
[Cu10.7Pb10.7Bi21.3S48, Pmc21, a 4.0285(8), b 44.986(9), c 11.599(2) Å], reveals it to be a new 45 Å member of the bismuthinite
– krupkaite – aikinite solid-solution series. A refinement of the crystal structure was made with single-crystal measurements,
which included 2943 observed unique reflections (I > 2�I) and resulted in R1 = 6.6% (RW = 22.4%). The crystal structure is
composed of a fairly complex sequence of krupkaite-like and aikinite-like structure intervals. Emilite is structurally an analogue
of the only other 45 Å member of the series, salzburgite (Cu6.4Pb6.4Bi25.6S48). Where one structure has [001] rows of Cu-filled
tetrahedra, the other has empty or half-empty tetrahedra, and vice versa. The oversubstitution of Cu in the krupkaite-like intervals
in the structure causes a departure from an idealized Cu10Pb10Bi22S48 composition and might be required by a metric fit between
the krupkaite and aikinite modules in the structure and thus be a prerequisite for its stabilization.
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SOMMAIRE

La structure cristalline de l’émilite, nouvelle espèce minérale provenant du gisement de scheelite de Felbertal, en Autriche
[Cu10.7Pb10.7Bi21.3S48, Pmc21, a 4.0285(8), b 44.986(9), c 11.599(2) Å] montre qu’il s’agit d’un nouveau membre à 45 Å de la
solution solide bismuthinite – krupkaïte – aikinite. Un affinement de la structure, fondé sur les mesures faites sur un cristal unique
comprenant 2943 réflexions uniques observées (I > 2�I), a donné un résidu R1 de 6.6% (RW = 22.4%). La structure contient une
séquence relativement complexe d’intervalles ressemblant à la structure de la krupkaïte et à celle de l’aikinite. L’émilite est un
analogue du seul autre membre à 45 Å de la série, la salzburgite (Cu6.4Pb6.4Bi25.6S48). Où une structure possède des rangées [001]
de tétraèdres contenant les atomes de Cu, l’autre contient des sites tétraédriques vides ou à moitié remplis, et vice versa. La
sursubstitution du Cu dans les intervalles ressemblant à la krupkaïte mène à un écart à la composition idéalisée, Cu10Pb10Bi22S48,
écart qui pourrait bien être requis pour obtenir une concordance métrique des modules de krupkaïte et d’aikinite dans la structure,
et donc pour stabiliser la structure.

(Traduit par la Rédaction)

Mots-clés: émilite, Cu10.7Pb10.7Bi21.3S48, dérivé de aikinite–bismuthinite, structure cristalline, Felbertal, gisement de scheelite,
Autriche.
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INTRODUCTION

The metamorphosed scheelite deposit of Felbertal,
Austria, has recently yielded three completely new de-
rivatives of the bismuthinite–aikinite solid-solution se-
ries. The crystal structure of the first of these phases,
Cu1.6Pb1.6Bi6.4S12 (subsequently named and approved as
salzburgite), a fourfold superstructure of Bi2S3, was pub-
lished by Topa et al. (2000). There followed a fivefold

superstructure, Cu1.7Pb1.7Bi6.3S12 (Makovicky et al.
2001); it was approved by CNMMN in May 2001 as the
new mineral species paarite. Both these phases lie com-
positionally between gladite CuPbBi5S9, a threefold su-
perstructure, and krupkaite CuPbBi3S6, a “stuffed”
derivative of Bi2S3.

In this contribution, we deal with the structure of
emilite, still another fourfold superstructure of the
bismuthinite motif. However, its composition lies be-
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ent azimuthal angles and measurements of equivalent
reflections, program XPREP from the SHELXTL pack-
age was used, and yielded a merging RINT factor (for
equivalents) of 0.0783 compared to 0.1649 before ab-
sorption correction. 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 principal Cu sites and the S
atoms. In subsequent refinements, the positions of the
Cu sites with lower occupancies were deduced from the
difference-Fourier syntheses.

The final refinement in Pmc21 was done with aniso-
tropic displacement-factors used for all the metal atoms
except for the partly occupied Cu sites. For the latter,
the displacement factors were fixed to isotropic values
of U = 0.04, whereas for S atoms, the unconstrained iso-
tropic factors were used. The highest residual peak was
4 e/Å3, and the deepest hole –5 e/Å3. All absolute val-
ues of the correlation-matrix elements were lower than
0.6. The refinement was stopped when the maximum
shift/e.s.d. for the parameters varied dropped below 1.
The results of the refinement are presented in Table 2
and Figure 1, and the interatomic distances, in Table 3
(deposited). Structure factors may be obtained from the
Depository of Unpublished Data, CISTI, National Re-
search Council, Ottawa, Ontario K1A 0S2, Canada.

The subsidiary crystal had a considerably smaller
volume, 0.08 � 0.05 � 0.03 mm. The number of ob-
served reflections, 2428, is lower than for the principal
crystal, Rint is 0.105, i.e., higher than for the latter, al-
though about the same volume was sampled in recipro-
cal space. The resulting agreement-factors (R = 0.076,
Rall = 0.1302, wR = 0.211) and the residual �� are higher
than for the principal crystal (Table 1). As a conse-
quence, the resulting resolution is lower than in the case

tween krupkaite CuPbBiS3 and hammarite Cu2Pb2Bi4S9,
and it falls between the latter threefold superstructure
and the fivefold superstructure of lindströmite,
Cu3Pb3Bi7S15.

The possible existence of a four-fold superstructure
in this region of the bismuthinite–aikinite solid solution
was noted by Pring (1995, Fig. 5) in the annealing and
HRTEM study of synthetic hammarite. His figure illus-
trates occasional single four-fold lamellae disrupting the
regular sequence of three-fold hammarite supercells.

The existence of emilite, approved by CNMMN in
May 2001, was first noted by Topa et al. (2000); its min-
eralogical description is under preparation, together with
descriptions of the two above-mentioned new phases of
the bismuthinite–aikinite series. All of them can be dis-
tinguished only by means of accurate electron-micro-
probe analyses and single-crystal diffraction.

EXPERIMENTAL

The chemical composition of two crystals was ob-
tained by electron-microprobe analysis before their ex-
traction 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 average result of five
point-analyses (wt.%) is Cu 7.68(3), Pb 25.4(1), Bi
49.9(1), S 17.59(4), total 100.6(1)% for the crystal used
for the crystal-structure description. Its resulting empiri-
cal formula, calculated according to the formalism of
Makovicky & Makovicky (1978), is Cu2.68Pb2.72Bi5.30
S12.18, i.e., naik = 67.5 ± 0.5 (�naik, the difference in naik
values if based solely on Cu and on Pb, respectively, is
equal to 1.0) or, alternatively, the proportion of the
krupkaite end-member is equal to 65.0 mol.%, and that
of the aikinite end-member is 35.0 mol.%. For the sec-
ond crystal, the average result of seven point-analyses
(wt.%), is Cu 7.49(5), Pb 24.9(1), Bi 50.1 (3),
S 17.48(9), total 100.0(5)%. Its empirical formula is
Cu2.63Pb2.68Bi5.34S12.15, i.e., naik = 66.4 ± 0.6 (�naik = 1.3).

Intensity data from the principal crystal, an irregu-
larly shaped fragment 0.04 � 0.10 � 0.11 mm in diam-
eter, was measured on a Bruker AXS four-circle
diffractometer equipped with CCD 1000K area detec-
tor (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,
1800 static exposures 0.3% apart were made, each mea-
surement taking 90 s, with 91.9% coverage and average
redundancy of 3.5 inside the limits of the angular span
covered. 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-
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of the principal refinement. All the fully occupied
atomic positions are essentially identical with those of
the principal structure; the partly occupied Cu positions
differ and will be described together with the corres-
ponding positions from the principal structure.

DESCRIPTION OF THE STRUCTURE

The unit cell of Cu10.7Pb10.7Bi21.3S48 contains eight en
échelon Me4S6 ribbons (Me = Bi, Pb) in two [010] rows

(Fig. 2). Six of them are “krupkaite-like ribbons”. How-
ever, in the principal structure, only four of these are
pure krupkaite-like ribbons CuPbBi3S6, the remaining
two have 0.36 Cu in the ideally empty copper site, cor-
responding to (Cu1.36Pb1.36Bi2.64S6). The two “aikinite-
like ribbons” Cu2Pb2Bi2S6 are situated at y = 0.313, z =
0.382 and y = 0.687, z = 0.882, respectively. If the par-
tially occupied Cu sites are disregarded, i.e., if the
oversubstitution is removed, the structural formula of
this four-fold derivative is Cu10Pb10Bi22S48 (naik = 62.5).
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The fully occupied Cu sites, Cu1–5, occur in zig-
zag [001] rows, spaced either one half or a full subcell
period (b/4) apart: the Cu1 row is at y = 0.0, the Cu2
and Cu5 rows at 0.25 (0.75), and the Cu3 and Cu4 rows
at 0.375 (0.625) (Figs. 1, 2). In the principal crystal, the
partly occupied Cu sites form a row at y = 0.5; the unoc-
cupied rows are at y = 0.125 and 0.875.

The spacing of the adjacent [001] rows of fully oc-
cupied tetrahedra, a full subcell b parameter apart, is
analogous to that in krupkaite, CuPbBi3S6; the spacing
between rows that are ½ subcell parameter apart corre-
sponds to that in aikinite, CuPbBiS3. A fairly compli-
cated sequence of these intervals results, krupkaite –
krupkaite – aikinite – krupkaite – aikinite..., i.e., single
and double krupkaite-like intervals alternately occur
in this sequence. Diffraction streaks parallel to b* and
the partly occupied Cu rows, different in the principal
and the subsidiary crystals, bear witness to errors in this
sequence.

Coordination polyhedra

The structure of Cu10.7Pb10.7Bi21.3S48 contains five
fully occupied copper sites and one that is only partly
occupied, and the corresponding adjacent five “pure”
Pb positions and a mixed (Bi,Pb) site (called Bi9, and
situated roughly at y = 0.5). All Pb-containing sites are
the internal (central) cation sites of the ribbons. In addi-

tion, there are two internal, pure bismuth sites, Bi3 and
Bi6. There is a total of eight distinct terminal Bi sites
distributed over the Me4S6 ribbons (Fig. 1).

Internal Bi sites in the ribbons have distinctly higher
volumes of coordination polyhedra and of spheres cir-
cumscribed around the polyhedra than the marginal ones
(Table 4). In this respect, they come close to Pb sites,
from which they differ in having a higher eccentricity
and a lower sphericity, although the volume-based dis-
tortion characteristics are about the same. The site Bi9,
which we consider to be of mixed occupancy, differs
only marginally from “pure” internal Bi sites by its
slightly greater volume. Lead atoms have fairly uniform
characteristics, except for the larger volumes of Pb4 and
Pb5. This is caused by Pb1–3 being parts of krupkaite-
like chains, similar to those in salzburgite (Topa et al.
2000), whereas Pb4 and Pb5 form part of aikinite-like
chains (Table 5 in Topa et al. 2000). Among copper
atoms, Cu3 is distinguished by the volume and eccen-
tricity of its tetrahedron. It is followed by Cu2, with
properties lying at the top of the scale defined by other
Cu atoms (Table 4). Both Cu2 and Cu3 are located in
the lateral tetrahedra of those krupkaite ribbons that are
lodged between the aikinite-like ribbons.

In agreement with the findings of Berlepsch et al.
(2001), the ratio VP/VS for Bi in the marginal positions
is greater, i.e., there is a higher efficiency of filling of
the volume of the polyhedra than the central positions,

FIG. 1. A part of the emilite (Cu10.7Pb10.7Bi21.3S48) structure with the coordinations and atom labels. The lengths and directions
of the half-axes are indicated.
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as shown by the values of volume-based distortion
(Table 4), which are lower than for the internal sites.

Partly occupied Cu positions

On the basis of differences in the results obtained
between the naik (67.5) and the naik (66.4) crystal, re-

spectively, refinements were repeated on the former,
principal crystal, alternating the positions of subsidiary
copper between the two non-equivalent sets of
krupkaite-like intervals. The refinement with partly oc-
cupied Cu6 (0.0000, 0.4882, 0.112, occupancy 0.361)
gave the agreement factor R1 = 0.0661 (Table 1),
whereas that with alternative Cu positions [Cu7 (0.5000,

FIG. 2. A comparison of the structures of a) emilite (Cu10.7Pb10.7Bi21.3S48), and b) salzburgite (Cu6.4Pb6.4Bi25.6S48). Projections
along [100], b axis horizontal, c vertical . The atoms at two levels ½ a period apart are shown as lightly and darkly shaded,
respectively. In order of decreasing size, the atoms represent S, Pb, Bi, and Cu. The fully occupied Cu positions are indicated
in red, and the positions refined as being partially occupied are blue. The origin of the unit cell for salzburgite has been
translated ½b + ½c with respect to the published data, for better comparison.
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0.1335, 0.656, occupancy 0.34) and Cu8 (0.5000,
0.1114, 0.150, occupancy 0.29] gave a very similar
value, 0.0667.

The Cu–S distances in the Cu6 and Cu8 tetrahedra
(Table 5) average at the lower end of the range observed
for the principal tetrahedra Cu1–Cu5, whereas Cu7 lies
within this range. However, all three tetrahedra Cu6–8
are distinguished by one very short Cu–S distance plus
one or two distances close to the top of the observed
range of Cu–S distances (Table 5), making the Cu6–8
tetrahedra distinctly more eccentric (Tables 4, 5) than
those of the principal Cu atoms. The partly occupied Cu
tetrahedra exhibit lower volume-based measure of dis-
tortion than the fully occupied ones (Table 4). Closest
to the partly occupied positions in eccentricity are the
Cu3 sites flanking krupkaite-like ribbons (Fig. 1,
Table 4).

The coordination characteristics do not allow us to
make a choice between the two alternative sets of sub-
sidiary copper sites, although perusal of the listing of
bond lengths suggests that Cu7 is most distorted and

Cu8 has a rather unusual set of Cu–S distances. An at-
tempt to refine all three sites simultaneously resulted in
R1 equal to 0.0657, with occupancies of the three sub-
sidiary sites equal to 0.31(2), 0.16(2), 0.13(2), respec-
tively, and even poorer characteristics of the Cu7 and
Cu8 coordination polyhedra.

We explain the variable and nearly equally probable
configurations of partly occupied Cu sites as a result of
structural faults in the structure of the phase examined,
connected with its Cu–Pb oversubstitution compared to
the ideal composition Cu10Pb10Bi22S48. These faults
could occur as an occasional single krupkaite-like inter-
val in place of the double one, bringing the adjacent
undisturbed portions of the structure out of phase. Al-
ternatively, they could occur as doubling of an aikinite-
like interval, with similar consequences. Both types of
faults would produce a twinning of the entire structure
or of selected portions of it by inversion. Indeed, the
Flack (1983) parameter, 0.50(3), suggests the presence
of merohedral twinning. The structure was refined as a
merohedral twin of approximately equal individuals
related by the 1̄ operation. The 4–5% of naik over-
substitution compared to the idealized Cu10Pb10Bi22S48
composition requires a substantial proportion of struc-
tural faults of the above types, dislocating the basic
structure into a number of (010) domains. Those rows
of Cu sites in faulted (out-of-phase) regions, which are
in excess of the inversion-related portions of the struc-
ture, cannot be accounted for by the refinement of the
Flack parameter and will appear as partly occupied Cu
portions in the bulk structure obtained by X-ray diffrac-
tion.

The multiple occurrence of faults that skip one out
of two adjacent krupkaite-like intervals is probably pre-
ferred to a simple filling of rows of empty tetrahedra,
which would create slabs of multiple aikinite-like inter-
vals. The reason is that the phase examined is situated
in the bismuthinite–aikinite series below hammarite, for
which a simple sequence of intervals [krupkaite –
aikinite – krupkaite – aikinite] is typical. Multiple
aikinite-like intervals are more likely for the phases with
naik above that of hammarite.
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An alternative explanation can be tentatively offered,
analogous to the “Ďurovič effect” defined recently by
Nespolo & Ferraris (2001) for OD polytypes. The faults
and portions with wrong intervals will contribute fully
to the subcell reflections, to which also the ordered por-
tions of the structure contribute, but their contribution
to the supercell reflections will be marginal. In the per-
fectly ordered case, the contributions of supercell reflec-
tions to the Fourier summation modify the string of
subcell structures in one supercell until the “wrong” Cu
positions have been eliminated, reproducing the true
ordered structure. If the two sets of reflections have dif-
ferent scale-factors owing to the different contributions
to them by the non-ordered portions of the structure, the
empty Cu positions will not be completely eliminated,
and spurious Cu peaks will remain. If four non-cen-
trosymmetric (krupkaite-like) subcells are juxtaposed
filling the cell of the phase examined, starting with a
plane of Cu sites positioned at 0.0, the imperfectly va-
cant Cu sites will produce virtual, partly occupied Cu
positions at 0.5. If the same subcells are placed by start-
ing over the central krupkaite-like interval, virtual Cu
positions in the two paired krupkaite-like intervals will
be produced instead. They do not have to represent real
atoms, in good agreement with the indefinite behavior
of spurious copper in the refinements quoted above. As
Nespolo & Ferraris (2001) found, we cannot distinguish
between the two cases, that of coherently diffracting out-
of-phase blocks and the “Ďurovič effect” produced by
errors, without further work, e.g., using the HRTEM
approach. To the best of our knowledge, the “Ďurovič
effect” has not yet been recognized in the ordered de-
rivatives of a structure, such as the bismuthinite–aikinite
derivatives.

We believe that a certain amount of oversubstitution
in the krupkaite modules might be required to secure
their metric fit with the aikinite modules in one structure.
However, because of the above-stated considerations, it
is impossible to evaluate the percentage of Cu partici-
pating in the process of oversubstitution versus that
present in structural defects.

Comparison with salzburgite, Cu6.4Pb6.4Bi25.6S48

The crystal structure of salzburgite (Topa et al. 2000)
contains six krupkaite-like ribbons, CuPbBi3S6, and two
bismuthinite-like ribbons, Bi4S6. The spacing of the lat-
ter is �y = 0.375, just like that of aikinite-like ribbons in
emilite. The inversion of the motif is underlined by the
fact that the krupkaite-like ribbons in Cu10.7Pb10.7Bi21.3
S48 are oriented toward one another in a way opposite
to that in Cu6.4Pb6.4Bi25.6S48 (Fig. 2 in Topa et al. 2000).
In this way, where one structure contains [001] rows of
Cu-filled tetrahedra, the other has empty or half-empty
tetrahedra (Fig. 2).

In salzburgite, Cu6.4Pb6.4Bi25.6S48, the intervals
between two adjacent zig-zag rows of fully occupied
tetrahedra are either 1½ bsubcell dimension wide (an

interval which, by repetition, produces the structure of
gladite) or one subcell b dimension wide (a krupkaite-
like interval). They result in a simple sequence of two
gladite-like intervals alternating regularly with one
krupkaite-like interval. This simplicity contrasts with the
complicated scheme described above of krupkaite- and
aikinite-like intervals in emilite.
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