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ABsTrAcT

Crystal structures of intergrown lindströmite and krupkaite were determined in two distinct samples by a simultaneous crystal-
structure refinement using a modified jana program package. The exsolution intergrowths have a bulk composition, determined 
by means of electron microprobe, equal to bd60.1 and bd64.1, respectively. The subscript indicates a percentage of the aikinite 
component in this bismuthinite derivative. The crystal structure of lindströmite contains two aikinite-like ribbons Cu2Pb2Bi2S6 
and eight krupkaite-like ribbons (ideally CuPbBi3S6) in a unit cell. The latter are oversubstituted; the ideally empty tetrahedral 
sites associated with them refined to the occupancy values of 0.04–0.09 Cu and 0.14–0.18 Cu, respectively, for the two above 
bulk compositions. The refined phase-compositions are Cu6.26Pb6.26Bi13.74S30 (bd62.6) associated with CuPbBi3S6 (bd50) for the 
sample ‘bd60’ and Cu6.64Pb6.64Bi13.36S30 (bd66.4) associated with oversubstituted krupkaite, the composition of which could not 
been refined, for the sample ‘bd64’. From stoichiometry calculations, the latter is ~bd60. Both latter values may be somewhat 
overestimated as a result of cross-correlations between the two closely related structures during the refinement.

Keywords: lindströmite, krupkaite, crystal structure, simultaneous structure refinement, oversubstitution, bismuthinite–aikinite 
series.

sommAire

Nous avons déterminé de façon simultanée la structure cristalline de la lindströmite et de la krupkaïte en intercroissance 
dans deux échantillons distincts au moyen de l’ensemble de logiciels jana. La composition globale de ces intercroissances, dues 
à l’exsolution, a été établie avec une microsonde électronique: bd60.1 et bd64.1, respectivement. Le chiffre en indice inférieur 
indique le pourcentage de la composante aikinite de ces dérivés de la bismuthinite. La structure de la lindströmite contient deux 
rubans semblables à l’aikinite, Cu2Pb2Bi2S6, et huit rubans semblables à la krupkaïte (de formule idéale CuPbBi3S6) par maille 
élémentaire. Ces derniers sont considérés sursubstitués, parce que leurs sites tétraédriques, normalement vides, montrent des taux 
d’occupation de 0.04–0.09 Cu et de 0.14–0.18 Cu apfu, respectivement, dans ces deux échantillons. Les compositions affinées 
sont Cu6.26Pb6.26Bi13.74S30 (bd62.6) associé à CuPbBi3S6 (bd50) pour l’échantillon ‘bd60’, et Cu6.64Pb6.64Bi13.36S30 (bd66.4) associé 
à la krupkaïte sursubstituée, dont la composition n’a pu être affinée, pour l’échantillon ‘bd64’. Selon la stoechiométrie, la compo-
sition de la krupkaïte sursubstituée serait ~bd60. Dans les deux derniers cas de sursubstitution, les valeurs seraient légèrement 
surestimées à cause des intercorrélations dans l’affinement simultané de deux structures si étroitement semblables.
 (Traduit par la Rédaction)

Mots-clés: lindströmite, krupkaïte, structure cristalline, affinement simultané de deux structures, sursubstitution, série bismuth-
inite–aikinite.
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inTroducTion

The problem of simultaneous refinement of two 
or more crystal structures from overlapping diffrac-
tion patterns was solved and perfected for powder-
diffraction data and is currently a part of all Rietveld 
refinement programs (Post & Bish 1989). In the realm 
of single crystals, the problem of oriented intergrowths 
with partially or fully overlapping reciprocal lattices 
has been successfully solved for twinned crystals, i.e. 
for one and the same crystal structure in two or more 
orientations. However, simultaneous refinement of two 
or more distinct structures in a single-crystal grain, 
in parallel or otherwise epitactically or topotactically 
determined orientations, and with heavily overlap-
ping reciprocal lattices, poses additional problems in 
approach. It becomes necessary for the analysis and 
description of exsolution aggregates produced by 
the decomposition of the original (high-temperature) 
phase as well as for the analysis of intimate parallel 
intergrowths due to epitactic growth or replacement 
processes. Although separate treatments of the exsolved 
phases have been attempted in the past (e.g., Makovicky 
& Skinner 1979, Horiuchi & Wuensch 1977), simulta-
neous refinement of such phases is a new procedure in 
single-crystal structure analysis.

The current problem involves a series of copper–
lead–bismuth sulfides in which the exsolution 
phenomena are widespread, because the original 
continuous solid-solution (above ~300°C, Springer 
1971) yields a large number of structurally ordered 
intermediate phases with restricted ranges of composi-
tion at ambient temperatures. As there is no general rule 
on how to make a complete separation of contributions 
from the two studied components, except for non-
overlapping spots, a procedure similar to that used for 
a multiphase powder sample, i.e., combining reflections 
from different domains, has been applied to this case. 
The jana package of programs (Petříček et al. 2000), 
adapted to this kind of problem, was used in the present 
refinements.

LindsTrömiTe, KrupKAiTe  
And The BismuThiniTe–AiKiniTe series

Lindströmite, ideally Cu3Pb3Bi7S15, and krupkaite, 
CuPbBi3S6, are two ordered structures of the bismuth-
inite–aikinite series (Bi2S3 – CuPbBiS3). Structures of 
this series consist of M4S6 ribbons in a herringbone 
arrangement. The ribbons contain two distinct cation 
sites with a square-pyramidal 3 + 2 coordination, which 
becomes completed to monocapped trigonal coordina-
tion prisms where two additional atoms of sulfur from 
adjacent ribbons are involved. Such prisms include 
also pairs of lone electrons of the cations involved. The 
apical M1 positions invariably accommodate Bi; the 
central pair of M2 pyramids is a locus of incremental 
Pb-for-Bi substitution along the series. The latter is 

connected with the incorporation of copper into adjacent 
tetrahedral voids.

At ambient temperature, the Bi2S3 – CuPbBiS3 join 
consists of a series of ordered structures with the degree 
of (Cu + Pb)-for-(vacancy + Bi) substitution increasing 
by discrete increments [nine intermediate compositions 
have been recognized in the series (Topa et al. 2002a)]. 
These increments are materialized as distinct, ordered 
mixtures of three types of ribbons. Ribbon compositions 
Bi4S6 and CuPbBi3S6 mix in different proportions in 
the first half of the series, i.e., the half that is poorer in 
copper, and CuPbBi3S6 ribbons mix with Cu2Pb2Bi2S6 
ribbons in the second, Cu-enriched part. Ordered 
combinations of these ribbons result in 1-, 3-, 4-, and 
5-fold superstructures of the fundamental, Bi2S3-like 
structure, which defines a subcell common to all of 
them. The exact composition of minerals belonging to 
the bismuthinite (Bi2S3) – aikinite (CuPbBiS3) series is 
customarily expressed as the percentage of the aikinite 
component, e.g,. bd53 or ‘krupkaite (53)’, the remainder 
being the bismuthinite component. The symbol bd 
stands for bismuthinite derivative.

The definition of krupkaite (ideally), CuPbBi3S6 
(i.e., bd50), as a phase with a one-fold unit cell, space 
group Pmc21, comes from Žák et al. (1974), who also 
determined its structure. Another structure refinement 
was done by Mumme (1975). Lindströmite, ideally 
Cu3Pb3Bi7S15 (i.e., bd60), is a five-fold superstructure, 
the first intermediate composition to follow after 
krupkaite on the Cu-rich side. Its history is somewhat 
complicated, reflecting the common occurrence of 
several macroscopically and microscopically indistin-
guishable members of the series and the difficulties in 
their recognition and separation for electron-microprobe 
and X-ray-diffraction studies. These problems were 
described in detail by Horiuchi & Wuensch (1977); 
the present-day crystallographic and compositional 
definition of lindströmite was introduced by Mumme 
et al. (1976).

Examination of the type material from Gladhammar, 
Sweden by HRTEM (Pring & Hyde 1987) revealed 
inhomogeneity in the type material, which consists 
of domains of krupkaite, lindströmite and hammarite, 
together with disordered regions. Similar investigations, 
however, proved the homogeneity of lindströmite from 
the Silver Miller mine, Ontario (Pring et al. 1998).

The crystal structure of lindströmite (in fact, “an 
ordering scheme for metal atoms”) was determined 
in the space group Pbnm from hk0 reflections as a 
projection on (001) (Horiuchi & Wuensch 1977). It was 
refined to R1 = 0.163. Contributions from the estimated 
6.3 vol.% krupkaite, present as a parallel exsolution-
induced intergrowth, were subtracted using the data 
calculated from the structure of krupkaite refined by 
Mumme (1975). The structure of lindströmite was 
found to consist of CuPbBi3S6 and Cu2Pb2Bi2S6 ribbons 
combined in a ratio 4:1 but, at the above quoted R value, 
its details remained undetermined.
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provenAnce And chemicAL AnALyses

The material studied comes from the metamorphosed 
scheelite (i.e., tungsten) deposit of Felbertal, situated in 
the massif of the Hohe Tauern, Austria. Lindströmite 
occurs in the form of grains or as intergrowths with 
other sulfides in quartz veins parallel to the cleavage 
of the metamorphic rock. Detailed information on the 
mineralogy of the Felbertal deposit in relation to the 
bismuthinite–aikinite derivatives is given by Topa et 
al. (2002a).

The chemical composition of the crystals studied 
was obtained by electron-microprobe analysis before 
its extraction 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 aver-
aged analytical results (wt.%) for 12 points on the 
crystal fragment bd60.1 that was subsequently used for 
crystal-structure analysis, as well as for seven points 
on another structurally analyzed crystal of lindstömite 
from Felbertal (bd64.1), which displays the maximal 
copper content measured, are presented in Table 1, 
together with the “ideal” simplified composition of 
lindströmite and krupkaite, and the composition derived 
from crystal-structure analysis.

crysTAL-sTrucTure refinemenT

Theoretical part: multicomponent crystals

The diffraction pattern of crystals built from 
independently diffracting domains, having in general 
different structure and being differently oriented, 

is composed of diffraction spots of all contributing 
domains. Any diffraction spot belongs to at least one of 
the n reciprocal lattices in the diffraction pattern and can 
be indexed with three reciprocal vectors of the relevant 
domain. Thus the maximum number of reciprocal 
vectors to index all spots is 3n. The relationship to the 
first arbitrarily chosen reference cell can be expressed 
by a reference matrix Ti:
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From the definition, it follows that the first matrix 
T1 is a unit one. As a recommendation, the reference 
reciprocal lattice should have the smallest possible 
reciprocal volume.

The current problem lies between the two theoretical 
limits of such a crystal, completely separated and 
completely overlapping lattices. Therefore, the set of 
3n reciprocal vectors {a1i*, a2i*, a3i*; i = 1, n} can be 
reduced by the integer relationships that exist between 
some reciprocal vectors. The subset of non-overlapping 
reflections can help to find a partial solution, preceding 
a full refinement.

Principles of the calculation

The way how the crystal is composed from different 
domains, described by the equation (1) together with 
the assumption that diffraction in each domain takes 
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place independently, lead to a general formula for the 
combined structure-factor F(H), directly related to 
measured intensities:

F(H) = √ [n1 F1
2 (H•T1) + ... + nn Fn

2 (H•Tn)]  (2)

This relationship is based on the fact that the combined 
intensity is just a sum of individual contributions 
(squares of corresponding structure-factors). Individual 
volume-fractions ni related to the relative proportion 
of the ith domain are normalized to give a total equal 
to one. The individual structure-factors are calculated 
for each domain separately depending on the actual 
indices H•Ti. As the relation matrices can generally 
be composed of real numbers or fractions, the scalar 
product H•Ti need not be an integer. Then the relevant 
contribution is equal to zero. Note also that each term 
in equation (2) can generally be calculated from the 
different structural model, which means that for a 
complete description, we need to know the set of rela-
tion matrices and also the structural correspondence. 
The approach to a multiphase crystal is just a natural 
generalization of the description used for twins. The 
main difference is that relation matrices need not be 
orthogonal to save the original metric properties, as all 
domains can have generally different lattices.

With the equation (2), one makes an additional 
assumption that the individual domains in the crystal 
have the same chance to diffract even for the cases when 
the crystal has appreciable absorption. This means that 
the method works properly for the cases where different 
domains (crystallites) are randomly distributed in the 
volume of the original crystal, a situation assumed to 
be valid in the intergrowths examined because of the 
homogeneity of microprobe-derived data on composi-
tion (Table 1) throughout the crystals.

Experimental and refinement data

The pre-analyzed crystals (Table 1) were extracted 
from a polished section as irregularly shaped fragments. 
A BRUKER AXS four-circle diffractometer equipped 
with CCD 1000K area detector was used (Table 2). 
The sample–detector distance was fixed at 8 cm. For 
the bd60 sample, 2880 static exposures 0.25° apart 
were made (the same number of exposures was used 
for the bd64 sample; data for this sample are given in 
parentheses). Each measurement lasted 60 (90 for the 
second sample) s, with 92% (93%) coverage inside the 
limits of the angular span covered. The smArT system 
of programs was used for unit-cell determination and 
data collection, sAinT+ for the calculation of integrated 
intensities, and sheLTx for the initial structure-solution 
and refinement (all Bruker AXS products). Empirical 
absorption-corrections (Table 2) were performed using 
program xprep from the sheLxTL package. The merging 
factor Rint changed from 0.130 (resp. 0.108) to 0.097 
(0.078) after this correction.

The current refinement was performed using the 
modified jana2000 package. The starting structures 
were those calculated by Topa (2001) for krupkaite 
(bd50) and the two samples of lindströmite, bd60 and 
bd64, from Felbertal; the latter two samples are also 
the material and diffraction data used in the present 
investigations. The Ti matrices are [111] and [151] for 
lindströmite and krupkaite, respectively. Unlike the 
present refinements, the refinements of the lindströmite 
structures by Topa (2001) were undertaken with only 
the hk0 reflections, with k = 5n and h,k odd (the non-
overlapping reflections produced by krupkaite) elimi-
nated and resulted in R equal to 0.11. The simultaneous 
refinement applied in the current study brought the R 
value down to 0.055 (0.086) and the relevant wR to 0.11 
(0.17) for 2244 (2143) reflections having an intensity 
greater than 3s(I). Refinement details are given in Table 
2, atom parameters in Tables 3 through 6. Tables of 
observed and calculated structure-factors have been sent 
to the Depository of the Unpublished Data on the MAC 
web site [document Lindströmite CM46_525].

The degree of correlation between the two simultane-
ously refined structures and their reliability are reflected 
in the behavior of partially occupied copper sites. A 
refinement without constraints results in two different 
partly occupied Cu sites in lindströmite ‘bd60’, which 
are supported by the indication of partial substitution 
of Bi by Pb in the relevant, adjacent Bi sites. It results 
in an empty tetrahedron plus a fully occupied Cu site 
in the admixed krupkaite; the latter is again supported 
by the absence of indications of Pb substitution in the 
adjacent Bi site. When, in an attempt to investigate this 
distribution more closely, fractional Cu occupancy was 
introduced into the empty tetrahedron of krupkaite, the 
agreement factor R became worse, and the fractional 
Cu4 site in lindströmite became unstable. The situation 
for ‘bd64’ is more complicated; it is discussed below.

Another measure of the quality of the refinement is 
the comparison of selected global characteristics of the 
polyhedra (Balić-Žunić & Makovicky 1996, Makovicky 
& Balić-Žunić 1998) calculated for pure krupkaite 
(bd50), which was refined by Topa et al. (2002b), and the 
present refinements of krupkaite, and for lindströmite 
without and with separation of the krupkaite contribu-
tion from the diffraction pattern. Tables 7 and 8 contain 
the principal interatomic distances, whereas Tables 9 
and 10 contain characteristics of the polyhedra for the 
current refinements (for details, see the Discussion).

descripTion of The sTrucTures

Lindströmite in bd60 and bd64: the major component

The lattice parameters refined differ from the values 
a 4.010 Å, b 55.99 Å, and c 11.549 Å (our orienta-
tion) obtained by means of X-ray powder diffraction 
by Pring et al. (1998) and are closer to those given by 
Horiuchi & Wuensch (1977), a 4.001 Å, b 56.115 Å, 
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and c 11.5695 Å. The orthorhombic space-group Pmcn 
has been confirmed.

The crystal structure of lindströmite (Figs. 1, 2) 
contains seven independent Bi positions, three Pb sites, 
three major and two minor Cu sites, Cu4 and Cu5, with 

an indication of corresponding amounts of Pb substitu-
tion in the Bi sites adjacent to the minor Cu sites. The 
fifteen independent sulfur sites present were refined 
with isotropic displacement parameters.
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Using the classical description of the phases 
belonging to the bismuthinite–aikinite series (Ohmasa 
& Nowacki 1970), the crystal structure of stoichiometric 
lindströmite contains eight krupkaite-like ribbons 
CuPbBi3S6 and two aikinite-like ribbons Cu2Pb2Bi2S6 in 
a unit cell. When, as an alternative, we use the modular 
description in which we delimit structural intervals 
between two adjacent (010) planes of tetrahedral voids 

fully populated by copper, and name them according 
to the phases in which they occur in pure form, lind-
strömite contains paired krupkaite-like intervals (width 
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tions, typical of bismuthinite–aikinite derivatives. The 
shortest Cu–S bonds lie in the interval 2.316 – 2.330 Å 
(2.321 – 2.377 Å), intermediate bonds between 2.343 
and 2.354 Å (2.354 – 2.395 Å), and the longest bonds 
between 2.382 and 2.413 Å (2.395 – 2.460 Å). With 
the Uiso values fixed to 0.02, which is an average of 
Ueq values of Cu1–Cu3, the occupancy of Cu4 refined 
to 0.04 apfu and that of Cu5 refined to 0.09 apfu in bd60 
and to 0.14 and 0.18 apfu, respectively, for the same 
sites in bd64. For these sites, the lowest values from 
among the apparent Cu–S distances, which range from 
2.238 to 2.416 Å (2.168 – 2.503 Å), reflect the fact that 
in over 80–95% of the cases, we deal with a tetrahedral 
void and not a CuS4 tetrahedron.

Krupkaite: the minor component

For the minor phase of the intergrowth, krupkaite, 
the lattice parameters could not be refined indepen-
dently, the bulk of its reflections being masked by 
those of lindströmite. Instead, those of stoichiometric 
krupkaite bd50: a 4.015 Å, b 11.202 Å, c 11.560 Å, 
and those of oversubstituted krupkaite bd59: a 4.021 Å, 
b 11.232 Å, c 11.581 Å were used, respectively. The 
crystal structure of krupkaite in ‘bd60’ converged to a 
stoichiometric composition CuPbBi3S6 in a refinement 
without constraints, because the alternative copper site 
at x 0.5, y 0.5612, and z 0.3662, known from oversub-
stituted krupkaite (Topa et al. 2002b), refined to zero 
occupancy. Fractional atom-coordinates of the struc-
tures refined in the present procedure are very close to 
those of pure stoichiometric krupkaite. Differences in 
fractional coordinates (Table 5) with respect to the latest 
refinement of this phase by Topa et al. (2002b) are at or 
below 0.01 for all cations. These differences reach 0.05 
Å when interatomic distances are considered (Table 8) 
(corresponding differences are 0.07 Å for the bd64 mate-
rial). They represent five times the average value of the 
estimated standard error of bond lengths. With respect 
to pure krupkaite bd50 (Topa et al. 2002b), differences 
in bond lengths of krupkaite in ‘bd60’ are mixed for all 
cation polyhedra (Table 8), which is also reflected in the 
similarity of their polyhedron characteristics.

discussion

Phase composition

The refined compositions of the phases are Cu6.262 
Pb6.262Bi13.738S30 (bd62.62) associated with CuPbBi3S6 
(bd50) for the sample ‘bd60’ and Cu6.638Pb6.638Bi13.362S30 
(bd66.38) associated with oversubstituted krupkaite, the 
composition of which could not been refined. From 
stoichiometry calculations given below, its composi-
tion must be ~bd60. Both latter values apparently are 
overestimated; the phase closest to lindströmite from the 
side of increasing substitution is a four-fold derivative, 
emilite, bd66.4–67.5 (Topa et al. 2002a), with the lower 

~11.2 Å each), which alternate with a single aikinite-
like interval (width ~5.7 Å) (Fig. 2). In the present, 
slightly oversubstituted case of lindströmite with the 
total composition bd60, the aikinite-like ribbon at y 
= 0 and ½ is intermeshed on both sides with slightly 
oversubstituted krupkaite-like ribbons which, in turn, 
are intermeshed with more intensely oversubstituted 
krupkaite-like ribbons centered at y � 0.2 and 0.3 
(Fig. 2). The Cu4 and Cu5 positions belong respectively 
to these two types of oversubstitution. The same type of 
oversubstitution is found in lindströmite with the total 
composition bd64, but both fractionally occupied Cu 
sites have higher, and about equal, occupancy in this 
lindströmite structure (Table 3).

The good quality of the joint refinement is revealed 
by a consistency of interatomic distances (Table 7) 
(values for ‘bd60’ precede the bracketed values for 
‘bd64’). Bismuth atoms in the marginal portions of the 
ribbons, Bi1–Bi5, have the shortest Bi–S distances, 
between 2.591 and 2.671 Å (2.556 – 2.750 Å for bd64), 
accompanied by a pair of short Bi–S distances, 2.670 
– 2.739 Å (2.681 – 2.764 Å for bd64). The central Bi 
atoms Bi6 and Bi7 have a Bi–S distance to the vertex 
of the BiS5 coordination pyramid equal to 2.609 Å 
(2.554 – 2.583 Å), and the opposing longer distances, 
to the adjacent ribbon, are equal to 3.438 Å (3.426 – 
3.435 Å). The pairs of opposing Bi–S distances in the 
base of these pyramids range from 2.780 Å opposed by 
2.975 to 2.793 Å opposed by 3.016 Å (2.776 Å opposed 
by 2.978 Å and 2.791 Å opposed by 3.037 Å in bd64). 
Both central Bi atoms have coordinations slightly larger 
than the corresponding Bi3 site in krupkaite (bd50), 
although smaller than the same site in krupkaite bd59, 
which contains 0.09 Pb and exhibits M–S distances of 
2.614 Å, 2 3 2.795 Å, 2 3 2.988 Å and 2 3 3.446 Å 
(Topa et al. 2002b).

The three Pb sites have typical Pb–S bond distances; 
averages of three shortest distances are 2.905, 2.934, 
and 2.938 Å (2.888, 2.979, and 2.919 Å) respectively, 
for Pb1, 2 and 3. Three fully occupied copper sites, Cu1, 
2 and 3, have slightly asymmetric tetrahedral coordina-
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fig. 1. Atom labels for the crystal structure of lindströmite from the sample ‘bd60.1’. Projection on (100), b axis horizontal, c 
axis vertical. Shading indicates atoms at x = 0.25 and x = 0.75, respectively.

fig. 2. Crystal structure of lindströmite in projection on (100); b axis is horizontal. Atoms at two x levels, 2 Å apart are discerned 
by shading. Large white spheres: S, small white spheres: Bi and (Bi,Pb), black spheres: Pb, red spheres: fully occupied Cu 
sites, blue spheres: partly occupied Cu sites. Aikinite-like ribbons are indicated by a pink infill, (slightly oversubstituted) 
krupkaite-like ribbons by a light-blue infill. Boundary planes between aikinite (A) and krupkaite (K) modules indicated below 
the figure run through the slightly warped (010) planes of fully occupied coordination-tetrahedra of copper.

limit practically identical to the substitution percentage 
obtained for lindströmite in the present study.

Polyhedron characteristics

Plots of the volume of a sphere circumscribed to 
the coordination polyhedron of a large cation, or of the 
polyhedron volume itself, versus eccentricity of the 
position of this cation in its polyhedron, and plots of 
bond-valence values for these polyhedra, were found 
to offer the best means of evaluation of the refinement 
results. The circumscribed sphere is fitted to the poly-
hedron formed by ligands by a least-squares procedure, 
and the eccentricity value used is the distance of the 
cation from the center of the sphere, normalized to the 
radius of the sphere (Balić-Žunić & Makovicky 1996, 
Makovicky & Balić-Žunić 1998). Bond-valence values 

were calculated using the constants derived by Brese 
& O’Keeffe (1991). The polyhedron characteristics are 
summarized in Tables 9 and 10.

Differences in oversubstitution notwithstanding, 
both lindströmite structures participate in the same clus-
ters of characteristic polyhedron values in Figure 3. The 
Pb sites (Pb1 and 2) of krupkaite-like chains are sepa-
rated in the plot from the largest Pb3 polyhedra of the 
aikinite-like chains. Among the coordination polyhedra 
of lead, the Pb1 polyhedron of lindströmite bd64 exhibits 
the smallest volume and a large eccentricity, resulting in 
the bond-valence value of about 2.4 valence units (vu; A 
in Fig. 3). The adjacent Cu1 position, however, refined 
with full occupancy, does not exhibit a conspicuously 
large Bisovalue, thus contradicting a potentially mixed 
(Pb, Bi) character of the Pb1 position.
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The marginal Bi sites Bi1 through Bi5 form tight 
clusters in all plots; these cations have 2.8–3.0 bond-
valence units. The partly substituted, mixed (Bi, Pb) 
sites Bi6 and Bi7, situated between 2.6 and 2.9 vu, 
possess typical intermediate volumes of the spheres 
(but not similarly altered volumes of polyhedra, see 
Table 9) and the largest eccentricity of all large cation 
sites. Differences between the two lindströmite samples 
and between the results of simultaneous refinement and 
those of the conservative approach by Topa (2001) are 
small; only the polyhedron of Pb1, already mentioned, 
differs from the rest (Fig. 3).

For associated krupkaite, the results for ‘bd60’, 
‘bd64’ (this study) and bd50 and bd59 (Topa et al. 
2002b) have been plotted in Figure 4. The Pb site, 
with a bond-valence value close to 2 vu, has a sphere 
volume and an eccentricity similar to the corresponding 
sites in lindströmite. The internal Bi site of the ribbon, 
Bi3, differs profoundly between pure krupkaite bd50, 
krupkaite from ‘bd60’ and that from ‘bd64’: the sphere 
volume stays constant, ~115 Å3, but the bond valence 
is only 2.3 vu for Bi3 in ‘bd64’, being ~2.8 vu in other 
structures. Bond-valence values for Bi1 and Bi2 are 
consistently 2.8–3.0 vu.
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A comparison of the three structures of krupkaite 
leads to the conclusion that krupkaite in ‘bd64’ is over-
substituted or, less probably, that we are dealing with 
krupkaite that contains antiphase domains, similar to 
the case described by Mumme (1975). In this case, both 
inner large-cation sites of the ribbons represent mixed 
(Bi, Pb) positions, albeit in very different proportions. 
This suggestion, however, is not in agreement with the 
absence of the Cu2 position and the presence of full 
Cu1 and Pb positions in this exsolved krupkaite. The 

eccentricity of the Bi3 site in ‘bd64’ differs from the 
values observed for analogous sites Bi6 and Bi7 in lind-
strömite, and approaches that of Pb in the corresponding 
position. It differs substantially from the eccentricity 
value of the mixed (Bi, Pb) position in pure krupkaite 
(59), equal to 0.177 when a single mixed site is refined, 
and 0.189 and 0.095, respectively, if this site is split into 
0.82 Bi and 0.18 Pb (Topa et al. 2002b). Without an 
indication of additional Cu in the refinement results, the 
degree of oversubstitution cannot be evaluated.
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Mass balance

A semiquantitative check of data obtained can be 
performed by calculations of the percentage of aikinite 
in the minor phase, krupkaite, using the electron-micro-
probe data for the average composition of the submicro-
scopic intergrowth, the structure-derived composition of 
the lindströmite component, and the volume ratio of the 
two phases refined. In these calculations, we assume the 
same volume of the 11.5 Å subcell of both components, 
which is nearly true for the two phases examined, which 
are so close chemically.

For the bulk composition bd60.1, with the lindströmite 
: krupkaite volume ratio equal to 0.662/0.337

1 3 60.1% = 0.662 3 62.62% + 0.337 3 X% 
 
X = 55.14%

Thus, the approximate percentage X of aikinite in the 
the krupkaite portion of the intergrowth should be 
55.1%, which lies within a 10% deviation from that 
suggested by the structure analysis. If the exsolved 

krupkaite is assumed to be bd50, as determined by the 
structure refinement,

1 3 60.1% = 62.62 y + 50.0 (1–y) 
 
y = 0.800

so that lindströmite bd62.6 should account for 80 vol.%, 
whereas krupkaite bd50 should account for 20 vol.%.

In an analogous way, for the bulk composition 
bd64.1, the observed volume-ratio of 0.625/0.375 and 
the structurally determined composition of lindströmite 
(equal to bd66.4) lead to the suggestion of oversubstitu-
tion in exsolved krupkaite, this being equal to bd60.3. If 
krupkaite (bd50) is assumed instead, these calculations 
result in 86.1 vol.% lindströmite (bd66.4) and 13.9 vol.% 
krupkaite (bd50).

Quality of the refinements

To summarize, the simultaneous refinement of 
the two cases of lindströmite–krupkaite intergrowth 
examined yields on the one hand a crystal structure of 
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slightly oversubstituted lindströmite (bd62.6) with three 
fully and two unevenly, partly occupied tetrahedral Cu 
sites, which is intergrown with krupkaite (bd~50), and 
on the other hand, oversubstituted lindströmite (bd≤66.3) 
which has the same types of Cu positions, intergrown 
with oversubstituted krupkaite (bd≤60). The latter values 
represent the calculated upper limits, and they are prob-
ably too high. They may be artefacts of a refinement 
based on somewhat inferior intensity-data (see Table 2) 
resulting from the texture of the ‘bd64’ intergrowth. An 
evaluation of our results suggests that the simultaneous 
refinement of two closely related, regularly intergrown 
structures yields data of a good quality, adequate for 
a detailed analysis of the polyhedra in the resulting 
structures. The occupancies of fractionally occupied 
sites, however, are very sensitive to the quality of 
the diffraction data, because of the high correlations 
between two very similar structures, with considerably 
overlapping reciprocal lattices.

Origin of aggregates

Our observation of the intimate krupkaite – lind-
strömite intergrowths (Topa et al. 2002a), backed also 
by literature data (Horiuchi & Wuensch 1977, Pring 
& Hyde 1987), leads us to a model of oversubstituted 
krupkaite exsolving into an intimate aggregate of two 
ordered phases, lindströmite and a stoichiometric or 
less oversubstituted krupkaite. From a model of simple 
exsolution (under a process of ordering), one would 
expect a somewhat oversubstituted krupkaite and 
undersubstituted lindströmite, reaching ideal composi-
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tions with time and decreasing temperature. Instead, 
at least for “lindströmite” (bd60), the structure analysis 
indicates krupkaite (bd50) associated with oversubsti-
tuted lindströmite. We consider the thermodynamic 
stability of stoichiometric krupkaite (bd50), as suggested 
by its behavior in the complex exsolution processes in 
the aikinite–bismuthinite series (Topa et al. 2002a), 
as one of the potential factors in Cu–Pb distribution 
between the exsolved phases. We explain the tendency 
of lindströmite to show oversubstitution by the same 
mechanism as proposed for salzburgite (Topa et al. 
2000) and emilite (Balić-Žunić et al. 2002). It is based 
on the metric misfit of pure aikinite modules (a 4.042Å, 
b 11.652 Å) and pure krupkaite modules (a 4.015 Å, 
c 11.560 Å). Periodic alternation, along b, of these 
two modules in one structure requires a mutual adjust-
ment of their size. The best adjustment of the smaller 
module (krupkaite) to the size that can then be accom-

modated by strain adjustments to the aikinite module, 
is to absorb more Cu and Pb than dictated by a simple 
stoichiometric formula with full and empty tetrahedra, 
and appropriately occupied adjacent (Pb,Bi) sites. In the 
case of “lindströmite (bd64)”, not only lindströmite but, 
according to the Bi3 coordination data and calculations 
of stoichiometry, also the associated krupkaite appears 
to be oversubstituted or disordered, or both.
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fig. 3. Correlation of polyhedron characteristics for the large cations in lindströmite. Cation eccentricity, volume of circum-
scribed sphere and of the coordination polyhedron itself are cross-correlated. Labeling indicates cation types in question (see 
text). Bond-valence values obtained from the results of simultaneous refinement are compared with those obtained from 
classical refinement by Topa (2001). Sample codes as in Table 7.
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