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Abstract
The crystal structure of cannizzarite, ideally Pb48Bi56(S124Se8)132, a fumarole sublimate from the La Fossa crater, on the island
of Vulcano, Italy, with a nominal composition Pb47.9 Bi55.8(S121.8Se10.5)S132.3 and unit-cell parameters a 38.86(3), b 4.090(3), c
39.83(3) Å, b 102.30(3)°, Z = 1, has been solved and refined in space group P21/m from X-ray single-crystal diffraction data, to
an R1 of 10.7% on the basis of 3612 unique reflections with [Fo > 4s(Fo)]; the data were collected on a Bruker P3 diffractometer
with a CCD detector and MoKa radiation.The cannizzarite crystal studied has 104 cations and 132 anions in a unit cell.
Refinement shows that about eight anions per cell contents are selenium, the bulk being sulfur. The crystal structure is composed
of pseudotetragonal layers (Q layers), two cation–anion planes thick, of the (100)PbS type that alternate with double-octahedron
pseudohexagonal layers (H layers) of the (111)PbS type. Both types of layer contain Pb and Bi; their distribution was studied by
means of bond-valence calculations, polyhedron characteristics and bond-length ratios of the opposing Me–anion bonds. The
unit-cell contents are Me48X48 for the Q layers, and Me56X84 for the H layers. Selenium was found only in H layers. The structure
determined represents the shorter of the two modules, Pb12Bi14S33 and Pb17Bi20S47, found in the structure of synthetic cannizzarite
proposed earlier, and proves their independent existence.
Keywords: sulfosalt, cannizzarite, crystal structure, La Fossa, Vulcano, Italy.

Sommaire
Nous avons résolu et affiné la structure cristalline de la cannizzarite, de formule idéale Pb48Bi56(S124Se8)132, ayant une
composition globale Pb47.9Bi55.8(S121.8Se10.5)S132.3 et les paramètres réticulaires a 38.86(3), b 4.090(3), c 39.83(3) Å, b 102.30(3)°,
Z = 1, groupe spatial P21/m. Le minéral a été prélevé sur les parois d’une fumerolle au cratère La Fossa, île de Vulcano, en Italie.
Le traitement des données en diffraction X, prélevées sur monocristal, ont été enregistrées avec un diffractomètre Bruker P3 muni
d’un détecteur CCD et utilisé avec rayonnement MoKa, et ont mené à un résidu R1 de 10.7% sur une base de 3612 réflexions
uniques [Fo > 4s(Fo)]. Le cristal étudié contient 104 cations et 132 anions par maille. L’affinement montre qu’environ huit anions
par maille sont des atomes de sélénium, le reste étant du soufre. La structure est composée de couches pseudotétragonales (Q)
d’une épaisseur de deux liaisons cation–anion de type (100)PbS qui alternent avec une couche pseudohexagonale (H) d’octaèdres
doubles de type (111)PbS. Les deux sortes de couches contiennent Pb et Bi; nous en avons étudié leur distribution au moyen de
calculs de valences de liaison, des caractéristiques des polyèdres, et des rapports de longueurs des liaisons Me–anion opposantes.
La maille élémentaire contient Me48X48 dans les couches Q, et Me56X84 dans les couches H. Le sélénium ne se trouve que dans les
couches H. La structure déterminée représente le plus court des deux modules, Pb12Bi14S33 et Pb17Bi20S47, décrits antérieurement
dans la structure de la cannizzarite synthétique, ce qui prouve ainsi leur existence indépendante.
(Traduit par la Rédaction)
Mots-clés: sulfosel, cannizzarite, structure cristalline, cratère La Fossa, Vulcano, Italie.
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Introduction
Cannizzarite, a Pb–Bi sulfosalt with a nominal
composition Pb46Bi54(S,Se)127, is a product of fumarole exhalations at the crater of La Fossa, the island
of Vulcano, Aeolian Islands, southern Italy. It was
described by Zambonini et al. (1924). Its crystallography was studied by Graham et al. (1953) by means
of single-crystal X-ray diffraction, and the crystal
structure was determined by Matzat (1979a, b), who
examined both natural and synthetic material. Electronmicroprobe studies of its composition were performed
by Mozgova et al. (1984, 1988, 1992) on material
from Vulcano and Siberia, and by Mumme (1980) and
Mozgova et al. (1992) on the related material, “wittite”,
with an elevated Se:S ratio. Several hydrothermalmetamorphic assemblages with Se-free cannizzarite
have been described from Switzerland, e.g., by Nowacki
& Stalder (1969) and Berlepsch et al. (2001), whereas
Topa et al. (2001) described a sample of selenium-free
cannizzarite from a hydrothermal-metamorphic assemblage at Felbertal, Austria. High-resolution TEM studies
of cannizzarite were performed by Williams (1986).
Up-to-date data on cannizzarite were summarized by
Makovicky & Hyde (1981, 1992). The most recent
study of this mineral is by Borodaev et al. (2000).
Mozgova et al. (1992) and Borodaev et al. (2000) used
electron microdiffraction for identification of the material. Zhang et al. (2005) studied the crystal structure of
a synthetic selenian member of this structural family,
Pb5Bi6Se14.
In spite of the intensive research on cannizzarite
quoted above, the only crystal-structure determination
published is that by Matzat (1979a, b), on a synthetic
material. In his work, he postulated that the structure
obtained can be described as a combination of two longrange modules (“unit verniers”), one of which has been
found in a pure form in the present study. Thus, our
results confirm that cannizzarite is not a single mineral
but a variable-fit homologous series of closely related
phases (Makovicky 1988, Ferraris et al. 2004). Their
presence has serious implications for a compositional
range of this series. Until further crystal-structure determinations have been performed, especially on the other
“pure” module postulated by Matzat (1979a, b), any
speculations on the range and compositional limits of
cannizzarite, especially those based solely on electronmicroprobe data on this “mineral”, extremely difficult
to analyze because of its morphology, are considered
premature.

General Properties and Selected Results
of Previous Studies
The crystal structure of cannizzarite is composite,
consisting of an alternation of pseudotetragonal (Pb,Bi)
(S,Se) layers (denoted below as Q layers) and double-

octahedron (Pb,Bi)2(S,Se)3 pseudohexagonal layers (H
layers). The latter were compared by Moëlo et al. (2008)
with similar layers in tetradymite and its isotypes. The
layers are commensurate in one intralayer direction
(which displays a 4 Å period), but they are noncommensurate in the other intralayer direction, perpendicular
to the previous one, producing only a 1D long-range
match, and possibly only an empirical one.
Local structures of the component layers generate
strong subperiods, expressed by two subcells, a pseudo
tetragonal one and a centered orthohexagonal (i.e.,
pseudohexagonal) one. In the direction of the longrange match, the two subperiods are about 4.1 and 7.0
Å, respectively, in contrast to the common period, about
4.1 Å in the direction perpendicular to the long-range
match, and the layer-stacking period, about 15.5 Å. The
concept of subcells allows one to express the observed
match of the two component layers in simple terms
(Matzat 1979a, b, Makovicky & Hyde 1981, 1992).
The studies of Matzat (1979a, b) suggest that the
complex structure of cannizzarite, with intralayer
periods reaching 189.8 Å in the natural material and
~169 Å in the synthetic sample, can be approximated
by an alternation of simpler blocks (i.e., modules
with simpler H:Q matches) that combine in different
proportions along the long-range direction. The smaller
block has an internal (model) match of seven centered
pseudoh exagonal (H) subcells with 12 primitive
pseudotetragonal (Q) subcells, whereas in the other
block, 10 H subcells match the length of a Q segment
with 17 Q subcells. Model compositions of these two
modules are Pb12Bi14S33 and Pb17Bi20S47, respectively,
if one assumes full site-occupancies and the occurrence
of these modules as independent structures. In the real
long-range structure, they are only approximate, and the
true match (if it is not only empirical in nature) ought
to be only the one in the resulting composite. More on
this topic can be found in the compilation by Makovicky
& Hyde (1981, 1992) and in Ferraris et al. (2004). At
such spacings, measurement errors can influence the
results substantially, and cannizzarite is the best potential candidate sulfosalt for a structure composed of two
truly non-commensurate sets of alternating layers. On
the contrary, the layer match in the synthetic selenian
analogue, Pb5Bi6Se14 (Zhang et al. 2005) seems to be
of the shortest possible type, 5Q : 3H subcells. Recent
results on synthetic tin–selenium cylindrite by Mako
vicky et al. (2008) reveal an interesting and complex
relationship between the subcell match and the period
of transversal modulation; its bearing upon the situation
in cannizzarite is not immediately obvious, however.
Although Graham et al. (1953) quoted diffraction
results in agreement with the presence of a smaller
module alone, no recent acquisition of data or crystalstructure determination has been performed on either of
the two “component modules” of cannizzarite defined
above. Therefore, our study of one of these “block”
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structures, presented here, on a natural material is the
first step in elucidating the interesting modular aspect of
cannizzarite. The diffraction data recorded suggest the
presence of (at least empirical) long-range commensurability of the two component layer-sets in the sample
studied, as indicated by the unit cell refined. Therefore,
a classical commensurate refinement appears justified,
even if the match may perhaps be an empirical one. A
subsequent modulated refinement approach in a fourdimensional space will be a very welcome alternative,
especially for sorting out the transversal modulation
waves acting on the component layers. These are
much less pronounced and appear more complex than
the transversal modulation waves, e.g., in cylindrite
(Makovicky et al. 2008).

Experimental
Chemical data
The material studied comes from volcanic fumaroles of the active volcanic crater La Fossa, on the
island of Vulcano, Italy. We investigated a portion of
the specimen with inv. no II/2298 from the Mineral
Collection of the Institute of Mineralogy, which was
acquired around the mid-80s from Mr. G. Gebhard’s
collection. We have no indication about the acquisition
time of the sample. Quantitative electron-microprobe
analyses of a polished section prepared from free crystals and aggregates of sulfosalts were performed with
JEOL Superprobe JXA–8600, controlled by Probe for
Windows system of programs, operated at 25 kV and
35 nA (measurement times of 15 s for peak and 5 s for
background), installed at the Department of Geography
and Geology, University of Salzburg. The following
standards and X-ray lines were used: natural CuFeS2
(chalcopyrite; CuKa), natural PbS (galena PbLa),
synthetic Bi2S3 (BiLa, SKa), synthetic Bi2Se3 (SeLa),
synthetic CdTe (CdLb) and Ag metal (AgLa). The raw
data were corrected with the on-line ZAF-4 procedure.
Silver, cadmium and copper contents are below detection limits in analyzed grains, in contrast with the
chemical composition of cannizzarite from Felbertal,
which contains 1.1 wt.% Ag, 1.0% Cd, and 0.2% Cu,
related to higher Bi and lower Pb concentrations. The
mean result of our four best electron-microprobe analyses of cannizzarite, 37.79(12)% Pb, 44.44(20)% Bi,
3.15% Se and 14.88(4)% S [total 100.26(16)%], result
in the formula Pb47.88(16)Bi55.83(24)Se10.46(16)S121.83(28)
calculated for 236 atoms in a unit cell. If the formula is
calculated for the sum of cations in the unit cell equal
to 104 cations, the formula becomes Pb48.01(16)Bi55.99(24)
Se10.49(16)S122.17(28). This formula can be compared with
that derived from the crystal-structure determination,
Pb48Bi56Se8S124. The largest difference is, as expected,
in the presence of many mixed-anion sites, in the Se:S
ratio and in the sum of anions, X = 132.66 instead of
132 (an absolute error of 0.5%).

: 12q cannizzarite

485

Single-crystal diffraction
For our single-crystal investigation, elongate, lathlike almost free crystals were picked directly from
the hand specimen. They were investigated with a
Bruker AXS P3 diffractometer equipped with a CCD
area detector using graphite-monochromated MoKa
radiation. Because of its lath-like shape, with crystals
generally bent and split during growth, forming chaotic
intergrowths in form of loose crusts, and because of
twinning, softness as well as cleavage, finding a suitable
crystal of cannizzarite is a tedious task. The irregular
fragment we selected measured approximately 0.01
3 0.03 3 0.15 mm. Experimental data are listed in
Table 1. The Smart (Bruker AXS, 1998) system of
programs was used for unit-cell determination and data
collection, Saint+ (Bruker AXS, 1998), for the calculation of integrated intensities, and Xprep (Bruker AXS,
1998), for empirical absorption-correction based on
pseudo C-scans. The space group is P21/m, as proposed
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by the Xprep program. The structure was solved by
direct methods (program Shelxs by Sheldrick 1997a)
and difference-Fourier syntheses (program SHELXL by
Sheldrick 1997b). Data on X-ray diffraction and structure refinement are summarized in Table 1. With 3265
accepted unique reflections and 560 refined parameters
(anisotropic displacement parameters for cations and
isotropic ones as well as S, Se occupancy factors for
anions), the R1 value is 10.7%, chiefly in connection with the quality of the data obtainable (Rint after
absorption correction of this highly absorbing material
is 17.8%). Positional and displacement parameters
refined are in Table 2, selected interatomic distances in
Table 3, and coordination-polyhedron characteristics
calculated with Ivton program (Balić-Žunić & Vicković
1996), in Table 4. A table of structure factors may be
obtained from the Depository of Unpublished Data on
the Mineralogical Association of Canada website [document Cannizzarite CM48-483]. The crystal structure is
illustrated in Figures 1 and 2.

Crystallography
Single-crystal diffraction data indicate that the
crystal of cannizzarite studied has unit-cell parameters a
38.86(3), b 4.090(3), c 39.83(3) Å, b 102.30(3)°, space
group P21/m. The Q and H layers of the structure are
parallel to (101), so that the a and c parameters span the
interlayer spaces, and the b parameter is an intralayer
vector. The length of a layer-stacking vector in then
15.165 Å for one Q–H pair, obtained by averaging over
four pairs along [101]. The weighted reciprocal lattice
of cannizzarite can be divided into contributions from
the pseudotetragonal component, those from the pseudohexagonal component (“the two sublattices”), and the
common modulation reflections. If the two sublattices
were not matching in the above mentioned ratio 7H :
12Q, a “forced” common cell would definitely have
high standard deviations for its cell parameters; they
would then be much higher than observed.

Crystal Structure
Our determination of the structure indicates 52
independent cation sites and 66 independent anion sites
(Table 2), i.e., 104 cations and 132 anions in a unit cell.
All atoms are situated at y equal to ¼ or ¾, with positions general in the x–z plane. Our refinement shows that
of the 66 anion sites, 14 anion sites are (S,Se) mixed
sites (two around 50:50, seven around 75:25 and five
around 90:10). In other words, about eight anions per
cell contents are selenium, the bulk being sulfur (Table
2, Figs.1, 2). All these sites are located in the H layers.
There are several sulfur positions in the structure with
Uiso close to zero (Table 2). These are the sites with
potential small contents of selenium substituting for
sulfur, augmenting in this way the selenium content in

the structure-derived formula, bringing it closer to the
results of the electron-microprobe analyses.
The total composition for the Q component is
Me48X48, that for the H layers is Me56X84 in a cell.
Coordination analysis (Table 4) suggests that of 24
independent cation positions in the Q layers, 13 are
(predominantly) Pb, nine are Bi, and only two (Me11
and Me13) are mixed sites. Separation is much less
obvious in the H layers, in which only six Pb sites and
12 Bi sites might be relatively pure, not mixed-cation
sites. The remaining 11 sites are mixed sites, some with
more Pb, others with more Bi, or about evenly mixed
(Table 4, Fig. 2).
A more detailed coordination-state analysis of
the distribution of cations in both sets of layer was
performed by means of bond-length ratio hyperbolae
(Trömmel 1981) in a way described in detail by
Berlepsch et al. (2001a, b). For the H component (Fig.
3a), typical lead sites are Me25, 37 and 47, typical
mixed sites are, e.g., Me34, 41, 42 and 43, whereas
sites with strongest indication of Bi are Me27, 38, and
48, and especially Me50. In Figures 3a and b, the bondlength ratios of opposing bonds are divided into the
“in-plane” and “out-of-plane” sets; the former describes
the bonding situation in the base of the “square” coordination pyramid MeX5, whereas the latter combines
the bond length to the vertex of the pyramid with an
additional, long Me–S distance below the base. They are
plotted into the opposing sectors of the diagram, divided
by its diagonal. For the H layers of the cannizzarite
sample studied, the bulk distribution of data points
describing the cations is symmetrical about the line
separating the in-plane and out-of-plane bonds distances
(Fig. 3a). This apparently is a product of bond distribution: the character and length of the long below-plane
bonds are influenced by their orientation inward, toward
the median plane of the double-octahedron H layer,
and not into “free” interlayer space, and the outwardly
oriented (generally shorter) bonds in many cases are
bonds to mixed S,Se positions, i.e., they are longer than
expected for such bonds. The presence of split cation
positions, with two alternative, partly occupied cation
sites in the same coordination polyhedron, expressed as
in-plane flipping of some cations in the square base of
the coordination pyramid, is probable for those cations
(especially in the mixed sites) for which the in-plane
data points plot close to the median line. However,
evaluation of this aspect is made difficult by the presence of mixed Me–(S,Se) bonds on the short-bond side
of the bond-length ratio.
The Q layers show a fairly distinct distribution of the
(predominantly) Bi and (predominantly) Pb positions in
Figure 3b. The clear 1:1 mixed sites are only the Me11
and Me13 sites. Interlayer Pb–S and Bi–S distances seen
for different coordination polyhedra of the Q layer are
rather uniform. This, perhaps, is a result of an overall
compromise in configuration (a uniform diameter) of
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Fig. 1. Site labels for the crystal structure of 7H : 12Q
cannizzarite from Vulcano.

the interlayer space and suggests a good accommodation of potential misfit problems. The positions Me3, 4,
7, 10, 14, 17, 18, 21 and 24 are predominantly Bi; Me1,
2, 5, 6, 8, 9, 12, 15, 16, 19, 22 and 23 are predominantly
Pb. Inspection shows that almost all bismuth sites have
the short in-plane distances too long for pure bismuth,
and they plot close to the median line of the plot.
The resulting configuration can be interpreted as the
data points for Bi situated on a secant connecting two

points of Bi hyperbola characterized by a combination
of 2.70 and 3.00 Å distances in this and in the opposite
order. The Bi positions are then unresolved split-cation
positions in which two close, partly occupied Bi sites
have the shorter versus longer distances in the base
of the coordination pyramid oriented in the opposite
way. Details of these procedures are in Berlepsch et al.
(2001a, b) and Makovicky et al. (in prep.). Proximity
of the in-plane data-point to the median line in Figure 3
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Fig. 2. The crystal structure of 7H : 12Q cannizzarite from Vulcano projected along the b direction (4.09 Å). The unit cell is
shown. In the order of decreasing size, circles represent S and (S,Se), Pb (dark blue) and Bi sites. Light and dark spheres
represent atoms at two y levels, ~2 Å apart. The anion sites with selenium are indicated by yellow circles, and the mixed
(Bi,Pb) cation sites are indicated by cyan circles.

appears well correlated with the symmetry of the interlayer configuration of a given Bi site in Figure 1.
For Me39–Me52, the H layers exhibit imperfect
pairing, especially of Bi–Bi, of cation polyhedra across
the layer, and imperfect alternation of Pb (or of Pb–Pb
pairs) with Bi or mixed sites along the modulated direction of the layer (Fig. 2). Similar instances of pairing
and imperfect alternation of Pb and Bi (or mixed sites)
are observed in the Q layer (Fig. 2). Any obvious correlation in site occupancies across the interlayer space
appears to be absent, and the distribution of Bi sites in
the Q layer follows primarily the distribution of octahedron configurations offered by the interlayer match.
The refined structure shows that the H component
is sinusoidally modulated with a period of 3½ H
subcells. It is much less transversally modulated than
the Q component, which also appears to have the same
modulation period (6 Q subcells long) superimposed
on one or more short-wavelength modulations (or,
perhaps even crenellations). Exact data on this modulation require superspace refinement. The H layer in the
12Q : 7H module of the cannizzarite structure refined

by Matzat (1979b) displays the same sinusoidal modulation as the H layer in the present structure, whereas
the pronounced crenellation of the Q layer in Matzat’s

Fig. 3. Bond-length ratio hyperbolae (Trömmel 1981) of
cations in the structure of cannizzarite, plotted in a way
described in detail by Berlepsch et al. (2001a, b). The
bond-length ratios of opposing Me–(S,Se) bonds are
divided into the “in-plane” and “out-of-plane” sets. The
former set describes the bonding situation in the base of
the “square” coordination pyramid MeX5, whereas the
latter set combines the bond length to the vertex of the
pyramid with an additional, long Me–S distance below the
base. These two sets are plotted in the opposing sectors
of the diagram, the in-plane set in the “upper”, and the
out-of-plane set in the “lower” sector, respectively, and
are separated by the diagonal of the diagram, for which
the opposing bonds have equal lengths. The hyperbola for
Pb is taken from Berlepsch et al. (2001b), and that for Bi,
from Topa et al. (2003). a) Me sites for the H layer; b) Me
sites for the Q layer.
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structure refinement prevents closer comparison with
our results.

Conclusions
The present refinement of the crystal structure of
cannizzarite confirms the independent existence of
one of the component modules of the complex structure originally proposed of by Matzat (1979a, b) and
gives credence to the hypothesis that the composition
and crystallography of natural cannizzarite might lie

between the end-members Pb12Bi14S33 and Pb17Bi20S47
(with a potential for partial Se-for-S substitution). Thus,
“cannizzarite” is a narrow, variable-fit homologous
series (Makovicky 1988) of structures and compositions and not a single phase, as already suggested by
Makovicky & Hyde (1981).
There are at least two ways of explaining the chemical variations reported for cannizzarite in the literature
quoted. As mentioned above, cannizzarite is a variablefit homologous series in which the change in the values
of m and n in the formula mQ: nH that expresses the
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number of matching subcells means automatically a
change in the Pb:Bi and cation:anion ratio. It should
be noted, however, that the difference between the
compositions of the two (potentially) limiting modules
lies within the error bounds of electron-microprobe
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analysis. The other possibility is the occurrence of H
or Q layers with a wrong thickness (thinner or thicker
ones than in the periodic structure of cannizzarite) or
an occasional lack of (especially) Q layer between two
adjacent H layers. Model calculations for these mecha-
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nisms are in Makovicky & Hyde (1992). The presence
of cation vacancies assumed by Mozgova et al. (1992)
is considered unlikely; the relatively thin layers will
probably collapse and form another structure because
the large empty polyhedra with uncompensated anions
will be unstable. This might precisely be the way to
change from cannizzarite to the closely related but more
complicated structure of weibullite (Mumme 1980).
Selenium shows a strong preference for the marginal
anion sites of the H layer, as was also observed by
Mumme (1980) for weibullite, Mumme (1976) and
Mumme et al. (2009) for proudite, and suggested by
Mozgova et al. (1992) for cannizzarite. The latter
authors based their explanation on the analogy of the H
layers in cannizzarite and those in the tetradymite series.
Our explanation, mentioned briefly in Mumme et al.
(2009) for proudite, is based on the difference between
the bonds connecting the cations and the central anions
of the H layer, and those connecting the cations and
the marginal anions of this layer, i.e., on the bonding
scheme of, especially, bismuth in the H layer. The
former distances are appreciably longer than the latter,
and the resulting problems in constructing a coherent
two-octahedron layer will be greatly alleviated if a
mechanism is found to make the latter distances longer,
in this case by replacing S2–, with a radius in sulfide
crystals equal to 1.70 Å, by Se2–, with a radius of 1.84
Å (Shannon 1981). The generally low Se contents in our
H layers and the existence of selenium-free cannizzarite
(Nowacki & Stalder 1969, Berlepsch et al. 2001, Topa
et al. 2001) show, however, that these problems can
be overcome without incorporation of selenium. Still,
Mozgova et al. (1992) demonstrated that cannizzarite is
selectively enriched in Se in comparison to the sulfides
associated with it in the deposits of Nevskoye and
Vulcano, i.e., the mechanism proposed is structurally
preferred. It can be assumed that the selective incorporation of selenium in the H layers will also influence the
mQ : nH match and, as a consequence, the Pb:Bi ratio,
but in the absence of crystal-structure determinations
on the Se-free cannizzarite, and absence of positional
parameters for Pb5Bi6Se14 in the publication of Zhang et
al. (2005), this assumption cannot be verified.
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