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ABSTRACT

Excellent samples of lillianite, a rare Pb–Bi sulfosalt, have been found around a high-temperature fumarole at the La Fossa
crater, Vulcano Island, Italy. The mineral is associated with cannizzarite and, subordinately, with galenobismutite and rarer
sulfosalts, as well as sphalerite and selenian galena. Lillianite occurs as laths and fibers up to 100–130 �m in length, and about
20–30 and 1 �m in width, respectively. Electron-microprobe analyses show that the lillianite from Vulcano has a composition
close to the ideal Pb3Bi2S6. Particularly interesting is the absence of Ag and Cu, which makes the lillianite from Vulcano unique
in its purity, with only minor incorporation of Cd. Like in other sulfosalts from Vulcano, significant Se concentrations are invari-
ably present (1.38–2.22 wt. %). Traces of chlorine were found in some crystals due to the high Cl activity in the fumaroles, and
are noted for the first time. The general empirical formula, Pb3–xBi2+2x/3(S6–ySey)�6, reflects the narrow composition field for the
lillianite from Vulcano. The X-ray powder-diffraction data, as well as microhardness and reflectance measurements, are given for
distinct crystals with a different Pb/Bi value. The unit-cell constants are a 13.576(9), b 20.606(8), c 4.119(2) Å for the crystal with
Pb/Bi ≈ 1.50, and a 13.56(1), b 20.57(1), c 4.115(2) Å for the one with Pb/Bi ≈ 1.41. In both films, h + l = 2n reflections
correspond to the space group Bbmm. The lower value of microhardness of the Bi-rich sample may reflect the less well-ordered
structure and the effect of the heterovalent substitution 3Pb2+→ 2Bi3+ + �. A comparison between the lillianite from Vulcano and
the synthetic homologous Phase III is also given.
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SOMMAIRE

Nous avons trouvé d’excellents échantillons de lillianite, un sulfosel à Pb–Bi rare, autour d’une fumerole de haute température
au cratère La Fossa, île de Vulcano, en Italie. Ce minéral est associé à la cannizzarite et, accessoirement, à la galénobismutite et
des sulfosels plus rares, de même qu‘à la sphalérite et la galène sélénifère. La lillianite se présente en plaquettes et en fibres
atteignant 100–130 �m en longueur, et environ 20–30 et 1 �m en largeur, respectivement. Les données obtenues avec une
microsonde électronique montrent que la lillianite de Vulcano a une composition proche du pôle Pb3Bi2S6. L’absence de Ag et de
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INTRODUCTION

Lillianite, ideally Pb3Bi2S6, has a confused and com-
plex history, as do almost all the other sulfosalts of the
system PbS–Bi2S3. The mineral was first described as a
variety of kobellite from the Lillian mine, Colorado
(Keller & Keller 1885, Keller 1890). Later, the type
material and material from other localities, initially de-
scribed as lillianite, were found to be mixtures, although
natural materials of composition very close to ideal
Pb3Bi2S6 have been repeatedly described (Fleischer
1969, and references therein). Today, lillianite is con-
sidered as the natural analogue of synthetic Phase III
(Otto & Strunz 1968).

The structure of lillianite was solved and redefined
using both synthetic Phase III (Otto & Strunz 1968,
Ohsumi et al. 1984), and natural crystals (Kupčik et al.
1969, Takagi & Takéuchi 1972). The structure consists
of alternating slabs of galena-like structure parallel to
(131)PbS, which represents the reflection and contact
plane of a chemical twin. Common sulfur atoms, which
form bicapped trigonal prisms with the Pb atoms on the
mirror plane (Makovicky 1977, 1981, Makovicky &
Karup-Møller 1977a, b, Takéuchi 1997), connect the
adjacent mirror-related layers. This structure acts as a
parent type for the majority of the homologous series in
sulfosalts belonging to the system PbS–Bi2S3–Ag2S, as
well as for some other sulfosalts (Makovicky & Karup-
Møller 1977a).

Distinct homologues differ in the thickness of the
layers, expressed by a number N of octahedra running
diagonally across an individual layer and parallel to
[011]PbS. On this basis, each homologue is denoted as
N1,N2L, where N1 and N2 are the values of N for two mir-
ror-related planes. Makovicky & Karup-Møller (1977a,
b) showed that the chemical composition of the lillianite
homologues can be expressed by means of the formula
PbN–1–2xBi2+xAgxSN+2, (Z = 4), where N = (N1 + N2)/2
and x is the coefficient in the substitution Ag + Bi →
2Pb. Lillianite is denoted as 4,4L, which means that its
ideal structure has the values N1 = N2 = 4, and its gen-
eral formula is PbN–1Bi2SN+2. The value of N may be
calculated directly from the chemical data (Nchem) or,

alternatively, it can be determined crystallographically
(Ncryst). The discrepancies between these values can be
evaluated both in terms of the presence of metal vacan-
cies in the layer of octahedra, as well as in terms of the
presence of erroneously thin layers occurring randomly
in the ordered sequence of layers (Makovicky & Karup-
Møller 1977a, b).

In spite of the very abundant crystallographic inves-
tigations of the lillianite homologous series (LHS), natu-
ral lillianite has not been sufficiently studied, owing to
its rarity and to its common intergrowth with various
sulfosalts of Bi. Moreover, the mineral is usually con-
sidered as a stoichiometric compound with formula
Pb3Bi2S6 (Mandarino 1999), but its synthetic analogue,
Phase III of the system PbS–Bi2S3, has an extensive field
of nonstoichiometry (Salanci & Moh 1969). Further-
more, the relationship between lillianite and synthetic
Phase III is not entirely known and, in some cases, the
formula Pb8Bi6S17 is reported as the formula of lillianite
(Liu & Chang 1994). In addition, some of the physical
properties attributed to lillianite, reflectance for ex-
ample, were measured on materials that have not been
confirmed by X-ray diffraction. Furthermore, in some
cases, the data reported in handbooks are followed by
reservations (Criddle & Stanley 1993). The set of X-ray
data in PDF data files for lillianite is represented by that
of Phase III of the system PbS–Bi2S3 (Salanci & Moh
1969), and only a calculated set of data from a natural
sample is given in the database (PDFWIN 71–0533).

Taking into account that almost all natural samples
of lillianite contain small but significant quantities of
Cu and Ag, an excellent subject of investigation is rep-
resented by the natural homogeneous Ag- and Cu-free
lillianite from Vulcano, in the Aeolian Islands, Italy, first
described by Mozgova with co-authors (1985) during a
re-examination of the type sample of cannizzarite (col-
lected at Vulcano in 1924). Later, new occurrences of
lillianite were documented among the recent products
of condensation in high-temperature fumaroles at the La
Fossa crater of Vulcano (Garavelli 1994, Garavelli et
al. 1997). The results of a mineralogical investigation
on lillianite from Vulcano are presented in this paper.

Cu la rend unique, en fait, et seul le Cd est présent en quantités mineures. En revanche, des quantités importantes de Se sont
invariablement présentes (1.38–2.22%, poids). Des traces de chlore ont été découvertes dans certains cristaux, et témoignent de
l’activité élevée du Cl dans ce milieu. La formule générale empirique, Pb3–xBi2+2x/3(S6–ySey)�6, reflète l’intervalle limité de com-
positions. Nous incluons les données en diffraction X, méthode des poudres, de même que les mesures de microdureté et de
réflectance, pour deux cristaux dont le rapport Pb/Bi diffère. Les paramètres réticulaires sont a 13.576(9), b 20.606(8), c 4.119(2)
Å pour un cristal ayant Pb/Bi ≈ 1.50, et a 13.56(1), b 20.57(1), c 4.115(2) Å pour un autre ayant Pb/Bi ≈ 1.41. Dans les deux cas,
les réflexions h + l = 2n correspondent au groupe spatial Bbmm. La valeur plus faible de la microdureté de l’échantillon plus riche
en Bi pourrait résulter d’un désordre structural plus important, ou des effects de la substitution hétérovalente 3Pb2+→ 2Bi3+ + �.
Nous comparons aussi la lillianite de Vulcano à son homologue synthétique, la Phase III.

(Traduit par la Rédaction)

Mots-clés: lillianite, sulfosels à Pb–Bi, fumeroles, île de Vulcano, Italie.
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GEOLOGICAL SETTING AND OCCURRENCE

Vulcano Island and its fumarole system have been
well described in previous papers (Borodaev et al. 1998,
2000, Vurro et al. 1999). Samples studied in this work
were collected from fumarole FA, a high-temperature
vent situated in the North inner slope of the La Fossa
Crater (see previous papers of the series for more de-
tails). The temperature of this fumarole increased con-
tinuously since July 1988, when the present thermal
“event” began (T = 430°C) to July 1993 (T = 665°C).
After this thermal peak, a general decrease in tempera-
ture was recorded in the area (T = 490°C in March
1995). Over the last five years, the temperature of this
fumarole has not varied greatly, and in August 2000 the
values ranged between 380 and 400°C.

Lillianite occurs in various samples of altered rocks
covered by aggregates of crystals of sulfosalts. Samples
described in this paper were collected in June 1994 on
the ground around fumarole FA (T = 520°C), where the
deposition of lillianite was particularly abundant.

Lillianite is closely associated with various sulfosalts
in aggregates of tiny acicular and leafy crystals, silvery
grey in color, with a metallic luster. The mineralogical
association was quite similar in general terms, but not
exactly the same, as in assemblages deposited around
other high-temperature fumaroles at the crater since
1990 (Garavelli et al. 1997, Borodaev et al. 1998, 2000,
Vurro et al. 1999). Our crystals of lillianite are associ-
ated with cannizzarite, a small quantity of galeno-
bismutite and some rarer sulfosalts, as well as sphalerite
(or wurtzite) and selenian galena. Bismuthinite seems
absent.

MORPHOLOGY

Under the scanning microscope (Cambridge
Stereoscan 360), lillianite appears as laths as well as
fibers measuring up to 100–300 �m in length and about
20–30 �m (laths), and about 1 �m or less in width
(fibers). Tiny tabular crystals of cannizzarite, partly en-
closed in lillianite, are also rather abundant. Distinct
crystals of sphalerite–wurtzite are also present on the
surface of lillianite crystals (Fig. 1a). Some lillianite
laths are well formed and terminated, with generally
uniform and bright faces; these are weakly striated par-
allel to the elongation. Small crystals of ZnS occur spo-
radically on such crystals (Fig. 1b).

There are also corroded or skeletal prismatic crys-
tals of lillianite with stepped surfaces without terminal
faces, as well as skeletal remnants of partly dissolved
lillianite as long prismatic crystals (Fig. 1c). The stepped
surface reflects the perfect cleavage on {100}, which is
characteristic of this mineral (Chukhrov 1960). A crust
of newly formed Cl-bearing sulfides and sulfosalts, as
well as halides (Fig. 1d) partly covers the skeletal rem-
nants of lillianite, forming in places aggregates of idi-
omorphic crystals (Fig. 1c).

In SEM images, as well as in polished sections, some
very interesting peculiarities of lillianite crystals are well
displayed, like droplets on the tips of the tiny prismatic
crystals. This evidence allows us to consider these crys-
tals as whiskers (Wagner & Ellis 1965) growing through
the vapor–liquid–solid (VLS) process.

CHEMICAL DATA

Sixty-six electron-microprobe analyses of various
crystals of lillianite, collected in June 1994 from fuma-
role FA were made on polished sections with two in-
struments: 45 analyses at the Centro Studi Geominerari
e Mineralurgici, CNR, Cagliari using a ARL–SEMQ–
95 instrument, and 21 analyses at Moscow State Uni-
versity with a Camebax SX–50 instrument. The analysis
of some individual grains was repeated in the two labo-
ratories. Analytical conditions were as follows: voltage
20 kV for both instruments, beam current 20 nA for the
ARL–SEMQ–95 and 30 nA for the Camebax SX–50.
Standards (emission lines) in both laboratories: PbS
(PbM�, SK�), CdS (CdL�), Bi2S3 (BiM�, SK�), me-
tallic Ag (AgL�), CuS (CuK�); in Cagliari: FeAsS2
(AsL�), metallic selenium (SeL�), KCl (ClK�); in
Moscow: AgAsS2, Bi2Se3, Pb5(VO4)3Cl with the same
spectral lines as above. Detection limits are: Pb 0.10,
Cd 0.14, Bi 0.10, As 0.08, S 0.02, Se 0.04, Cl 0.03, Ag
0.05, Cu 0.04 wt% at a confidence level of 99%. Ana-
lytical errors, at the same confidence level, are as fol-
lows: Pb 0.85, Cd 0.18, Bi 0.67, S 0.23, Se 0.10, and Cl
0.04 wt%.

The data obtained (Table 1) show that Pb, Bi and S
concentrations range as follows (in wt%): Pb, 47.59–
50.47 (average 49.11, � 0.5); Bi, 33.45 – 35.58 (aver-
age 34.59, � 0.4); S, 14.16–15.10 (average 14.70, � 0.2).
In all cases, the lillianite is found to contain significant
concentration of Se (1.38–2.22 wt%, average 1.71 wt%,
� 0.2) like all the other sulfosalts from Vulcano
(Mozgova et al. 1985, Garavelli 1994, Borodaev et al.
1998, 2000, Vurro et al. 1999). Small contents of rarer
elements are sporadically present: Cd (up to 0.28 wt%)
in 23 analyses and Cl (up to 0.06 wt%) in 18 analyses.
Ag, Cu and As concentrations are below the detection
limits in all cases. Traces of chlorine in lillianite crys-
tals allow us to report for the first time the incorpora-
tion of Cl in Pb–Bi sulfosalts, very probably in substi-
tution for S. Using the formula Nchem = –1 + {Bij + (Pbj
– 1)/2}–1 (Makovicky & Karup-Møller 1977a, Takéuchi
1997), Nchem was calculated for the 66 compositions of
lillianite studied; the values range from 3.76 up to 4.00
(Table 1). It should be stressed that only one value
equals 4.00, whereas the other values are non-integral
and less than the theoretical value of one, according to
the data reported by Makovicky & Karup-Møller
(1977b) for the majority of natural samples of Ag-bear-
ing lillianite. The ideal composition of lillianite, Pb3Bi2
S6, is also reported in Table 1.
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Known compositions of lillianite from other locali-
ties generally contain quantities of Ag in substitution:
up to 2.20 wt% in eastern Transbaikal, Russia (Ontoev
1959) and up to 2.68 wt% in China (Jiang et al. 1991,
unpublished data quoted in Criddle & Stanley 1993). In
this connection, we find it particularly interesting to note
the absence of this element, as well as Cu, in the lillianite
from Vulcano.

The results of all 66 analyses are plotted on the S(Se)
– Bi – Pb(Cd) diagram (at.%) where they form a very
small but significant field (Fig. 2). The field includes
the ideal composition of lillianite, Pb3Bi2S6, with a small
shift to reflect the increasing Bi content. The composi-
tional spread of lillianite from Vulcano corresponds to
about 1.71 mol.% Bi2(S,Se)3. This spread clearly ex-
ceeds the analytical error (≈ 1.23 mol.% Bi2S3). This
variation of composition is in good agreement with the
common incidence of nonstoichiometry among Pb–Bi
sulfosalts, due to the disordered distribution of Pb2+ and
Bi3+ at the same structural sites (Mozgova 1985).

Formulae derived from thirteen selected sets of ana-
lytical data, representative of the whole compositional
field of lillianite samples from Vulcano, are reported in
Table 2. The list includes members with the highest and
the lowest Pb/Bi atomic ratio (Table 2, No. 1–2 and 13,
respectively) and the data obtained on the same grains
both in Russia and in Italy (Table 2, No. 1–2, 4–5, 7–8).
The very good agreement of the results obtained in two
laboratories is remarkable. In the same table, the em-
pirical chemical formulae, Pb/Bi atomic ratio, balance
of valences, and the empirical chemical formulae with
vacancies also are reported.

The empirical chemical formulae have been calcu-
lated on the basis of 11 atoms per formula unit (apfu).
The balance of valences is rather good: deviations do
not exceed 2.9% in all analyses. The atomic ratio Pb/Bi
varies from 1.50 down to 1.38. Taking into account the
deviations from integral values, the general empirical
formula for lillianite studied can be expressed as fol-
lows: Pb3–xBi2+2x/3(S6– ySey)�6 where 0 ≤ x ≤ 0.1 and y ≈

FIG. 1. Morphology and associations of lillianite crystals from Vulcano (Cambridge Stereoscan 360). a) Two morphological
varieties of lillianite: elongate platy crystal and fibers; the tiny tabular crystal, partly included in the platy crystals of lillianite,
is cannizzarite; the big crystal on the surface of lillianite is ZnS. b) Well-formed lath of lillianite with terminal faces; faces are
weakly striated parallel to the elongation. Some small tetrahedra of ZnS are visible on the surface of the lillianite crystals. c)
Corroded long prismatic crystals of lillianite; aggregates of idiomorphic crystals of Cl- and S-bearing minerals can be seen at
the base of the skeletal remnants of partly dissolved lillianite. d) A detail of the crust consisting of newly formed Cl- and S-
bearing minerals covering a corroded crystal of lillianite.
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0.25. There is no clear correlation between x and y coef-
ficients.

The empirical chemical formulae with vacancies (�)
expressed have been calculated from the empirical
chemical formulae considering the substitution 3Pb →
2Bi + � as being mainly responsible for nonstoichio-
metry in lillianite from Vulcano. The proportion of
vacancies does not exceed 0.04 per formula unit.

OPTICAL PROPERTIES AND MICROHARDNESS

Under reflected light in polished sections, lillianite
is white. The bireflectance is weak, but varies notice-
ably, even in a single crystal. Reflection pleochroism is
absent. The anisotropy is distinct, but without color ef-
fect. Quantitative data on reflectance were obtained for
lillianite on the largest crystals that had been well pol-
ished and pre-analyzed in both laboratories [Table 2, No.
4–5; Pb/Bi (atomic) = 1.44]. Reflectance was measured

in air from 420 to 700 nm using an automatic MSFU–
312L polarization microspectrophotometer (LOMO,
Saint Petersburg), with Si as standard and a 20 � 0.40
objective (Table 3). The results for the spectral curves
obtained for this crystal, as well as the standard curve
[Jiang et al. (1991), unpublished data quoted in Criddle
& Stanley (1993)] are plotted in Figure 3. The standard
reflectivity curve R3 occupies an intermediate position
between R1 and R2. Taking into account the analytical
error (1.5%), the reflectance of the lillianite from
Vulcano is rather close to the standard data. Bireflec-
tance is about 4% at 560 nm.

The microhardness was measured on two crystals of
somewhat different bulk composition, one with Pb/Bi
≈ 1.50 (Table 2, No. 1–2), and the other with Pb/Bi ≈
1.41 (Table 2, No. 7–8). An indentation-hardness tester
(PMT–3M) was used with various light loads (up to
100 g), as previously recommended by Shcherbachev
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(1998). The data chosen for comparison were obtained
with small loads (15 and 20 g, respectively), because
their indentations did not induce cracks, which could
influence the results. The values of microhardness (in
kg/mm2) seem to decrease with an increase in the Bi
content: from 234 and 210 (load 15 and 20 g, respec-
tively) for the crystal with Pb/Bi ≈ 1.50 to 151 and 156
(load 15 and 20 g, respectively) for the crystal with Pb/
Bi ≈ 1.41.

DIFFRACTION DATA

Electron-diffraction data for lillianite were obtained
with a JEM–100C microscope. The results are displayed
in Figure 4. Lillianite appears as irregular fragments of
elongate platy particles. Two different selected-area
electron-diffraction patterns (SAED) were obtained. The
first type of SAED pattern (Fig. 4a) allowed us to deter-
mine b ≈ 20.2 and c ≈ 4.0 Å. The preferred orientation
of particles, parallel to b and c, is due to perfect cleav-

age {100}, and has not allowed us to determine the pa-
rameter a. The presence of reflections along b* accord-
ing to k = 2n agrees with space group Bbmm found for
Phase III, synthetic lillianite (Otto & Strunz 1968), as
well as for analogous natural material (Kupčik et al.
1969). The second type of SAED pattern is analogous
to the first, with some diffuse streaks parallel to b*
(Fig. 4b), indicative of disorder in the structure.

Two chemically analyzed crystals of lillianite, ex-
tracted from a polished section under the microscope
(Table 2, No. 1–2 and 7–8), were used to obtain X-ray
powder-diffraction data. A Debye–Scherrer camera 114
mm in diameter (unfiltered Fe-radiation, Si as a stan-
dard) was used; the relative intensities of lines were
estimated visually. The d values of the reflections were
corrected with reference to a silicon internal standard.
The results are given in Table 4 in comparison with a
selection of lines from the calculated powder diagram
(PDFWIN No. 71–0533) from the crystal structure ob-
tained on natural lillianite by Takagi & Takéuchi (1972),

FIG. 2. Projection of the composition field of lillianite (atom %) and the ideal Pb3Bi2S6 composition in the diagram S(Se,Cl) –
Bi – Pb(Cd). Increment = 0.5 at.%.

1383 39#5-oct-01-2277-13 26/10/01, 13:001388



LILLIANITE FROM VULCANO, ITALY 1389

as well as those of synthetic Phase III (Otto & Strunz
1968) and those of natural lillianite from the Bukuka
tungsten deposit, eastern Transbaikal, Russia (Klyakhin
& Dmitrieva 1968). The cell constants were refined by
the least-squares method on the basis of 24 reliable re-
flections indexed according to the calculated powder
diagram (PDFWIN No. 71–0533). Four reflections were
used in the calculation, with double indexes. The cell
constants thus determined are (Å): a 13.576(9), b
20.606(8), c 4.119(2) for the crystal with Pb/Bi ≈ 1.50,
and a 13.56(1), b 20.57(1), c 4.115(2) for the one with
Pb/Bi ≈ 1.41. In both films, h + l = 2n reflections corre-
spond to the space group Bbmm.

The results obtained for the two crystals from
Vulcano (Table 4) are very close, as well as to the pub-
lished data for synthetic Phase III reported in the PDF
file 29–763 on synthetic lillianite (Otto & Strunz 1968)
and to natural lillianite from Bukuka (Klyakhin &
Dmitrieva 1968). Small differences between our data
and the published values may be caused by small varia-
tions in composition. For the lillianite from Vulcano,
values of d and cell parameter b of the Bi-rich member
are somewhat smaller than those of the Pb-rich one,
whereas the differences between the other cell param-
eters (a and c) lie within error. We note also that the
strong broad line with d = 3.41 Å (I = 8) in the Bi-rich
crystal is split into two reflections with d = 3.45 and
3.41 Å (I = 8) in the Pb-rich crystal (Table 4). It is evi-
dently a consequence of a greater degree of order in the
crystal structure of lillianite with composition close to
the ideal one.

FIG. 3. Reflectance spectra in air for lillianite from the
fumarole FA and standard data R3 [Jiang et al. (1991),
unpublished data quoted in Criidle & Stanley (1993).
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1390 THE CANADIAN MINERALOGIST

DISCUSSION

The lillianite from Vulcano

Considering the composition of lead–bismuth
sulfosalts, Godovikov (1972) noted that natural lillianite

usually incorporates noticeable amounts of different
metals. For example, the sample from the Bukuka de-
posit (eastern Transbaikal, Russia), the homogeneity of
which was first supported by X-ray powder-diffraction
data (Ontoev 1959, Klyachin & Dmitrieva 1968), con-
tains 2.2 wt% Ag. Makovicky & Karup-Møller (1977b)
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LILLIANITE FROM VULCANO, ITALY 1391

and, more recently, Pring et al. (1999) reported that no
silver-free natural samples of lillianite homologues had
been found.

As shown in the chemical data section of the present
paper, lillianite from Vulcano has a composition rather
close to the ideal one with respect to cations (except for
minor incorporation of Cd). Particularly interesting is
the absence of Ag and Cu, which allows us to consider
the lillianite from Vulcano as unique owing to its rela-
tive purity. The lillianite samples show a narrow com-
positional range caused by slight variations of the main
formula-forming cations: Pb and Bi. This has been re-
flected in the formula: Pb3–xBi2+2x/3(S6–ySey)�6 with 0 ≤
x ≤ 0.1 and y ≈ 0.25, which indicates the extent of de-
parture from the ideal composition Pb3Bi2(S,Se)6 toward
an increasing Bi content. In terms of the Bi2S3 mol %,
the composition field of samples collected in June 1994
ranges from 24.94 up to 26.65% (with a 1.71% inter-
val). The results of the sixty-six analyses discussed in
this paper, as well as the results of a number of analyses
of lillianite samples collected from the same fumarole
but at different dates (Garavelli & Vurro, unpubl. data),
fall within the same range (Fig. 5). These data confirm
the existence of nonstoichiometry in lillianite.

The values of chemical N, calculated for the sixty-
six analyses presented in this work, range from 3.76 to
4.00 and are mostly not integral and less than the
crystallographicaly defined theoretical value (N = 4.00).
Makovicky (1981) noted that differences between non-
integral values for N, generally smaller than the theo-
retical one, may be due either to the vacancies (�) in
the metal positions, created by substitution 3Pb2+ →

2Bi3+ + �, or to errors in the frequency of “chemical
twinning”. Defect structures and disordered inter-
growths were first reported in high-resolution transmis-
sion electron microscopy studies on synthetic members
of the lillianite homologous series (Skowron & Tilley
1986, Tilley & Wright 1982). Stacking disorder and dis-
ordered intergrowth have been recently confirmed also

FIG. 4. Electron-microdiffraction photos of lillianite : a) SAED pattern of lillianite with b ≈ 20.2 and c ≈ 4.0 Å. b) SAED pattern
of disordered structure of lillianite with diffuse streaks parallel to b*.

FIG. 5. Comparison of compositions of lillianite from the
fumarole FA and synthetic Phase III (in mol.% Bi2S3). In
grey: composition field (25–33 mol.% Bi2S3) of Phase III
(Salanci & Moh 1969). a) Fumarole FA, June 1994, T =
520°C, ARL–SEMQ–95 microprobe. b) Fumarole FA,
June 1994, T = 520°C, Camebax SX–50 microprobe. c)
Fumarole FA, July 1994, T = 547°C, ARL–SEMQ 95 mi-
croprobe. d) Fumarole FA, October 1992, T = 665°C,
ARL–SEMQ–95 microprobe. Compositions of Phase III,
Pb3Bi2S6, Pb3Bi2.12S6.01 and Pb8Bi6S17, and of bursaite,
Pb5Bi4S11, also are given.
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in natural equivalents (Pring et al. 1999). Taking into
account the conditions of formation of the lillianite at
Vulcano (high rate of crystallization at the interface
between fumarolic fluids and atmosphere), it is reason-
able to suppose that the nonstoichiometry of lillianite

studied is mainly due to the same disorder and only to a
smaller extent to the vacancy-producing mechanism 3Pb
→ 2Bi + �.

Our X-ray study revealed some differences between
the two lillianite crystals, which have different compo-

FIG. 6. Schematic diagram of the two types of X-ray powder-diffraction data for synthetic
Phase III (main reflections for d values greater than 2 Å). Type I: a) composition 27
mol.% Bi2S3 (Pb/Bi = 1.35), T = 750°C, evacuated silica-tube experiments (Craig 1967);
b) 27.3 mol.% Bi2S3 (Pb/Bi = 1.33), T in the range 750–800°C, chemical transport
method of reaction (Otto & Strunz 1968); c) Pb3Bi2.12S6.01 (Pb/Bi = 1.42), 400°C, hy-
drothermal synthesis (Klyakhin & Dmitrieva 1967). Type II: d) 27.27 mol.% Bi2S3 (Pb/
Bi = 1.33), T = 700°C, evacuated silica-tube experiments (Salanci & Moh 1969); e)
unknown exact composition, T = 750°C, evacuated silica-tube experiments (Godovikov
1972).
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sitions. A comparison of the set of unit-cell parameters
obtained and X-ray powder-diffraction data shows that
the differences in parameters a and c are in the range of
instrumental errors. The value of parameter c obtained
for both the crystals (≈ 4.11 Å) agrees with the data
reported by Makovicky & Karup-Møller (1977b), who
noted that in natural Ag-bearing lillianite, this param-
eter seems independent of the composition and equal to
4.11 Å. From our analyses, the value of the parameter b
for the crystal with a close-to-ideal composition
(Table 4, column I) is the same as that reported by Otto
& Strunz (1968) for Phase III, synthetic lillianite (Table
4, column IV). On the other hand, a small but signifi-
cant decrease in the parameter b with an increase of Bi
content has been recorded. This decrease suggests a
variation of this parameter with composition, even
though we cannot support this hypothesis on the basis
of only two analyses. A similar variation of parameter b
with composition was previously reported by
Makovicky & Karup-Møller (1977b), who noted that in
natural and synthetic samples of Ag-bearing lillianite,
the b parameter seems linearly dependent on the per-
centage of the Ag-for-Bi substitution.

Essential differences have been revealed in values
of microhardness of the lillianite grains considered
(Table 2, No. 1–2 and 7–8). The lower value of
microhardness of the Bi-rich sample may be due to the
lower degree of order in the structure of the lillianite
with the lower value of Pb/Bi, which is consistent with
the diffraction data given above. To some extent, the
observed decrease may be explained also by the
heterovalent substitution 3Pb2+ → 2Bi3+ + �. The struc-
ture of lillianite has two independent octahedrally coor-
dinated metal sites, M1 and M2 in the galena-like slabs,
and a third one, M3, in the boundary of the slabs. Ac-
cording to Takagi & Takéuchi (1972), the Pb and Bi
atoms are distributed randomly over the M1 and M2
sites, but Ohsumi et al. (1984) suggested that the M2
site contains more bismuth than M1. The M3 site is oc-
cupied only by a Pb atom, possibly associated with va-
cancies. The total number of metal sites per unit cell is
20, with Z = 4. Taking into account these data, in the
case of the Bi-rich sample (Table 2, No. 7–8), we infer
about 0.12 vacancies per unit cell, which could contrib-
ute to the observed decrease in hardness.

Finally, note that lillianite occurs at Vulcano owing
to peculiarities of the deposition environment in fuma-
roles. The mode of formation of this phase as a subli-
mate shows some similarities with the conditions of the
formation of synthetic Phase III in some hydrothermal
experiments. According to Klyakhin & Dmitrieva
(1968), synthetic Pb3Bi2S6 is easily crystallized from
solutions containing NaCl, KCl and NH4Cl at 350–
450°C. The same compounds play an important role in
the fumarole environments at Vulcano, both in the vol-
canic transport of lead and bismuth as volatile chlorides,
and in the early deposition of the same elements as
metastable chlorosulfides, from which lillianite and

other sulfosalts form through reactions involving gas-
eous H2S (Garavelli et al. 1997, Cheynet et al. 2000).

Relationships between natural lillianite
and its synthetic homologous phases

The first synthetic “lillianite” was obtained more
than 60 years ago (Schenck et al. 1939). Later, as the
phase relations along the pseudobinary join PbS–Bi2S3
of the system Pb–Bi–S were investigated intensively
(Van Hook 1960, Salanci 1965, Craig 1967, Otto &
Strunz 1968, Salanci & Moh 1969, Klyakhin &
Dmitrieva 1968, Godovikov 1972), Phase III appeared
to be the synthetic homologue of lillianite. This phase
shows an extensive range of composition, with a maxi-
mal solid-solution at 700–750°C. According to Salanci
& Moh (1969), its composition ranges from about 25 to
33 mol.% Bi2S3 at 750°C (Pb/Bi atomic ratio from 1.50
up to 1.02, respectively). The field (Fig. 5) starts ap-
proximately from the composition of ideal lillianite,
Pb3Bi2S6 (Pb/Bi = 1.50), and covers compositions like
Pb8Bi6S17 (Pb/Bi = 1.33), initially attributed to
giessenite (Graeser 1963, Strunz 1977), Pb5Bi4S11 (Pb/
Bi = 1.25), ascribed to bursaite (Cioflica & Vlad 1974,
Strunz 1977, Mozgova et al. 1988, Mandarino 1999)
and extends approximately to Pb2Bi2S5 (Pb/Bi = 1.00),
corresponding to cosalite (Mandarino 1999). The com-
position of lillianite from Vulcano (Pb/Bi atomic ratio
ranging from 1.38 to 1.50, average 1.43) is very similar
to the composition of synthetic Phase III of Klyakhin &
Dmitrieva (1968) Pb3Bi2.12S6.01 (Pb/Bi = 1.42 in atoms).
This phase, obtained hydrotermally at 400°C, is the syn-
thetic compound better represented by the ideal formula
Pb3Bi2S6.

It is well known that some Pb–Bi sulfosalts are very
similar in morphology and physical properties. In addi-
tion, the mutual substitution involving occupants of the
metal–semimetal positions raise many problems for
their definitive identification (Mozgova 1985). For these
reasons, the X-ray-diffraction data are considered to
provide the most reliable approach. A number of X-ray
powder-diffraction data of Phase III, labeled as “syn-
thetic lillianite”, have been published by various au-
thors. Close inspection of published X-ray data for
Phase III permits us to distinguish two types, differing
in interplanar distances (especially in the region above
2 Å). This is schematically illustrated in Figure 6, where
the strongest reflections of the five X-ray powder-dif-
fraction data of Phase III, obtained by different authors
using different methods, are represented. The first type
(Figs. 6a–c) has two main lines in the low-angle region:
3.52–3.53 and 3.42 Å, whereas the strongest reflections
of the second type (Figs. 6d–e) in the same area are
3.47–3.48 and 3.38–3.36 Å. The first type includes the
data for Phase III obtained by hydrothermal synthesis
(Klyakhin & Dmitrieva 1968), as well as those pub-
lished by Craig (1967) and Otto & Strunz (1968). As
stated above, this type is consistent with the X-ray data
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of lillianite from Vulcano. The second type contains the
data obtained by Salanci & Moh (1969) and Godovikov
(1972). Both of these patterns are very close to that of
bursaite, Pb5Bi4S11 (Cioflica & Vlad 1974, Mozgova et
al. 1988), which has the strongest reflections at d val-
ues of 3.48 Å (I = 10) and 3.38 Å (I = 9). On the basis of
the data considered, it seems reasonable to suppose that
the composition field ascribed to Phase III at 700–750°C
is really heterogeneous and probably contains some
subphases, as it overlaps the compositional field of
Phase V (Takéuchi 1997). These various subphases
could be related to the different natural occurrences of
lillianite. Some of them have X-ray data that are more
similar to the first group of synthetic phases (Craig 1967,
Klyakhin & Dmitrieva 1968, Otto & Strunz 1968),
whereas the others are closer to the second group of
synthetic materials (Salanci & Moh 1969, Godovikov
1972).

CONCLUSIONS

This investigation of lillianite samples, recently de-
posited at the La Fossa crater fumaroles, permits us to
report the first natural occurrence of an Ag-free 4L mem-
ber of the lillianite homologous series. Its narrow com-
position field (Pb/Bi atomic ratio ranging from 1.38 to
1.50) is well expressed by the general empirical formula,
Pb3–xBi2+2x/3(S6–ySey)�6, with 0 ≤ x ≤ 0.1 and y ≈ 0.25.
The observed nonstoichiometry has been mainly attrib-
uted to structural disorder and, subordinately, to the
simple heterovalent substitution 3Pb2+ → 2Bi3+ + �.
This reconstruction is to be expected in view of the con-
ditions of mineral formation in the exhalative environ-
ment.

The chemical composition of lillianite described and
X-ray data agree with the data gathered for synthetic
Phase III (Pb3Bi2.12S6.01, Pb/Bi = 1.42 in atoms) hydro-
thermally synthesized by Klyakhin & Dmitrieva (1968).
Thus at 400–500°C, the compositions of natural Ag-free
lillianite and synthetic homologues are close to the ac-
cepted ideal formula Pb3Bi2S6. The other homologous
synthetic phases, most of which were obtained by
quenching at 700–750°C, contain about 27.3 mol.%
Bi2S3, and are better expressed by the formula Pb8Bi6S17
(Pb/Bi = 1.33 in atoms). The same formula, Pb8Bi6S17,
has been recently used by Liu & Chang (1994) in de-
scribing the composition of their synthetic lillianite.

We cannot exclude the possibility that the composi-
tional field of synthetic Phase III, wider at higher tem-
peratures, contains different subphases, as for example
Phase V of the same system (Takéuchi et al. 1974, 1979,
Sugaki et al. 1974, Tilley & Wright 1982). Further in-
vestigations are required in this regard.

Finally, the occurrence of homogeneous crystals of
lillianite at Vulcano lacks traces of decomposition,
which are common at other localities (Ontoev 1959,
Klyakhin & Dmitrieva 1968). This may be ascribed to
the rapid drop in the temperature taking place at the

fumaroles, similar to the quenching procedure in the
synthesis of phases in laboratory experiments.
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