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abstraCt

We present a transmission electron microscopy (TEM) investigation of lillianite (Pb3Bi2S6) and 
heyrovskýite (Pb6Bi2S9), from Vulcano, Aeolian Islands, Italy. The minerals investigated represent the 
only naturally occurring Ag- and Cu-free sulfosalts in the lillianite homologous series (LHS). Three 
methods (crushing, ion-milling, and ultramicrotomy) were used to prepare TEM specimens. Selected 
area electron diffraction (SAED) patterns and high-resolution TEM (HRTEM) images indicate well-
ordered crystals with only minor stacking faults and, more rarely, nanoscale intergrowths of lillianite 
and heyrovskýite. The latter were sometimes found to form an incommensurate structural modulation 
with an angle of ~29° relative to b* in the (hk0) plane and a wavelength of ~75 Å. This represents 
the first observation of such incommensurate modulations in heyrovskýite. Although considerable 
evidence points toward an artifact induced by the sample preparation technique (i.e., ion-milling), 
the possibility that the incommensurate modulation could be a primary feature of heyrovskýite itself 
cannot be completely ruled out. The modulation could derive from an ordering process of Pb and Bi 
cations over Me4 and Me5 sites within the PbS-like layer or from ordering of vacancies, naturally 
present or induced by Bi2S3 sublimation during ion-milling.
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introDuCtion

Nearly all natural lillianite, ideally Pb3Bi2S6, and hey-
rovskýite, ideally Pb6Bi2S9, crystals contain small amounts of 
substitutional Ag and/or Cu in their structures (Pring et al. 1999; 
Pring and Etschmann 2002; Makovicky et al. 1991). Lillianite 
and heyrovskýite from Vulcano are, however, essentially Ag- 
and Cu-free members of the lillianite homologous series (LHS) 
(Makovicky and Karup-Møller 1977a, 1977b). Their structures 
are based on alternating layers of “galena-like” type cut parallel 
to (131) of the cubic PbS structure and stacked in a twinning 
relationship along [010] of LHS (Bbmm setting). Diverse mem-
bers of the series differ in thickness of the “galena-like” slabs, 
expressed by the number (N) of octahedra running diagonally 
across an individual slab of the PbS archetype and parallel to 
[011]PbS. Each mineral of the LHS is denoted as N1,N2L, where 
N1 and N2 are the values of N for two adjacent mirror-related 
slabs (Makovicky 1977; Makovicky and Karup-Møller 1977a). 
Lillianite and heyrovskýite (Fig. 1) are, respectively, the homo-
logues 4,4L and 7,7L of the series (Table 1).

Most studies on natural Pb- and Bi-sulfosalts (Takagi and 
Takéuchi 1972; Takéuchi and Takagi 1974; Makovicky et al. 
1991; Pring et al. 1999; Pring and Etschmann 2002; Pring 
and Ciobanu 2007) or their synthetic analogues (Skowron and 
Tilley 1986, 1990) concern samples containing Ag and/or Cu 
as Pb substitutes, according to the well-known substitutional 
mechanism 2Pb2+ = Ag(Cu)+ + Bi3+. Price and Yeomans (1984), 
as well as Pring and Graeser (1994), suggested that Ag and other 

monovalent cations play a role in stabilizing some polytypic 
structures. In particular, the distribution of Ag in the LHS struc-
tures controls the thickness of the galena-like slabs (Makovicky 
1977), and this may influence the stability of the homologues 
(Price and Yeomans 1984; Skowron and Tilley 1990), although 
the reasons are not well understood.

Detailed structural investigations on natural Ag- and Cu-free 
lillianite and heyrovskýite have only been published in recent 
years (Borodaev et al. 2001, 2003; Pinto 2004; Pinto et al. 2006; 
Balić-Žunić et al. 2007). Each of these studies has been carried out 
on natural materials formed at Vulcano (Aeolian Islands, Italy), 
under high-temperature fumarole conditions. The absence of Ag 
and Cu in heyrovskýite and lillianite from Vulcano is related to 
the lack of these monovalent cations in the fumarole fluids from 
which the crystals formed (Borodaev et al. 2001, 2003).

HRTEM has been widely used in structural and microstruc-
tural investigations on oxide and silicate minerals. In contrast, 
there are relatively few HRTEM studies on sulfides-sulfosalts 
(i.e., Pierce and Buseck 1978; Akizuki 1981, 1983; Kissin and 
Owens 1986; Williams and Hyde 1988; Williams and Pring 1988; 
Pring 1989, 1990, 1995, 2001; Pring and Hyde 1987; Pring et 
al. 1993; Pring and Graeser 1994; Ciobanu et al. 2004). Even 
fewer HRTEM studies on LHS compounds have been reported 
in the literature, including those on natural minerals (Pring et al. 
1999; Pring and Etschmann 2002; Pring and Ciobanu 2007) or 
their synthetic analogues (Prodan et al. 1982; Tilley and Wright 
1982; Skowron and Tilley 1986, 1990).

TEM investigations on synthetic analogues of LHS date 
back to the studies of Tilley and Wright (1982) and Prodan et al. 
(1982). These studies showed that lillianite and heyrovskýite are * E-mail: giancarlo.capitani@unimib.it


