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ABSTRACT

We present a transmission electron microscopy (TEM) investigation of lillianite (PbsBi,S;) and
heyrovskyite (PbsBi,S,), 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 heyrovskyite. 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 A. This represents
the first observation of such incommensurate modulations in heyrovskyite. 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 heyrovskyite 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 Bi,S; sublimation during ion-milling.
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INTRODUCTION

Nearly all natural lillianite, ideally Pbs;Bi,Se, and hey-
rovskyite, ideally PhsBi,S,, 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 heyrovskyite from Vulcano are, however, essentially Ag-
and Cu-free members of the lillianite homologous series (LHS)
(Makovicky and Karup-Mgller 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]pss. Each mineral of the LHS is denoted as MN2L, where
N1 and N2 are the values of N for two adjacent mirror-related
slabs (Makovicky 1977; Makovicky and Karup-Mgller 1977a).
Lillianite and heyrovskyite (Fig. 1) are, respectively, the homo-
logues ““L and "L 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 2Pb?* = Ag(Cu)* + Bi®*. Price and Yeomans (1984),
aswell as Pring and Graeser (1994), suggested that Ag and other
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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 heyrovskyite have only been published in recent
years (Borodaev et al. 2001, 2003; Pinto 2004; Pinto et al. 2006;
Bali¢-Zunié 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 heyrovskyite 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 heyrovskyite are
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FIGURE 1. Structural projections of lillianite (a) and heyrovskyite
(b) down [001] [Bbmm setting; after Makovicky (1977) and Takeuchi
and Takagi (1974), respectively; site occupancy in lillianite is modified
after Pinto et al. (2006)]. Shaded areas represent Pb and Pb/Bi polyhedra.
Bright and dark polyhedra represent different heights along [001].

the only stable ternary phases in the PbS-rich region of the PbS-
Bi,S; system. The coexistence of heyrovskyite with galena and
the coherent intergrowth of heyrovskyite and lillianite suggest
that additional ordered phases with intermediate compositions are
unlikely to form. In contrast, in their HRTEM studies of quenched
and annealed materials in the PbS-rich region of the PbS-Bi,S,-
Ag,S system, Skowron and Tilley (1990) found a large variety
of ordered phases of LHS homologues, including 4L, "8L, and
88L (not yet found in nature), as well as disordered phases and
ordered sequences. These authors observed that homologues with
N =4 or 7 blocks, either ordered or disordered, were dominant

phases at 700 °C, whereas a wide variety of homologues occurred
at 500 °C. Besides the proliferation of LHS phases, the addition
of Ag,S component to the PbS-Bi,S; system was claimed to
stabilize slabs of galena-like structural units that are five- and
eight-octahedra in width. All these studies on synthetic LHS
materials reported also about electron beam damage of sulfosalts.
The loss of crystallinity may result form Bi,S; sublimation due
to sample heating under prolonged electron beam exposure or
transformation of the chemically twinned phases to galena under
electron beam irradiation (Skowron and Tilley 1986).

HRTEM studies on natural samples have focused on Ag-
bearing LHS minerals from the Ivigtut cryolite deposit, South
Greenland. Pring et al. (1999) described extensive regions of
disordered intergrowths of lillianite/gustavite-like (N = 4) and
heyrovskyite-like (N = 7) blocks. In one case, oscillating Pb/
Bi concentration was inferred from the observed distribution
of blocks with N =4 and N = 7. A compositional fluctuation on
the order of 70-170 A over a region of 1800 A long, including
a 220 A lamella of ordered vikingite, which yielded an average
homologue number N = 4.92, was observed. The relative stabil-
ity among well-ordered phases (vikingite and gustavite), longer
ordered sequences (e.g., 4,4,4,7, 7,7,7,4, etc.), and disordered
sequences was established to decrease in this order. Long period
ordered intergrowths were thus interpreted as an intermediate
stage of a diffusion-controlled exsolution process from a het-
erogeneous, unknown precursor with N, ~5 that could evolve
into ordered vikingite and gustavite. Pring and Etschmann (2002)
described coherent intergrowths of Cu- and Ag-rich cosalite
(Cu,,AgogPbs 7Big»S,0) with members of the lillianite-gustavite
series (PbsBi,Se-PbAgBI;Ss). These authors also observed a
complex fringe texture in Ag-bearing cosalite and explained
it as a compositional-displacive modulation related to coupled
Ag/Pb/Bi and Cu/O ordering. More recently, Pring and Ciobanu
(2007) examined a crystal of eskimoite, a >°L homologue and
Ag-substituted polymorph of "7L heyrovskyite (Table 1). They
found numerous 5,5 and 9,9 “block-width errors” over a crystal
edge of about 80000 A, but relatively minor compositional
oscillations since 5,5 and 9,9 blocks occurred closely spaced
and the average homologue number N = 7.07 was very close
to that of stoichiometric eskimoite. Nevertheless, they deduced
a medium-range (100-150 A) compositional oscillation in Ag
within the longer-range modulation.

In this work, we report the first TEM investigation of lillianite
and heyrovskyite from Vulcano. The results include a description
of the microstructures found in these Cu- and Ag-free sulfosalts
compared with those that occur in natural Ag- and Cu-bearing

TaBLE 1. Compositional and structural data for selected sulfosalts of the lillianite homologous series (from Ferraris et al. 2004, modified)
Mineral Formula LHS a(A) b c () B Y Space group
Lillianite Pb;Bi,Ss 4L 13.54 2045 4.10 - - - Bbmm
Xilingolite Pb;Bi,Ss A4 13.51 4.09 20.65 - 92.2 - C2/m
Gustavite PbAgBi;Ss AL 7.08 19.57 8.27 - 107.2 - P2./c
Vikingite PbgAgsBii3Sso 471 7.10 8.22 25.25 90 95.36 106.8 P1
Ramdohrite PbSb;1Ag:S,s A4 19.24 13.08 8.73 - 90.3 - P2,/n
Andorite IV Pb1sAg155b4;S06 AL 13.04 19.18 17.07 - - 920 P2,/a
Andorite VI PbAgSb,Se 4L 13.02 19.18 2548 - - - Pn2,a
Heyrovskyite Pb,Bi,Se 7L 13.71 31.21 4.3 - - - Bbmm
Aschamalmite Pbs ,Bi; 0659 N 13.71 4,09 3143 - 91 - C2/m
Ag-Bi-heyrovskyite Pb;36A013,Bis 3,5, 771 411 13.60 30.49 - - - Cmcm
Eskimoite Ag;Pb;oBi;5S36 9L 13.46 30.19 4.10 - 93.4 - B2/m
Ourayite Pb,Ag;BisS;; nap 13.49 4417 4,05 - - - Bbmm
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phases and their synthetic analogues. Because of the high sen-
sitivity of sulfosalts to focused beams (see also Loginov and
Brown 1992), results are also discussed with respect to TEM
specimen preparation techniques employed (i.e., ion-milling
vs. ultramicrotomy) and to observation conditions (electron
dose). In this frame, for the first time, we describe an incom-
mensurate structural modulation in heyrovskyite, although its
origin remains unclear.

EXPERIMENTAL METHODS

Samples

The minute, lead-gray crystals of sulfosalts used in this study were collected
from deep walls of a fumarole vent located on the northern inner slope of the
La Fossa crater of the Vulcano island (fumarole IC, T = 400-460 °C). From a
morphological point of view, lillianite and heyrovskyite are very similar and can-
not be distinguished even with the aid of an optical microscope. Both sulfosalts
occur either as needle-like crystals, up to 300 um in length and 70 um in width,
or larger lath-like crystals, both silvery gray in color and with a metallic luster.
Several fragments of the crystals were hand picked, and their compositions were
verified by energy dispersive X-ray (EDX) spectrometry on a scanning electron
microscope (SEM).

Electron microprobe and single-crystal XRD analyses of several fragments
from the same suite of crystals have been performed in previous studies (Bali¢-
Zuni¢ et al. 2007; Mitolo 2008; Pinto et al. in review). Both Ag-free lillianite and
Ag-free heyrovskyite crystals adopt the space group Bbmm and are homogeneous
in composition, with N, (defined as the N resulting from the chemical formula)
ranging from 3.896 to 4.01 and from 6.56 to 6.84, respectively. The average com-
position of lillianite is Pb p:Bi, 03(Ss.70S€0.26)s5.06 (Mean of six point analyses), and
its unit-cell parameters are a = 13.593, b = 20.661, ¢ = 4.127 A, and V = 1158.57
A3, The composition of heyrovskyite is (PbsgsCdoos)ss soBiz0s(Se525€055Co.03)s0.08
(mean of five point analyses), and its cell parameters are a = 13.7498(4), b =
31.5053(1), ¢ = 4.1475(1) A, and V = 1796.66(7) Ac.

TEM specimen preparation

TEM specimens of lillianite and heyrovskyite were prepared using three
different methods: crushing, ion-milling, and ultramicrotomy. Crushing is the
simplest and most common method. However, with this technique, crystals with
pronounced anisotropy tend to settle with their cleavage faces parallel to the TEM
grid, preventing observation of crystals along directions parallel to the cleavage
planes. A few selected crystals were powdered in an agate mortar under ethanol to
dissipate heat and reduce grinding stress of sample grains. A drop of the resultant
suspension was deposited and left to dry on a carbon-coated copper grid. Since
the examined crystals have (100) plate shapes, with the exception of one case, we
could observe the crushed samples only along or close to their a axis.

lon-milling has been widely used for preparation of large, electron transparent
TEM specimens. [001] pre-oriented crystal fragments were glued on a side of a
microscope cover glass (2 x 1 x 0.17 mm), mounted onto a copper ring, and then
thinned down to electron transparency with a Gatan Precision lon-Polishing System
(PIPS). The operating voltages of PIPS were 3-5 keV, and the beam incidence to
the sample surface was +10°. The recovered TEM mounts were then carbon-coated
to avoid electrostatic charging during TEM observation. However, ion milling may
induce artifacts due to preferential sputtering, sample heating, and radiation damage
(Barber 1970). For our specimens, it seems that sample heating may have induced
partial sublimation of sulfosalts. This prompted us to employ an alternative sample
preparation technique, i.e., ultramicrotomy.

Ultramicrotomy is a technique widely employed in life sciences to cut soft
biological samples into thin cross-sections (<100 nm). In mineralogy, the use of
this technique is relatively rare, largely because minerals are in general hard to
cut. According to Malis and Steele (1990), who applied ultramicrotomy to several
crystalline materials, only small wedges of electron-transparent areas, accompa-
nied by crushed and strained regions, could be obtained. Nevertheless, successful
application of this method has been reported for muscovite (e.g., Amouric and
Baronnet 1983), and we have tried it on sulfosalts, which possess slightly higher
but still relatively low hardness (2-2.5 vs. 2—4, respectively). Our motivation to
use ultramicrotomy was to rule out the possibility of any artifacts induced by ion-
milling, while maintaining the advantage of observing the lillianite and heyrovskyite
crystals along c. Several crystals were embedded in a low viscosity epoxy resin

(“Spurr resin,” Spurr 1969) and were cut along their (001) planes (perpendicular
to ¢) with an Ultracut ultramicrotom. The recovered slices, 40-50 nm in thickness,
were mounted on formvar-coated copper grids and were then carbon coated.

TEM OBSERVATIONS

Sulfosalt specimens were analyzed at the Dipartimento Geomineralogico of
the University of Bari with a JEOL JEM 2010 electron microscope operating at
200 keV with a LaBs electron source, equipped with an EDX detector and a £20°
double-tilt specimen holder. The spherical aberration (C;) of the TEM is 0.5 mm,
and its theoretical point-to-point resolution is 1.94 A.

Digital images were acquired on a Gatan MSC794 CCD. To remove the
noisy contrast from the amorphous material, HRTEM images were ABS-filtered
(Average Background Subtraction, Kilaas 1998) with an HRTEM filter (Mitchell
2007), as implemented in Gatan Digital Micrograph (version 3.9). When required,
additional Fourier filtering was applied using the masking tools in program CRISP
(Hovmoller 1992). HRTEM image simulations were performed with NCEMSS v.
1.8 (Kilaas 1998).

RESULTS
Lillianite and lillianite-heyrovskyite intergrowths

Typically, the lillianite and heyrovskyite crystals investigated
exhibit a well-ordered microstructure free of major defects.
SAED patterns could be easily attributed to either lillianite or
heyrovskyite, and were free of streaks and extra spots, indicating
the absence of intergrowths. Lillianite was recognized on [001]
diffraction patterns by the correspondence of the strong 311ps
subcell reflection with 0,12,0, which results in a repeat distance
along b of ~20.7 A (Fig. 2). Heyrovskyite was identified by the
correspondence of 311,,5 with 0,18,0, with a repeat distance
along b of ~31.3 A,

Because of the significant noise affecting HRTEM images,
the interpretation of the contrast on the (001) projection is not
straightforward. Better information was captured on ABS-
filtered images. In this case, the fish-bone features typical of the
LHS chemical twinning could be recognized. Lillianite shows
equally spaced (010) lattice fringes over wide areas and appears
as a discrete phase with 4,4 ordered sequences of galena-like
slabs (Fig. 3).

No observation-induced structural defects and/or dynamic
processes, as formation of other phases or chemical reactions,
were detected during our TEM investigation. However, the
contrast on HRTEM images was often blurred by an inelastic
signal, probably due to an amorphous film produced by ion
milling and/or sample radiation damage, as mentioned above,
that had to be filtered out in the frequency domain to improve
the image quality.

In a few cases, stacking faults and lillianite-heyrovskyite
intergrowths were observed. Similar defects are quite common
in natural Ag-bearing LHS minerals (Makovicky et al. 1991,
Pring et al. 1999; Pring and Etschmann 2002) and synthetic
analogues (Prodan et al. 1982; Tilley and Wright 1982; Skowron
and Tilley 1986, 1990). Sets of planar faults, imaged as dark and
bright straight lines, were observed once in an ordered matrix
of lillianite (Fig. 4), but their nature could not be determined
because the sample was too thick. In a second case, a ~145 A
wide strip of heyrovskyite was observed within the lillianite
(Fig. 5a). The regular order of lillianite was also altered by
the presence of a single lamella having a periodicity of ~24 A,
This lamella is consistent with cosalite, Pb,Bi,Ss. However, it
is more likely to be vikingite, which has a *’L structure with
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FIGURE 2. (a) Image of lattice fringes of lillianite taken down [001]. Note the ordering sequence of equally spaced (010) lattice fringes with an
interplanar distance of about 20.7 A. (b) Selected area electron diffraction (SAED) pattern of lillianite. Note the absence of streaks and extra spots.

T \ | '. %
FIGURE 3. (a) ABS-filtered HRTEM image of lillianite taken down [001]. Note the ordering sequence of equally spaced (010) lattice fringes (long

lines) and twin planes (short lines). (b) Fast Fourier transform (FFT) of a with some sublattice PbS reflections indicated. (¢) Fourier filtered image of
the square area indicated in a. The projected unit cell of lillianite is outlined. Note the symmetrical fish-bone structure typical of 4,4 lillianite.

a ~25 A repeat, since cosalite is not a LHS homologue (Table  consistent with a single lamella of mozgovaite, PbBi,(S,Se),
1). Nevertheless, cosalite-lillianite lamellar intergrowths were  (Vurro et al. 1999), intergrown with heyrovskyite, but for the
reported by Pring and Etschmann (2002), in a natural sample  same reason described above it is probably a 9,9 LHS, which
from Ivigtut (Greenland). In addition, a single lamella ~37 A has approximately the same width.

wide was also observed within heyrovskyite. Such a repeat is The lillianite-heyrovskyite boundary is also affected by
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FIGURE 4. Bright-field (BF) image of lillianite containing stacking faults (arrowed).

FIGURE 5. (a) Heyrovskyite lamella within lillianite. Note that the dark bands of the incommensurate modulation (large empty arrows) cross-cut
(010) lattice fringes (small filled arrows) of heyrovskyite. Note also a single lamella, ~37 A wide, consistent with mozgovaite or 9,9 LHS, within
heyrovskyite. (b) Lillianite-heyrovskyite interface. Filled arrows indicate dislocation-like features. This defective microstructure probably arises
from slight crystallographic misorientation between the two intergrown phases, as reflected by the FFT taken across the interface (inset), rather than
lack of coherence along (010). A lamella, ~24 A wide, consistent with cosalite or vikingite, within lillianite, is indicated by an empty arrow.
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several dislocation-like microstructural features [see edge-
on in [001] HR images (Fig. 5b)], which connect sulfosalt
lamellae of different widths along the a-axis. This defective
microstructure is probably a growth feature indicative of an
only partially coherent lillianite/heyrovskyite interface. Lack of
complete coherence may be due to a slightly different crystal-
lographic orientation between lillianite and heyrovskyite, rather
than incommensurability on (010), as suggested by the small
misalignment between [hkO]* rows in the FFT taken across the
lillianite-heyrovskyite boundary (Fig. 5b, inset). Defects with
a similar appearance were described by Skowron and Tilley
(1986) and Pring et al. (1999). The authors considered these
defects as “block-width defects” since they are associated,
for instance, with the change from a 4,4 gustavite plus a 7,7
heyrovskyite sequence to 4,7 vikingite.

Heyrovskyite incommensurate modulations

Surprisingly, heyrovskyite crystals prepared by ion-milling
show incommensurate structural modulations. In reciprocal
space, weak satellite reflections were observed on (hk0) planes,
making an angle of ~29° with b* with an average wavelength

of ~75 A (Fig. 6). In direct space, the incommensurate modula-
tion was best imaged in diffraction contrast images as broad
fringes crosscutting the (010) fringes (Fig. 7). Depending
on the exact diffracting condition, a single modulation or
a system of two symmetrically related modulations, which
form a kind of tweed pattern, were observable (Fig. 8). The
incommensurate modulation could also be seen on HRTEM
images (Fig. 9). The possibility that the modulation contrast
might represent moire fringes due to partings of the crystal
on (001) and rotation of the crystal lattice around [001] (the
direction of the electron beam), was considered. According to
the relation d,,, = do;o/[2°sin(B/2)] (Williams and Carter 1996),
where d,, is the observed modulation spacing (75 A) and dq
is the periodicity of the (010) planes (31.5 A), the observed
features could be reproduced by a second crystal rotated by
an angle (B) of ~24° around [001] with respect to the primary
crystal. However, no diffraction effects associated with this
hypothetical second crystal (or any other phase) were ever
observed in heyrovskyite crystals that showed modulations.
Moreover, the fact that no higher harmonics are detectable in
our SAED patterns may merely signify that the modulation

FIGURE 6. SAED pattern of heyrovskyite down [001]. Depending on the exact diffracting conditions, one system of modulation (a) or two
mirror-related systems (b) could be excited. These, in turn, gave rise to the bright field images of Figures 7 and 8, respectively. Enlarged portions
of the reciprocal space around the 400 diffracted spot (c) and the transmitted beam (d) of a. (e) Enlarged portion of the reciprocal space around
the 400 diffracted spot of b. Satellite reflections of the incommensurate modulation are indicated by empty arrows and heyrovskyite reflections
by the small filled arrows.



294 MITOLO ETAL.: TEM INVESTIGATION OF SULFOSALTS FROM VULCANO

FIGURE 7. Lattice fringes images of heyrovskyite close to the [001] zone. Depending on the direction of departure from the exact diffraction
condition, (a) one system of incommensurate modulation or (b) the other system could be imaged (empty arrows). Note that both systems cross-cut the
lattice fringes (small filled arrows) at approximately the same angle. Note the geometrical relationship between the two systems in FFTs (insets).

is purely sinusoidal.

It should be noted that modulations were already present at
the very first instant of beam illumination, and so it is unlikely
that they were produced by exposure to the electron-beam.
Moreover, modulations were observed in heyrovskyite but
not in lillianite crystals present in the same TEM specimen.
Even in heyrovskyite-lillianite intergrowths, modulations were
clearly visible in heyrovskyite but only barely perceivable in
lillianite in contact with heyrovskyite (supposedly mechani-
cally induced) and absent far from the contact (Fig. 5a). One

may wonder why such structurally and compositionally
similar phases, which experienced the same beam dose dur-
ing preparation and observation, behaved so differently. Such
incommensurate modulations have not been reported before
in natural Ag-bearing LHS homologues (Makovicky et al.
1991; Pring et al. 1999), or their synthetic analogues (Prodan
etal. 1982; Tilley and Wright 1982; Skowron and Tilley 1986,
1990). However, displacive structural modulations occur in
sartorite (PbAs,S,) (Pring et al. 1993), and a compositional
and displacive modulation has been described for a cosalite
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FIGURE 8. Lattice fringes image of heyrovskyite down [001] in which both systems of the incommensurate modulations are equally excited and
appear as a tweed-like microstructure. Accordingly, the FFT (inset) shows two systems of satellite reflections (symbols as in Fig. 7).

sample from lvigtut (Pring and Etschmann 2002).

To investigate the origin of the structural modulation, i.e., to
distinguish between “primary” features and “artifacts” induced
by specimen preparation, additional specimens of the same
material were prepared by ultramicrotomy. No incommensu-
rate structural modulations were observed in ultramicrotomed
sulfosalts. Moreover, the contrast in these samples is much
clearer, i.e., the inelastic scattering is much lower than that in
ion-milled samples (Fig. 10). The heyrovskyite 7,7 ordered
sequences of galena-like slabs can now be distinguished in
HRTEM images (Fig. 11). The contrast is dominated by wavy
rows of brighter dots that can be matched with sulfur atom posi-

tions that outline the Pb, Pb/Bi octahedral sites and bicapped
trigonal-prismatic sites at mirror planes (Fig. 12).

As an additional verification, a needle-like crystal of natural
Ag-free heyrovskyite, 450 x 54 x 13 um, was investigated by
single-crystal X-ray diffraction at the ELETTRA synchrotron
facility. The use of synchrotron radiation is justified by the high
brilliance of the synchrotron source, which in principle should
allow the detection of weak satellite reflections. To avoid
overlapping of reflections, the crystal-to-detector distance
was fixed at 90 mm during the measurement. However, no
trace of satellite reflections ascribable to the incommensurate
modulation described above was found.
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FIGURE 9. (a) ABS-filtered HRTEM image of heyrovskyite down [001]. Note dark bands (arrowed) cross-cut (010) lattice fringes. (b) FFT of a,
and (c) an enlarged portion of the reciprocal space around the 400 spot. Note the satellite reflections of the incommensurate modulation (large empty
arrows) around the strong subcell reflections (small filled arrows). (d) Fourier-filtered image of the rectangular area in @ masking contributions of the
incommensurate modulation and residual diffuse scattering. A symmetrical fish-bone structure typical of 7,7 heyrovskyite now can be recognized.
Detailed interpretation of this image is difficult, as the crystal was slightly tilted with respect to the optimal illumination condition (see b).

FIGURE 10. As-acquired HRTEM images of heyrovskyite down [001]. (a) lon-milled specimen: 1 = void; 2 = amorphous rim; 3 = thin, poorly
scattering region; 4 = damaged region. (b) Ultramicrotomed specimen: 1 = embedding resin; 2 = narrow area where the resin was detached from
the specimen; 3 = thin, poorly scattering region; 4 = well-scattering region.
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FIGURE 11. Ultramicrotomed heyrovskyite. (a) [001] SAED pattern. (b) FFT of the well-ordered region in Figure 10b. Note the absence of
incommensurate modulation reflections in a and b. (c) ABS-filtered portion of Figure 10b. The (010) cell edges with a distance of ~31.5 A and the

twin planes halfway are indicated by long and short lines, respectively.

DISCUSSION

Departing microstructure

The investigated lillianite and heyrovskyite appear, generally,
as discrete phases, showing a perfectly ordered structure, with
minor stacking faults and/or dislocations. In contrast, natural
Ag-bearing sulfosalts are much more defective, showing a high
density of stacking faults and intergrowths of different homo-
logues (Pring et al. 1999; Pring and Etschmann 2002; Pring
and Ciobanu 2007). It seems that the absence of Ag and/or Cu
impurities in the Ph-Bi-S system enhances the energy barrier

between the stability fields of different homologues, allowing
growth of more homogeneous crystals. Silver and Cu therefore,
through their different chemical bonding, may promote polytypic
disorder in the lillianite homologue series.

In a recent electron microprobe study on heyrovskyite from
Vulcano, Borodaev et al. (2003) suggested the existence of
several “heyrovskyites” with N, values substantially different
from the ideal value N =7 (N ~5 or N ~6). However, our TEM
investigation revealed no evidence of such “sub-phases” in the
studied sulfosalts. Thus, it is probable that lillianite/heyrovskyite
intergrowths such as those described above, which are at a scale
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FIGURE 12. Experimental and calculated (inset) HRTEM images of heyrovskyite along [001]. The contrast is dominated by sulfur positions
(bright dots). The calculated image was simulated using a sample thickness of 40 A and a defocus value of —200 A. The structure of heyrovskyite

(Takeuchi and Takagi 1974) is also shown for comparison.

smaller (few nanometers) than the spatial resolution of any
electron microprobe for chemical analyses (few micrometers),
could be the origin of these exotic values of Ngyen.

Incommensurate modulations

Interestingly, heyrovskyite crystals prepared by ion-milling
show incommensurate structural modulations, while lillianite
crystals do not. This structural modulation may be: (1) naturally
present; (2) induced by ion-milling; or (3) induced by electron
beam irradiation. As described above, heyrovskyite samples
prepared by crushing or ultramicrotomy did not show incom-
mensurate modulations, and neither did the single crystal used
for synchrotron XRD measurement. This strongly suggests that
incommensurate modulations are not produced by electron-
beam irradiation and that they do not occur as primary features.
Thus, these incommensurate modulations could most probably
be artifacts induced by ion-milling. The elevated temperatures
locally reached in the sample while being heavily irradiated by
energetic Ar* ions, coupled with high-vacuum conditions, could
have induced sublimation with loss of Bi,S;. Since Bi,S; has a
lower melting point than PbS [763 vs. 1110 °C, respectively, as
reported by Madelung et al. (1998a, 1998b)], this sublimation
process may produce vacancies and, eventually, structural modu-
lations to recover a stable framework structure. In addition, the
quality of high-resolution images is superior in crystals prepared
by ultramicrotomy than by ion-milling, i.e., the anelastic scat-
tering due to aperiodic matter is much higher in the latter case.
However, this matter still needs further study. Contrary to what
happens in large crystals, it is well known that in small crystals
such as those obtained either with crushing or ultramicrotomy,
any tension accumulated in the lattice due to structural defor-
mation or modulation can be dissipated because of the greater
proportion of unconstrained surfaces where tensions can be
released (Zhang et al. 2002).

In any case, the possibility that the observed incommensurate
modulation could be a primary feature cannot be completely
ruled out. Indeed, the single-crystal synchrotron experiments
may have not revealed the incommensurate modulation as
the interaction constant of X-rays with the matter is generally
about four orders of magnitude smaller than that for electrons.

In addition, the crystals used for single-crystal XRD are not
the same used for TEM. Assuming that the observed structural
modulation is a primary feature, from a theoretical point of view,
it could be related either to a cation ordering over the metal sites,
or to the presence of vacancies. The structure of heyrovskyite
consists of five crystallographically distinct cation positions,
Mel, Me2, Me3, Me4, and Me5. The Me2, Me3, Me4, and Me5
sites, which form octahedral chains running diagonally across
the PbS-like layers, with distorted octahedral coordination (Fig.
1). The Mel site, which displays a bicapped trigonal-prismatic
coordination, is situated in a special position at the mirror plane
that connects adjacent mirror-related, galena-type layers. Recent
structural investigations on Ag-free heyrovskyite from Vulcano
(Bali¢-Zunié et al. 2007; Pinto et al. in review) showed that the
octahedral sites Me2 and Me3 located in the central zone of PbS-
like slabs are pure Pb sites, as is Mel, whereas those closer to
the boundary of (311)ps planes, i.e., Me4 and Me5, are mixed
(Pb,Bi) sites, with almost equal occupancies. If the observed
modulation is indeed a primary feature, the presence of cation
sites with mixed (Pb,Bi) occupancy would suggest that it could
arise from a Pb-Bi ordered distribution over Me4 and Me5 sites.
The fact that no incommensurate modulations were observed
in previous studies on LHS sulfosalts may be explained by the
presence of small amounts of monovalent cations, such as Ag
and/or Cu (Makovicky et al. 1991; Takéuchi and Takagi 1974),
which stabilize sulfosalt structures (Makovicky 1977; Makovicky
and Karup-Mgller 1977a, 1977b) and promote polytypic disorder
in the LHS.

Alternatively, the observed modulation could be triggered
by the ordering of vacancies, naturally present in the samples
or induced by ion-milling. This explanation applies equally
well to both possible origins for the incommensurate modula-
tion, i.e., as a primary feature or ion-beam induced artifact. The
presence of vacancies associated with the substitution 3Pb?* —
2Bi* + O was first proposed by Takéuchi and Takagi (1974)
in the pure synthetic heyrovskyite Pbg_,Bi,.»Se, and, recently,
structure refinement of an Ag-free heyrovskyite crystal from
Vulcano showed the occurrence of vacancies in the sole Me3
site (Balié-Zunié et al. 2007; Pinto et al. in review). On the other
hand, if the presence of vacancies is related to the sublimation
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of Bi,S;, the affected sites should be Me4 and Me5, the same
sites involved in any Pb/Bi ordering. Curiously, these sites define
planes whose normal makes an angle with b* of ~29°, the same
angle that the satellite reflections form with it (Fig. 1). These
planes contain all the polyhedral sites (Mel to Me5), parallel to
the direction along which N is counted, and correspond closely
(but not exactly, since polyhedral positions are slightly waved) to
(140), whose interplanar distance is ~6.8 A. Since the measured
incommensurate modulation is ~75 A, ordering of vacancies or
of Pb-Bi cations should repeat the same scheme every eleven
of such planes.

It is noteworthy that incommensurate modulation occurs
only in Ag-free heyrovskyite but not in Ag-free lillianite, not-
withstanding the similarities of the two phases and their occur-
rence in the same specimen. This disparity may be ascribed to
their structural differences; lillianite differs from heyrovskyite
in terms of the width of PbS-like slabs and PbS/Bi,S; ratio (3:1
and 6:1, respectively). Recent single-crystal XRD studies show
that in Ag-free lillianite, Pb and Bi are statistically distributed
among the sole Mel and Me2 sites, with almost the same occu-
pancy, while Me3 is completely filled by Pb (Pinto et al. 2006).
Therefore, the different behaviors between Ag-free lillianite
and heyrovskyite could be due to differences in the width of
galena-like slabs or in the distribution of Pb and Bi within the
slabs. Accordingly, Aizawa et al. (1983) found that the relative
stability of LHS phases is related to the elastic strain energy
arising at twin plane interfaces, and that a small change in Pb
and Bi distribution greatly affects this energy, thus influencing
sulfosalt stability. Moreover, they noted that, depending on the
cation distribution, the elastic strain energy could decrease or
increase as the width of the slabs increases. This argument may
also be valid when cation proportions are altered in a post-crys-
tallization perturbation event, i.e., ion-beam irradiation during
TEM specimen preparation.
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