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ABSTRACT

The crystal structures of natural Ag-free lillianite of fumarolic origin from Vulcano, Aeolian Islands, Italy, Pb; sgBis 12(Ss.67
Sen.33)36.00, With a 13.567(1), b 20.655(2), ¢ 4.1216(4) A v 1155.0(2) A3, space group Bbmm, Z = 4, and galenobismutite also
from Vulcano, Pb; ¢oBiz.03(S3.87S€0.11)33.98, With a 11.815(2), b 14.593(2), ¢ 4.0814(6) A, vV703.7(2) A3, space group Pnam, Z
=4, were refined from single-crystal X-ray data. The refinements converge to R = 3.40% [for 745 reflections with F, > 40(F,)],
and R =2.96% [for 607 reflections with F, > 40(F,)] for Ag-free lillianite and galenobismutite, respectively. In Ag-free lillianite,
the trigonal prism M3 is occupied only by Pb, whereas both the octahedrally coordinated M1 and M2 sites are mixed (Pb,Bi)
positions. The same octahedra incorporate both the surplus of Bi and vacancies ((J) created by the substitution 3Pb>* — 2Bi**
+ [, which allows for the observed deviations from the ideal composition, Pb;Bi,S¢. Selenium is preferentially ordered at the
six-fold and five-fold coordinated anionic sites, whereas the four-fold coordinated site S3 remains free of Se. The known struc-
tural arrangement of galenobismutite was confirmed in this work. The octahedrally coordinated M1y, site was found to be a full
Bi position. Some evidence of Pb—Bi disorder has been observed at both the M2, (Bi-dominated) and M3, (Pb-dominated)
positions. A heterogeneous distribution of Se in the anionic S sites was observed in galenobismutite. Atoms of Se are mainly
concentrated at the site S1, and less so in the other anionic sites.

Keywords: Ag-free lillianite, galenobismutite, crystal structure, fumaroles, Vulcano, Italy.
SOMMAIRE

Nous avons affiné la structure de la lillianite naturelle dépourvue d’argent, d’origine fumerollienne, provenant de Vulcano,
dans les iles Eoliennes, en Italie, Pbs gsBis 12(S5.675€0.33)s6.00, avec a 13.567(1), b 20.655(2), ¢ 4.1216(4) A, vV 1155.0(2) A3,
groupe d’espace Bbmm, Z = 4, et celle de la galénobismutite, du méme endroit, Pb; 0oBiz.03(S3.875€0.11)s3.08, avec a 11.815(2),
b 14.593(2), ¢ 4.0814(6) A, V 703.7(2) A3, groupe d’espace Pnam, Z = 4, au moyen de données en diffraction X prélevées sur
monocristal. Les affinements ont convergé aux résidus R = 3.40% [745 réflexions avec F,>40(F,)], et R =2.96% [607 réflexions
avec F,> 40(F,)] pour la lillianite sans Ag et la galénobismutite, respectivement. Pour la lillianite dépourvue de Ag, le prisme
trigonal M3 ne contient que Pb, tandis que les deux sites octaédriques M1 et M2 ont une occupation mixte (Pb,Bi). Les mémes
octagdres incorporent le surplus de Bi et les lacunes (CJ) créées par la substitution 3Pb>* — 2Bi** + [, ce qui rend compte des
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écarts a la composition idéale, Pb3Bi,S. Le sélénium est ordonné de préférence aux sites anioniques a coordinence six et cing,
tandis que le site S3, & coordinence quatre, demeure dépourvu de Se. L’agencement des atomes de la galénobismutite, déja connu,
a été confirmé. Le site M1g,, a coordinence octaédrique, ne contient que le Bi. Nous avons trouvé des signes de désordre Pb-Bi
a la fois sur le site M2, (2 dominance de Bi) et M3g, (2 dominance de Pb), et une distribution hétérogene de Se sur les sites
anioniques S. Les atomes de Se sont surtout concentrés sur le site S1.

(Traduit par la Rédaction)

Mots-clés: lillianite dépourvue de Ag, galénobismutite, structure cristalline, fumerolles, Vulcano, Italie.

INTRODUCTION

A series of papers dealing with rare sulfosalts
from Vulcano, Aeolian Islands, southern Italy, has
been recently published (Borodaev et al. 1998, 2000,
2001, 2003, Vurro et al. 1999, Garavelli et al. 2005).
The details of the geological settings and mineral
assemblages in the high-temperature fumarole field
of “La Fossa” crater of Vulcano can also be found
in Garavelli et al. (1997). The assemblage mainly
consists of Pb—Bi and Pb-Bi—As sulfides and sulfosalts,
with subordinate Fe and Zn sulfides: pyrite—pyrrho-
tite and sphalerite—wurtzite. Among the sulfosalts,
kirkiite, PbjgAs3Bi3(S,Se);9 (Borodaev et al. 1998),
cannizzarite—wittite with the compositional range
Pb3(Bis_Pb)a(So_ySey)o_y2, 0.04 < x <0.28,05 <y <
3.5 (Borodaev et al. 2000), Ag- and Cu-free lillianite,
Pb3Bix(S,Se)s (Borodaev et al. 2001), heyrovskyite,
PbeBix(S,Se)y (Borodaev et al. 2003), and the two new
minerals mozgovaite, PbBi4(S,Se); (Vurro ez al. 1999)
and vurroite, PbyoSny(Bi,As)2,S54Clg (Garavelli et al.
2005) were described.

The rapid drop of temperature taking place at the
fumaroles, similar to the quenching procedure in the
synthesis of phases in laboratory experiments, allows
the formation at Vulcano of generally very small crys-
tals, which lack traces of decomposition, and commonly
are homogeneous and well preserved. The invariable
presence of selenium substituting for sulfur in all the
analyzed phases, as well as the common incorpora-
tion of Cd in some of the minerals (Vurro et al. 1999,
Borodaev et al. 2001, 2003), are due to the abundance
of these elements in the fumarole fluids at the moment
of the deposition. Analogously, the lack of monovalent
cations (Ag or Cu), which are commonly admixed
in natural Pb—Bi sulfosalts from other localities, is
connected to the absence of Ag and Cu in fumarole
fluids. The case of lillianite from Vulcano is particularly
interesting, because it represents the first occurrence of
this mineral with a close-to-ideal composition. All the
other natural occurrences of lillianite contain variable
amounts of Ag or Cu (or both) as a consequence of the
easy heterovalent substitution 2 Pb — Ag(Cu) + Bi
(Makovicky & Karup-Mgller 1977a, b).

Here, we present results of the first structural
investigations of Ag-free lillianite from Vulcano
and of a re-investigation of the structure of galeno-

bismutite from the same locality. The results of the
refinements are discussed and compared with literature
data. Furthermore, a comparative study of these struc-
tures is presented involving the geometry, occupan-
cies and degree of distortion of their characteristic
coordination-polyhedra.

REVIEW OF THE LITERATURE

Lillianite is the natural analogue of synthetic Phase
III in the PbS-Bi,S; system (Otto & Strunz 1968,
Salanci & Moh 1969). The structure of this mineral
was solved using both the synthetic Phase III of Otto &
Strunz (1968) and natural Ag-bearing crystals (Takagi
& Takéuchi 1972). Lillianite is the type mineral of the
lillianite homologous series, which is an accretionary
series of primarily Pb—Bi—Ag sulfosalts (Makovicky
& Karup-Mgller 1977a). The crystal structure of each
lillianite homologue is characterized by the presence
of alternating layers of the PbS archetype, cut parallel
to the plane (131)pys, Which also represent the reflec-
tion and contact plane of chemical twinning. Distinct
homologues differ in the thickness of PbS-like layers,
expressed by the number N of octahedra running
diagonally across an individual layer of the archetype
and parallel to [011]pps. Each lillianite homologue is
denoted as N'N2L where N; and N, are the values
of N for two adjacent “pseudo-mirror” related layers.
The value of N may be calculated directly from the
chemical data (Nc) or, alternatively, it can be deter-
mined crystallographically. Makovicky & Karup-Mgller
(1997a, b) showed that the chemical composition of
lillianite homologues can be expressed by the formula
Pbn_i-2/Bi2sxAgiSni2, Where N = (N} + N)/2 and x is
the coefficient in the substitution 2 Pb = Ag(Cu) + Bi.
Lillianite is the homologue **L of this series.

Structural investigations of galenobismutite from
the Nordmark mines, Sweden, were performed by
Wickman (1951) and by litaka & Nowacki (1962).
Makovicky (1977) interpreted the crystal structure of
galenobismutite as an incomplete lillianite-like struc-
ture 2L. According to this author, two-thirds of this
structure represent in fact a distorted, contracted set of
the lillianite linkage pattern. The structure of galenobis-
mutite forms a pair of homologues with that of weibul-
lite (Mumme 1980). Within the modular description
(Makovicky 1981), these structures are interpreted as
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members of a plesiotypic series composed of structures
derived from cannizzarite (Makovicky 1997, Ferraris
et al. 2004).

EXPERIMENTAL

Single crystals of Ag-free lillianite and of gale-
nobismutite were chemically and structurally investi-
gated. The two crystals examined were collected in the
high-temperature fumarole field at Vulcano (lillianite
is from fumarole FA, sampled June 1994, T = 520°C;
galenobismutite is from fumarole FS, sampled June
1991, T ~550°C). The chemical compositions of crystals
studied were obtained by electron-microprobe analysis
using an ARL-SEMQ-95 instrument at the Centro Studi
Geominerari e Metalurgici, CNR, Cagliari. Operating
conditions were as follows: voltage 20 kV, beam current
20 nA; standards (emission lines): PbS (PbMa, SKa),
Bi,S3 (BiMa), CdS (CdLa), metallic Ag (AgLa), CuS
(CuKa), FeAsS, (AsLa), metallic selenium (SeLa),
KClI (ClKa), metallic Sn (SnLa). Detection limits (in
wt.%) were: Pb 0.10, S 0.02, Bi 0.10, Cd 0.14, Ag 0.05,
Cu 0.04, As 0.08, Se 0.04, C1 0.03. Both the Ag-free
lillianite and galenobismutite crystals were found to
be homogeneous within analytical error. Electron-
microprobe results (wt.%) are reported in Table 1. The
empirical formulae and Nc values, calculated for each
composition, also are given.

TABLE 1. CHEMICAL COMPOSITION OF Ag-FREE LILLIANITE AND
GALENOBISMUTITE FROM VULCANO

Pb Bi S Se Sum Ne
lillianite
48.17 35.27 14.55 2.03 100.02 3.75
48.75 35.70 14.63 2.10 101.17 3.76
48.14 35.64 14.69 2.09 100.56 3.72
47.88 35.55 14.59 2.17 100.18 3.72
47.27 35.57 14.68 2.02 99.54 3.68
47.57 35.49 14.37 2.12 99.55 3.70
Mean 47.96 35.54 14.58 2.09 100.17 3.72
St. Dev. 0.52 0.15 0.12 0.06

Empirical average formula
Theoretical formula based on Nc¢

P B (S5 5 )
Pby 5B, 100 0(S5 675 €0 )0

Ideal formula Pb.Bi,S,
galenobismutite
27.12 55.89 16.09 1.03 100.13 1.98
27.12 55.64 16.00 1.10 99.98* 2.00
26.66 55.71 16.32 1.12 99.81 1.97
27.55 54.96 16.59 1.23 100.33 2.01
Mean 27.11 55.55 16.25 1.12 100.06 1.99
St. Dev. 0.36 0.41 0.26 0.08

Empirical average formula®
Ideal formula

Pby Bl 03(S:65€0.11 s 05
PbBi,S,

' The formula is calculated on the basis of 11 atoms; > 0.12 wt.% Ag is included in
the sum; * The formula is calculated on the basis of seven atoms. The compositions
are quoted in wt.%.

The selected needle-like crystals of lillianite and
galenobismutite were measured on a Bruker AXS four-
circle diffractometer equipped with CCD 1000 area
detector (6.25 cm X 6.25 cm active detection-area,
512 X 512 pixels) and a flat graphite monochromator
using MoK« radiation from a fine-focus sealed X-ray
tube. Experimental and refinement data are summarized
in Table 2. The SMART system of programs (Bruker
AXS 1998) was used for unit-cell determinations, data
collection and measurement of the crystal shapes. Data
reduction, including intensity integration, background
and Lorentz-polarization corrections, was carried out
using the program SAINT Plus (Bruker AXS 1997a).
A face-indexed absorption correction has been applied
by means of the program XPREP from the SHELXTL
package (Bruker AXS 1997b). The R;, factors after the
face-indexed absorption correction were 6.16% and
8.97% for lillianite and galenobismutite, respectively,
compared to the respective values of 9.5% and 12.0%
before the absorption correction. The minimum and
maximum X-ray transmission-factors were 0.10 and
0.51 for lillianite, and 0.20 and 0.55 for galenobismutite,
respectively.

The structure refinements of Ag-free lillianite and
galenobismutite from Vulcano were performed starting
from atom coordinates for natural Ag-bearing lillianite
(Takagi & Takéuchi 1972) and galenobismutite (litaka
& Nowacki 1962), respectively, using the full-matrix
least-squares program SHELXI-97 (Sheldrick 1997).

TABLE 2. INFORMATION ON DATA COLLECTION AND REFINEMENT
FOR Ag-FREE LILLIANITE AND GALENOBISMUTITE FROM VULCANO

Lillianite Galenobismutite

Data collection

X-ray power, MoKa 40kV,37mA, 0.71073 A 40kV, 37 mA, 0.71073 A
Temperature 297K 298 K
Detector-to-sample distance 4cm 4cm

Crystal size (mm) 0.04 x 0.018 % 0.126 0.04 ¥ 0.09 x 0.144
Active detection-area 6.25 % 6.25 cm’ 6.25 % 6.25 e’

Resolution 512 x 512 pixels 512 % 512 pixels

Number of frames 2240 2240

Rotation width per frame 0.3° 0.3°

Measurement time 20s 20s

Maximum covered 26 61.02° (d=0.70 A) 52.72° (d=0.80 A)

Unique reflections 1002 816

Reflections /> 2 o, 745 607

R, before absorption correction  9.5% 12.0%

R,, after absorption correction 6.16% 8.97%

R, [F, > 4 6 (Fo)] 3.96% 6.22%

Range of , &, 1 -19<h<19 —14<h< 14

-29<k <29 -18 <k <18

5<1<5 4<1<5§
Refincment

R[F,> 4 c (Fo)] 3.40% 2.96%

R (all data) 4.90% 4.54%

wR (on F.%) 8.04% 6.76%

WR (all data) 8.50% 7.39%

Goof 0.959 0.680

Number of least-squares parameters 42 47
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A table of structure factors for each sample is avail-
able from the Depository of Unpublished Data, CISTI,
National Research Council of Canada, Ottawa, Ontario
K1A 0S2, Canada.

The refinement without any constraint of the occu-
pancies at the metal sites allowed us to investigate the
distribution of potential vacancies among the cation
positions in the structure of the Ag-free lillianite
(Table 3). A moderate negative correlation (-0.741)
between the scale factor and the occupancy of the site
M1 of lillianite was observed, as well as a moderate
positive correlation (0.739) between the occupancies
of M1 and M2 sites. No correlation larger than 0.6
was observed between occupancies and displacement
parameters of M1 and M2.

As suggested by the results of the electron-micro-
probe study, small amounts of selenium are present
in the measured crystals of lillianite [0.33 atoms per
formula unit (apfu)] and galenobismutite (0.11 apfu).
Therefore, the distribution of this element among the
non-metal positions was investigated in both structures.
The occupancies of the S sites were kept free during
the refinements. The positions S1, S2, and in particular
S4 in Ag-free lillianite yield slightly higher electron-
density than the other sites; no indication of a heavier
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element resulted for the position S3. Consequently, the
S1, S2 and S4 sites in Ag-free lillianite were refined as
mixed (S,Se) positions. In the structure of galenobis-
mutite, Se-for-S substitutions have been observed in
all four anion positions (Table 3).

The crystal structure of Ag-free lillianite from
Vulcano, orthorhombic Bbmm, has been refined to the
agreement R value 3.40% for 745 reflections with F, >
40(F,) [4.90% for all the 1002 unique reflections]. The
refinement of galenobismutite, orthorhombic Pnam,
converges to the R value of 2.96% for the 607 reflec-
tions with F, > 40(F,) [4.54% for all the 816 unique
reflections]. In both cases, the final refinement was
performed with anisotropic displacement-factors for
all the atoms.

Fractional coordinates, occupancies and anisotropic
displacement parameters of the atoms are summarized
in Table 3, whereas selected M-S distances are shown
in Table 4. The unit-cell parameters are listed in Table
5 in comparison with data from the literature (Takagi
& Takéuchi 1972, litaka & Nowacki 1962).

As the atom-displacement ellipsoid of M3 of lilli-
anite is more anisotropic than that of other structural
sites (elongate along [010]), and as the sum of valences
for this site is lower than the expected value 2 (Table 6),

TABLE 3. ATOM COORDINATES AND ANISOTROPIC DISPLACEMENT PARAMETERS
FOR Ag-FREE LILLIANITE AND GALENOBISMUTITE FROM VULCANO

Site xla y/b z/¢ Occupancy U, U, Uy, U, u,
lillianite
M1 0.09079(4) 0.13373(3) ' 0.980(4) 0.0222(3) 0.0228(3) 0.0173(3) 0.0009(2) 0.0207(2)
M 0.36313(3) 0.04918(3) "2 0.982(4) 0.0180(3) 0.0259(3) 0.0149(3) 0.0004(2) 0.020(2)
M3 0.32578(7) Va 0 1 0.0319(5) 0.0765(9) 0.0257(6) 0 0.0447(4)
S1 0.2368(2)  0.0953(2) 0 0.97(1) 0.022(2) 0.045(3) 0.015(2) 0.012(1) 0.027(1)
Sel 0.2368(2)  0.0953(2) 0 0.03(1) 0.022(2) 0.045(3) 0.015(2) 0.012(1) 0.027(1)
S2 0 0 Yoo 0.96(2)  0.028(3) 0.021(3) 0.017(3) 0.003(2) 0.022(2)
Se2 0 0 Y 0.04(2) 0.028(3) 0.021(3) 0.017(3) 0.003(2) 0.022(2)
S3 0.1836(3) Va Vs 1 0.020(2) 0.021(2) 0.022(3) 0 0.0209(9)
S4 0.4550(2) 0.1654(2) ‘2 0.93(1) 0.023(2) 0.022(2) 0.021(2) 0.003(1) 0.022(1)
Se4 0.4550(2)  0.1654(2) ' 0.07(1)  0.023(2) 0.022(2) 0.021(2) 0.003(1) 0.022(1)
galenobismutite

M, 0.06791(6) 0.39037(4) Y4 1 0.0186(4) 0.0175(3) 0.0141(4) 0.0012(3) 0.0167(2)
M2, 0.10151(6) 0.90529(5) Vi 1 0.0234(4) 0.0266(4) 0.0113(4) 0.0008(3) 0.0204(2)
M3, 0.24696(7) 0.65307(5) " 1 0.0336(5) 0.0243(4) 0.0204(4) 0.0076(3) 0.0261(2)
S1 0.3352(4)  0.0152(3) %% 0.95(1) 0.019(3) 0.021(2) 0.017(3) 0.003(2) 0.019(2)
Sel 0.3352(4)  0.0152(3) ' 0.05(1) 0.019(3) 0.021(2) 0.017(3) 0.003(2) 0.019(2)
S2 0.2596(4)  0.2966(3) ' 0.98(1) 0.017(3) 0.014(2) 0.013(3) 0.003(2) 0.014(2)
Se2 0.2596(4)  0.2966(3) ' 0.02(1)  0.017(3) 0.014(2) 0.013(3) 0.003(2) 0.014(2)
S3 0.0560(4) 0.0931(3) ' 0.97(1) 0.015(2) 0.019(2) 0.018(3) -0.002(2) 0.017(2)
Se3 0.0560(4) 0.0931(3) ' 0.03(1) 0.015(2) 0.019(2) 0.018(3) -0.002(2) 0.017(2)
S4 0.0185(4) 0.7125(3) ' 0.97(1) 0.017(3) 0.015(2) 0.014(2) -0.003(2) 0.015(2)
Sed 0.0185(4) 0.71253) % 0.03(1) 0.017(3) 0.015(2) 0.014(2) -0.003(2) 0.015(2)

Sites M1 and M2 in lillianite contain approximately equal amounts of Pb and Bi. M3 is a pure Pbsite. M1,
is a pure Bi site, M2, is Bi-dominated, and M3, Pb-dominated, with substitutions of up to 25 at.%. See
Table 6 and text for a detailed analysis of the substitutions.
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a refinement with M3 moved out of the symmetry plane
was tried (with an isotropic displacement parameter).
The resulting R factor was found to be almost identical
to that of an anisotropic refinement, and the influence
on other parameters was negligible. The displacement
of the two equivalent sites obtained with half occu-
pancy from the mirror plane was 0.193 A. However,
the calculation of the valence sum for the split Pb site
(M3) gave only a slight improvement over the site on
the symmetry plane (1.85 instead of 1.81), which shows
that the coordination change is not very significant. The
above evidence suggests that the large anisotropy of the
displacement parameters can be caused by a dynamic
disorder of the M3 atom over the two close sites out
of the symmetry plane, or be a consequence of large
movements inside a large coordination polyhedron.
No proof of a static disorder in the structure could be
obtained from our data.

Owing to the negligible difference in the scattering
powers of Pb and Bi, the distribution of these elements
over the metal positions of the structures cannot be
derived from diffraction by conventional measurements.
Methods based on M-S bond lengths, bond-valence
calculations and volumes of the coordination polyhedra
are generally used to differentiate these atoms (Brown
& Altermatt 1985, Armbruster & Hummel 1987,
Hummel & Armbruster 1987, Berlepsch er al. 2001a,
Makovicky et al. 2001). In this work, the distribution
of Pb and Bi over the cation positions was determined
from the bond-valence calculations using the formula:
s = expl[(ro — r)/B], where r is an element-pair-specific
bond-valence parameter, r is the bond distance, and B
is a constant equal to 0.37 (Brown & Altermatt 1985).
The values of bond-valence parameters for the Bi—-S

TABLE 4. INTERATOMIC DISTANCES IN Ag-FREE LILLIANITE AND
GALENOBISMUTITE FROM VULCANO,
AND COMPARISON WITH DATA FROM THE LITERATURE

Lillianite Galenobismutite
[ [2] [31 [4]
M1 -S3 2.712(3) 269 Ml, ~S2 2.646(5) 2.63(1)
-S54 2.841(2) x2 280 —SI 2.965(3)x2 2.99(2) x 2
-S1 2.967(2)x2 298 -S4 2.731(3)x2  273(2)x2
-82 3.024(1) 2.99 - 81 3.075(5) 3.12(1)
M2 -S4 2.706( 3) 2064 M2, 83 2.7623)x2  2.78(2)x2
-S1 2.845(2) x2 2.82 —S83 2.793(4) 2.79%(1)
-S2 2.954(0)x2 2.94 -S4 2.979(5) 3.00(1)
-S1 3.278(4) 327 -82 3.061(3)x2  3.022)x2
~S81 3.193(5) 3.10(1)
M3 —S3 2.823(3)x2 281 M3, 82 2925(3)x2  2.98(2)x2
S4 32202 x4 3.25 SI 3.0263)x2  3.01(2)x2
—-S1 3.416(4)x2 336 —83 3217(4)*x 2 3212)x2
—S4 2.834(5) 2.85(1)
S4 3.760(5) 3.76(1)

[1] Ag-free lillianite from Vulcano (this study); [2] Ag-rich lillianite (Takagi &
Takéuchi 1972); [3] galenobismutite from Vulcano (this study); [4] galenobismutite
from the type locality (litaka & Nowacki 1962). Bond lengths arc quoted in A.

and Pb-S bonds quoted by Brese & O’Keeffe (1991)
are the same (2.55), which allows an easy estimation
of occupancies from the calculated valence-sums for
cation positions. In addition, the M-S distances for
both lillianite and galenobismutite structures were
compared with the element-specific hyperbolae for Pb
and Bi (Berlepsch et al. 2001a). Occupancies of cation
positions were interpreted on the basis of the volume
of the circumscribed sphere, least-squared-fitted to the
cation polyhedron (Vs) and the coordination polyhedron
itself (Vp), as well as the values of volume eccentricity
(ECCv), volume sphericity (SPHv) and volume distor-
tion (v) of each coordination polyhedron (Balié-Zuni¢ &
Makovicky 1996, Makovicky & Bali¢-Zuni¢ 1998).

RESULTS: THE CRYSTAL STRUCTURE OF LILLIANITE

The structure of Ag-free lillianite from Vulcano
(Fig. 1) contains three independent metal positions (M1,
M?2 and M3). The M1 and M2 show a distorted octahe-
dral coordination, and they form a chain of octahedra
running diagonally across the PbS-like layers. The M3
site, which displays a standing bicapped trigonal—pris-
matic coordination, is situated on the mirror plane that
connects the adjacent, mirror-related galena-type layers.
The structural arrangement obtained is the same as that
of the natural Ag-bearing lillianite described by Takagi
& Takéuchi (1972), except for slight differences in the
values of atom coordinates (Table 3) and interatomic
distances (Table 4). The pair of bond lengths along
[001]pps of the galena submotif in the M2 site shows the
main disagreement. These M-S distances are 2.706(3)
A and 3.278(4) A in lillianite from Vulcano, compared
to the values 2.64 A and 3.27 A given by Takagi &
Takéuchi (1972). As a consequence, the sample of lilli-
anite investigated here shows the horizontal diameter
of the M2 octahedra equal to 5.984 A, substantially
longer than the value of 5.91 A calculated from the data
reported by Takagi & Takéuchi (1972). A slight increase
of the other M2-S interatomic distances can also be
observed. Analogously, some of the M1-S distances

TABLE 5. UNIT-CELL PARAMETERS OF Ag-FREE LILLIANITE AND
GALENOBISMUTITE FROM VULCANO,
AND COMPARISON WITH THE LITERATURE

Lillianite Galenobismutite

Space group Bbmm Bbmm Pnam Pnam
a(A) 13.567(1) 13.535(3) 11.815(2) 11.79
b(A) 20.655(2) 20.451(5) 14.593(2) 14.59
e (A) 4.1216(4) 4.104(1) 4.0814(6) 4.10
v (AY 1155.0(2) 1136.0 703.7(2) 705.3
Z 4 4 4 4
Reference 1 2 1 3

References: 1 This study, 2 Takagi & Takéuchi (1972). 3 Itaka & Nowacki (1962).
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TABLE 6. COMPARISON BETWEEN COORDINATION PARAMETERS *' FOR CATION SITES
IN Ag-FREE LILLIANITE AND GALENOBISMUTITE
FROM VULCANO, AND COMPARISONS WITH THE LITERATURE

CN  <d> d min d max I, Vs Vp v ECCv  SPHv Val
Ag-free lillianite (this study)

Ml 6 29(1) 2712(2) 3.024(1) 2.89(2) 101.362 32.08(5) 0.0057 0.1813 0.9792 2.53

M2 6 29(Q2) 2.706(3) 3.278(4) 2.94(4) 106379 33.46(6) 0.0119 0.2741 0.9593 2.42

M3 8 32(2) 2.823(3) 3.413(4) 3.2(2) 133455 55.4(1) 0.0428 0.1272 0.8027 1.81

Ag-rich lillianite (Takagi & Takéuchi 1972)

ML 6 29(1) 2.687(3) 2.993(1) 2.87(3) 99.345 31.39%(8) 0.0072 0.2048 0.9721 2.64

M2 6 29(2) 2.638(3) 3.273(4) 2.92(3) 103.993 32.65(9) 0.0138 0.3023 09702 2.59

M3 8 32(2) 2.809(4) 3.362(4) 3.2(2) 133389 554(2) 0.0422 0.1786 0.8243 1.82
galenobismutite (this study)

Mly, 6 29(2) 2.646(5) 3.075(5) 2.86(1) 97.888 30.75(9) 0.0132 0.2693 0.9880 2.94

M2, 7 3.02) 2.762(3) 3.193(5) 2.95(5) 107.099 36.4(1)  0.1021 02453 0.9504 2.68

M3, 8 3.1(3) 2.834(3) 3.761(5) 3.1(2) 124668 S51.6(1) 0.0462 03311 0.8284 2.13

galenobismutite (litaka & Nowacki 1962)

Ml 6 29(2)  2.634(5) 3.122(5) 2.87(1) 99.434 31.1(2) 0.0184 03003 0.9853 2387

M2, 7 29(1) 2.780(4) 3.104(5) 2.93(5) 105.044 35.8(2) 0.0988 0.1975 0.9522 2.68

M3, 8 3.1(3) 2.851(5) 3.758(5) 3.1(2) 125988 52.2(3)  0.0427 03264 0.8440 2.01
PbIn,S, (Arriortua ef al. 1983)

Inl 6 2.60(7) 2.514(9) 2.656(9) 2.60(3) 73.307 22.5(2) 0.0339 0.1267 0.9707 3.18

In2 6 2.7(1) 255(1) 290(1) 2.68(3) 80.247 24.8(2) 0.0307 0.1971 0.9658 2.61

7 29(5) 255(1) 4.06(1) 29(5) 99.687 32.4(2) 0.1423 04286 0.5045 2.62

Pb & 3.1(3) 2.67(1) 3.80(1) 3.1(2) 125516 51.93) 0.0468 0.3357 0.8010 2.34

CaFe, 0, (Decker & Kasper 1957)

Fe2 6 2.03(5) 1.980(2) 2.087(2) 2.030(6) 35.049 11.0(2) 0.0150 0.1164 09916 2.70

Fel 6 2.053) 1.995(3) 2.071(2) 2.05(3) 36.159 11.2(2) 0.0238 0.0295 0.9580 2.55

Ca 8 245(9) 2.365(2) 2.577(3) 2.45(4) 61317 25.6(2) 0.0383 0.1490 09482 2.21

<d>:average bond-distance, r,: radius of the circumscribed sphere, Vs: volume of the circumscribed sphere,
Vp: volume of the coordination polyhedron, v: volume distortion, ECCv: volume-based eccentricity of the
coordination, SPHv: volume-based sphericity of the coordination, Val.: valence.

* The polyhedron parameters for atom coordinations are defined in Bali¢-Zunié¢ & Makovicky (1996) and
in Makovicky & Balié-Zunié (1998). The bond-valence calculations were made using the parameters of Brese
& O'Keeffe (1991). All calculations were done with the program IVTON (Bali¢-Zuni¢ & Vickovié¢ 1996).

in the structure of lillianite from Vulcano increase as
well. In the M3 site, the two capping S1 atoms are
each 3.416(4) A apart, whereas the M3-S4 and M3-S3
distances are 3.220(2) and 2.823(3) A, respectively.
The corresponding distances reported by Takagi &
Takéuchi (1972) are: M3-S1= 3.36 A, M3-S4 = 3.25
A and M3-S3 =281 A.

The concentrations of Se refined for the mixed
(S,Se) sites of lillianite from Vulcano are: 0.03(1) in
S1, 0.04(2) in S2 and 0.07(1) in S4. No selenium was
found in S3. This may be a reflection of the coordination
characteristics of the sites. Site S3 is the only tetrahedral
anion site, whereas S1 and S2 have octahedral, and S4,
square pyramidal coordination. The resulting total Se is
~0.24 apfu (for a total of 6 atoms), which is less than

the amount of this element obtained by electron-micro-
probe investigations [0.33(1) apfu]. The disagreement
could be ascribed to the difficulty in refining such a low
concentration with a high degree of accuracy. On the
other hand, the relatively low residual R value (3.40%)
supports the results of the refinement.

Owing to the larger size of Se>~ compared to S*~, M—
S distances will generally increase with the percentage
of Se-for-S substitution. This is also suggested by the
comparison between bond lengths in the sulfides PbS
and Bi,S; (Kupcik & Veseld-Novdkovd 1970) and the
distances in the corresponding selenides PbSe and Bi,Ses
(Atabaeva et al. 1973). The values of the shortest M-S
distances in the sulfides (2.960 and 2.669 A, respec-
tively) are significantly shorter than the corresponding
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ones in the selenides (3.06 and 2.819 A, respectively).
This might explain the previously described stretching
of the M-S distances in M1 and M2.

Another expected consequence of the incorporation
of selenium in lillianite is an increase of the unit-cell
size. This is confirmed by the analysis of unit-cell
parameters obtained by Liu & Chang (1994) for several
samples of synthetic Ag-free lillianite with variable
selenium contents, which allows us to establish a posi-
tive linear correlation between the cell parameters and
selenium content (Fig. 2). Unfortunately, no reliable
X-ray data for additional natural occurrences of selenian
lillianite are available. Analysis of the graphs reported
in Figure 2 shows that the cell expands proportionately
in all directions with the increase of Se. The unit-cell
parameters of the natural Ag-free selenian lillianite
investigated in this work conform very well to the
relations outlined (Fig. 2). The same is observed for
the synthetic Phase III, investigated by Otto & Strunz
(1968) and, partially, for the Ag-bearing lillianite
studied by Takagi & Takéuchi (1972). The latter shows
a b parameter significantly shorter than expected from
the correlation line in Figure 2b. This is explained by
the incorporation of Ag. Makovicky & Karup-Mgller

The crystal structure of Ag-free lillianite from Vulcano. Projection on (001). Blue circles: mixed (Pb,Bi) positions,
green circles: Pb positions, grey circles: S positions. Lightly and darkly shaded circles indicate atoms at z =% and z = 0,
respectively, along the ~4 A axis. Stippled: chain of N octahedra running diagonally across an individual PbS-like layer, grey
shades: bicapped trigonal prisms of M3.

(1977b) first, and Borodaev et al. (2001) later, suggested
that the b parameter of lillianite decreases linearly with
the percentage of the (Ag + Bi)-for-(2Pb) substitution,
as in the PbS—AgBi,S; solid solution.

The selected sample of lillianite from Vulcano
differs from the ideal composition, PbsBi,Ss, by
showing a slight surplus of bismuth. The value of
chemical N calculated for the mean composition (Nc
= 3.72) is less than the crystallographically defined
theoretical value (N = 4). Makovicky (1981) noted that
differences between non-integral values of N, generally
smaller than the theoretical one, may be due either to
vacancies in the metal positions, created by the substitu-
tion 3Pb** — 2Bi** + [J ((J: vacancy), or to errors in
the frequency of “chemical twinning”. In Table 1, the
empirical chemical formula of Ag-free lillianite with
vacancies (L) also is reported. The amount of vacan-
cies has been calculated from the general formula of
the lillianite homologous series, Pbn_j_2,Biz+:AgSn+2,
considering x = 0 and N = 3.72. The number of vacan-
cies in Ag-free lillianite from Vulcano [[J = 0.05 per
formula unit (pfu)] is very small. In any case, the good
quality of the data allowed the refinement of vacancies.
No preference in distribution of vacancies was noted
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in any of the (Pb,Bi) mixed sites (M1 and M2), both
of which were found to contain ~0.02 [] pfu. A total
of vacancies equal to 0.08 pfu was calculated, which
is a value higher than that suggested by the chemical
composition. The discrepancy can be ascribed to the
small number of vacancies at each site, which is close
to the limit of resolution of the refinement.
Bond-valence calculations (Table 6) clearly suggest
a mixed (Pb,Bi) occupancy for both M1 and M2 octa-
hedron sites of lillianite, whereas the M3 site appears
to be occupied only by Pb. This is in agreement with
Takagi & Takéuchi (1972), and is confirmed by the
plot in Figure 3. The M1 and M2 pairs of bond lengths,
which represent the bond lengths in the (001)p,s plane,
plot between the curves of Bi and Pb. The M1 pair of
bond lengths along [001]pps plot closer to the hyperbola

@ Selenian lillianites (Liu & Chang 1994)
O Phase III (Otto & Strunz 1968)
O Ag-lillianite (Takagi & Takéuchi 1972)

13.90 X Ag-free lillianite (This Study)

13.80
R2=0.9710
2 13.70 |
S
13.60
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13.40 :
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of bismuth than does the M2 pair (Fig. 3). This may be
ascribed to a lower content of the element with a more
active lone-electron pair (Bi) in M2 than in M1. Conse-
quently, the M2 site in the Ag-free lillianite seems to be
richer in Pb than M1. The higher Vs and Vp volumes
observed for the M2 site, if compared to those of M1
site (Table 6), support this conclusion. On the other
hand, the difference between the longest and the shortest
bond of M2, which is larger than the same difference
calculated for M1, as well as the greater eccentricity and
the lower sphericity of M2 compared to those of the M1
site, strongly suggest a preference for Bi in M2. This
result is in agreement with that of Ohsumi ez al. (1984),
who studied the degree of Pb—Bi order in a sample of
Ag-bearing lillianite by means of a synchrotron radia-
tion with a wavelength equal to 0.96 A. From the differ-

21.20

R? = 0.9968
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5 1180 |
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FIG. 2. Linear correlations between cell parameters (A) and Se content (expressed in mol.% Bi,Ses) in synthetic compositions of
selenian lillianite (Liu & Chang 1994). The cell parameters of selenian lillianite from Vulcano are indicated by an asterisk.
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Element-specific bond-length hyperbolae for pairs of opposing bonds (Berlepsch

et al. 2001a) with individual bond-length data of Ag-free lillianite and galenobismutite
added. Each pair of bond lengths consists of a short (x,) and an opposing long (yy)
M-S bond distance (where X, <y, and n = 1, 2, 3). Points P; (x;y;) = P, (x2y2) above
the median line indicate bond lengths in the plane (001)py,s of the galena submotif,

and P3(y3x3) below the median line indicate bond lengths along [001]pps of the galena
submotif for each coordination polyhedron.

ence in the anomalous dispersion effects of Bi and Pb
at this wavelength, they derived a preference for Bi for
the M2 position. However, these authors did not report
any quantitative refined data about the distribution of
Pb and Bi in the mixed sites of lillianite obtained from
their experiment. The assignment of 0.54 Pb and 0.46 Bi
at M1 and 0.54 Bi and 0.46 Pb at M2 was obtained by
Takéuchi (1997) from bond-valence calculations. The
valence sums recalculated on the basis of the structural
data reported by Takagi & Takéuchi (1972) but using
the parameters quoted by Brese & O’Keeffe (1991)
give the following occupancies: 0.36 Pb and 0.64 Bi at
M1, and 0.59 Bi and 0.41 Pb at M2. This calculation
ignores a small amount of Ag, which must have been
present in this structure, on the basis of its unit-cell
parameters, but which was not considered by Takagi
& Takéuchi (1972).

In spite of the greater occupancy of Pb suggested for
the M1 position, the polyhedron volume calculated for
this position is smaller than that of the M2 site in both
the structures of the Ag-free and Ag-bearing lillianite
(Table 6). This finding is explained by the accommo-

dation of the small lone-electron-pair micelles of Bi in
the inner space between the two columns of M2 coor-
dination pyramids. It is confirmed by the asymmetry
of the complete M2 polyhedra, which shows that the
longest M-S distance is the one crossing the micelles,
and the shortest distance is opposite to them. The space
of the structure where the polyhedra M2 occur thus is

expanded and, as a consequence, the polyhedra M1 are

compressed. In Ag-bearing lillianite, the incorporation
of Ag at M1 (Makovicky 1977) causes a further reduc-
tion in the volume of this polyhedron.

The recently solved structure of the lillianite
dimorph xilingolite, PbsBi,S¢ (Berlepsch ef al. 2001b),
offers important data about a possible ordering of Pb
and Bi in the structure of lillianite. The structure of
xilingolite is very close to that of lillianite, representing
a monoclinic variant with an almost complete order of
Pb and Bi among the structural positions. The main
features of the two structures are the same, with the
same types of coordination, and with small geometrical

differences, according to an almost full ordering of
cations. In xilingolite, the sites that correspond to M1
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and M2 in lillianite are predominantly occupied by Bi or
Pb in the alternating structural slabs. On average, there
are thus similar occupancies in both types of structural
sites throughout the structure, in accordance with the
result for lillianite. Site M3 is a pure Pb site, again in
accordance with lillianite, but in xilingolite, it shows a
lower symmetry with a significant displacement of Pb
from the center of the prism, which has the consequence
that the coordination number is reduced to 7, and the
prism is monocapped. In xilingolite, the bond-valence
calculations for this site give an expected valence.
This supports a conclusion that the observed deficit in
the summary valence for the M3 site in lillianite, plus
a high anisotropy of the atomic displacement factor
with longest displacement axis oriented perpendicular
to (010), are a consequence of a static or dynamic
disorder of Pb at this site between two close positions
on both sides of the (010) mirror plane, which produces
a coordination situation similar to that in xilingolite.
However, as already said in the experimental part, no
proof of a static disorder in the structure that could be
related to “xilingolite-like” domains could be obtained
from our data.

Formally, the observed structure of lillianite can
be regarded as a product of the unit-cell twinning of
the xilingolite structure, or of a completely disordered
stacking of the xilingolite structural slabs (as regards the
occupancies and geometry of coordinations of cations).
The observed Pb—Bi occupancies in the two structures
are in accordance with these models. Both models
support M3 as a pure Pb site, whereas for M1 and M2,
a similar occupation of Pb and Bi is suggested. The
observation that the vacancies are distributed equally
between M1 and M2 sites is also consistent with this
conclusion.

RESULTS: THE CRYSTAL STRUCTURE
OF GALENOBISMUTITE

The structural study of galenobismutite from Vulcano
is a refinement of the structure originally solved by
Wickman (1951) and litaka & Nowacki (1962). This
study confirms the general structural arrangement of
galenobismutite; there are three independent cation-
positions (Fig. 4). One metal position is characterized
by a slightly distorted octahedral coordination (M1gy),
forming fragments of galena-like structure two octa-
hedra wide. The second site is a lying-flat monocapped
trigonal prism (M2g); the third metal position shows
a standing trigonal prismatic coordination (M3gy),
with the cation surrounded by seven sulfur atoms with
distances ranging from 2.834(5) to 3.217(4) A, and one
additional sulfur atom S4 at 3.760(5) A. The rows of
M3, polyhedra, which run parallel to [001], are inter-
connected by long M34,—S4 contacts into undulating
layers parallel to (010). The two M2y, polyhedra are
paired around a center of symmetry, so that they share
their S3 atoms. The M24,—S3 distances represent the
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three shortest bonds of the coordination polyhedron
M2,,. Consequently, the volume defined by the M2y,
and S3 atoms is relatively small. This is a typical feature
of the structure of galenobismutite. In fact, it is more
common among sulfosalts that a similar connection
between adjacent polyhedra is obtained by a combina-
tion of short and long bonds (i.e., the central parts of the
Bi4Sg ribbons in bismuthinite). A configuration similar
to that of galenobismutite is present in the synthetic
compound BiSCl (Voutsas & Rentzeperis 1980; Fig. 5),
where all the short bonds are Bi—S bonds.

The concentrations of Se refined for the mixed (S,Se)
sites of galenobismutite from Vulcano are: 0.05(1) in
S1,0.02(1) in S2, 0.03(1) in S3, and 0.03(1) in S4. The
resulting total Se is ~0.13 apfu, which is in excellent
agreement with the amount of Se obtained by electron-
microprobe investigations [0.11(1) apfu]. This quantity
is substantially lower than the concentration of selenium
found in lillianite. The influence of selenium on M-S
bond-lengths and unit-cell size has been previously
discussed. In spite of the generally expected increase in
cell parameters and M-S distances, no clear evidence
of increase has been noted in this case. The unit-cell
parameters of selenium-bearing galenobismutite from
Vulcano are comparable with those from the literature
(Table 5). A similar behavior is generally observed for
the bond lengths (Table 4). Minor discrepancies can
be explained by the different accuracy of the structural
data. The lack of significant increase in the cell size
and bond lengths can be ascribed to the small quantity
of selenium in the sample of galenobismutite investi-
gated, so that its effects on the structure are within the
error limits.

The bonding-hyperbola diagram (Fig. 3) contains
also data for galenobismutite from Vulcano. The pairs of
selected opposing bonds for M1y, and M3, sites suggest
at the outset that the Mgy, site is totally occupied by
Bi, whereas M3, is a fully occupied Pb site. The pairs
of bonds for M2, plot between the Bi and Pb curves,
suggesting that M2y, is a mixed (Pb,Bi) position. The
results of bond-valence calculations and the analysis of
the coordination parameters for these cation sites lead
to the same conclusion.

The polyhedron M1y, is characterized by a polyhe-
dron volume (Vp) indicative of a full occupancy by Bi.
The same evidence is also suggested by the relatively
high value of eccentricity (ECCv), as well as by the
value of the shortest M-S distance. The volume of the
polyhedron M3y, is smaller than the value expected for
a polyhedron with the same CN and with Pb as cation
(e.g., Vp of M3 in lillianite); the value of the eccentricity
is relatively high (Table 6), suggesting the substitu-
tion of Bi for Pb at the M3y, site of galenobismutite.
On the contrary, the value of the shortest bond in the
polyhedron M3, (Table 6) is more consistent with a
full Pb occupancy.

Analysis of bond lengths of galenobismutite indi-
cates that the three shortest M-S distances of the poly-
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FiG. 4. The crystal structure of galenobismutite from Vulcano. Projection on (001). Pink circles: Bi-dominated sites, green
circles: Pb-dominated sites, grey circles: S sites. Lightly and darkly shaded circles indicate atoms at z = %4 and z = %, respec-
tively, along the ~4 A axis. The portions of lillianite-like octahedra are stippled, and the bicapped trigonal prisms of M3y,
are shaded grey.

galenobismutite BiSCI

FiG. 5. Comparison between the coordination of the M2g, site in galenobismutite from Vulcano and the coordination of Bi in
BiSClI (Voutsas & Rentzeperis 1980).
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hedron M2, (M24—S3 distances, Table 4) are longer
than those expected for a Bi atom [i.e., Bi-S bonds
in the compound BiSCl: 2.605(2) A and 2.711(1) X
2 A (Voutsas & Rentzeperis 1980)]. The evidence of
relatively long M2, — S3 distances in galenobismutite
may be due to the partial Pb-for-Bi substitution at the
M2y, site. This is confirmed by the results of bond-
valence calculations (Table 6) and the diagram of the
bond-lengths hyperbolae (Fig. 3), which suggest a
mixed (Pb,Bi) occupancy for M2g,. Considering the
composition of the mineral (Table 1), and assuming
that the M1y, site of galenobismutite is fully occupied
by Bi, we must conclude that no mixed occupancy is
possible for M2, alone, unless accompanied by mixed
occupancy at M3gy,.

We may conclude that M1y, is a pure Bi site,
whereas M2,, and M3, are dominated by Bi and Pb,
respectively, with up to about 25% substitution by the
other element.

COMPARISON BETWEEN THE STRUCTURES
OF LILLIANITE AND GALENOBISMUTITE

According to Makovicky (1977), a relationship
exists between the crystal structures of lillianite homo-
logues and galenobismutite. As in lillianite, the structure
of galenobismutite is composed of blocks of PbS-like
archetype surrounding a central “row” of bicapped
trigonal prisms. However, in galenobismutite, a glide
plane replaces the mirror plane characteristic of the
lillianite series (Figs. 6a, d). Consequently, the two
octahedra M1, forming the PbS-like rod in galenobis-
mutite do not have a symmetrical counterpart on the
other side of the row of trigonal prisms M3, In the
space of the structure that should be occupied by the
opposite galena-like layer (in a >°L homologue, i.e.,
Ti,CaOy, Fig. 6d), a pair of coordination polyhedra
M2, occurs.

Two thirds of the structure of galenobismutite can
be interpreted as a distorted 2L structure (Makovicky
1977): the octahedron M1,y is analogous to both the M1
and M2 sites in the structure of lillianite “*L, whereas
the bicapped trigonal prism M3y, is “similar” to the M3
site in lillianite. The other metal position, M2, (lying
monocapped trigonal-prism), does not correspond to
the lillianite motif.

The correlation between M-S distances in the
structure of lillianite and the corresponding distances
in galenobismutite from Vulcano is illustrated in
Figures 7a and b. The three shortest M-S distances in
the octahedron M1y, of galenobismutite (Fig. 7a) are
significantly shorter than the corresponding distances
in M1 and M2 octahedra of lillianite. The M3y, trigonal
prism in galenobismutite is asymmetric, and appears
more strained than the corresponding symmetric
polyhedron in the structure of lillianite (Fig. 7b). This
can be explained by the observation that in the struc-
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ture of galenobismutite, the polyhedra M2, form a
distorted part of the structure, and the polyhedra M1y,
a much less distorted part. This leads to a distortion
and rotation of the polyhedra M3g, in the structure of
galenobismutite, forming a zig-zag “row” along [100].
Consequently, the M3, polyhedron in galenobismutite
is closer to a monocapped trigonal prism than the
corresponding polyhedron in lillianite (M3), which is a
bicapped trigonal prism.

If the average of the two bond lengths of the capping
S atoms in the M3y, sites of galenobismutite is plotted
against the distance of the caps in the M3 site of lillianite
(Fig. 7b), the resulting point is linearly and positively
correlated with the other points in the diagram. The
regression line obtained is not parallel to one described
by a perfect 1:1 relationship; the slope and the rightward
shift of the line from one going through the origin reflect
the presence of Bi in the M3y, site. The M3 site in lilli-
anite is supposed to be a pure Pb position.

A comparison of the coordination polyhedra in the
structures of lillianite and galenobismutite shows that
all coordination polyhedra in the structure of galeno-
bismutite are more distorted and asymmetrical than
the corresponding ones in the structure of lillianite.
This is suggested by the comparison of the parameters
v (volume distortion) and ECCv (volume eccentricity),
both of which are greater in galenobismutite than in
lillianite (Table 6).

According to Makovicky (1977), the deformation of
the structure of galenobismutite (>"L) is produced by
the necessity to accommodate the volume occupied by
the lone-electron pairs of the two bismuth atoms within
the potentially galena-like layer.

RELATIONSHIP OF GALENOBISMUTITE
WITH OTHER SULFOSALT STRUCTURES

The crystal structure of galenobismutite shows
strong similarity with the structure of CaFe,O,4 (Decker
& Kasper 1957, Mumme 1980, Makovicky 1977, 1981)
and PbIn,S4 (Arriortua et al. 1983). The structural
arrangement of these compounds is closely related
to the linkage pattern of the lillianite homologue >’L
(Fig. 6).

The position M3, in the structure of galenobis-
mutite (Fig. 6a) corresponds to the largest cation, i.e.,
Ca in CaFe,0y (Fig. 6¢), and Pb in Pbln,S, (Fig. 6b).
The coordination parameters (degree of distortion,
eccentricity, sphericity and polyhedron volume) of the
M3, site of galenobismutite are very similar to those
calculated for the Pb position in the compound PbIn,S,
(Table 6). On the other hand, it must be stressed that
the polyhedron of Pb in PbIn,S, is characterized by an
unusually short M-S distance (Pb—S1= 2.67 A), and
that the sum of valences calculated for this position is
substantially greater than the value expected. This might
suggest a mixed (Pb,In) occupancy.
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The coordination polyhedron of Ca in CaFe,Oy4
is more symmetrical than the corresponding one in
galenobismutite and in PbIn,S,. It is characterized by a
lower volume-distortion, lower eccentricity and greater
sphericity than the corresponding values in the other
structures (Table 6).

The octahedron M1y, of galenobismutite is more
irregular than the octahedra In1 and Fe2 in the synthetic
compounds PblIn,S4 and CaFe,0y, respectively. Poly-
hedron Mg, has the greatest value of eccentricity of
the three polyhedra, and its volume distortion is quite

(©)
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similar to that of Fe2 in CaFe,O4. The polyhedron Inl
is characterized by a volume distortion slightly greater
than those of the polyhedra M1y, and Fe2 (Table 6).
The seven-fold coordinated position M2y, is
replaced by a six-fold distorted octahedral coordination
in the structures of PbIn,S4 and CaFe,O4 (In2 and Fel,
respectively). The comparison between these positions
reveals a progressive increase of distortion, starting
from the polyhedron Fel in CaFe,0O4 and ending to
M2, in galenobismutite. In the latter, the octahedron is
completely distorted, and a different type of coordina-
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FiG. 6. The crystal structures of: a) galenobismutite Pb; 00Bi2.03(S3.875€0.11)s3.08 (this study), b) PbIn,S4 (Arriortua et al. 1983),
¢) calcium ferrite CaFe,0y4 (Decker & Kasper 1957), d) Ti,CaO, (Bertaut & Blum 1956). The structures in b), ¢), and d)
show structural arrangements that correspond in part to the linkage pattern of the lillianite homologue N = 2. The portions
of lillianite-like octahedra are stippled, the bicapped trigonal prisms are shaded grey.
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(b) + Point indicating the mean value of the distances
from the S capping atoms to the M3y, site in the
structure of galenobismutite.

a) Interatomic distances at the octahedron sites (M1 and M2) of Ag-free lillianite versus the corresponding distances in

the octahedron M1y, of galenobismutite. b) Interatomic distances at the M3 site of the Ag-free lillianite versus the correspon-

ding distances at the M3y, site of galenobismutite.

tion occurs (namely a monocapped trigonal prism, or
“split octahedron”).

Additional similarities exist among the structure of
galenobismutite and those of some rare-earth sulfides
and sulfosalts. The configuration of the two columns
of lying-flat monocapped trigonal prisms M2, and
their two neighboring standing bicapped trigonal
prisms, M3, forms a lozenge-like rod (Fig. 8a),
which is an element that occurs, variously stacked, in
Gd,S3 (Fig. 8b), CeTmS3 and LajgErgS,7, as well as in
PbyIn;Bi;S;g (Makovicky 1992).

CONCLUDING REMARKS

The X-ray single-crystal study performed on a
selected sample of Ag-free lillianite from Vulcano
[Pb.gsBi2.12(S5.675€0.33)56.00, Nc = 3.72], allowed us to
investigate the Pb—Bi order in the structure of lillianite
in the absence of Ag. The study of the distribution of
Pb and Bi over the metal positions of the structure of
Ag-free lillianite has been performed using a combina-
tion of several approaches (bond-valence calculations,
bond-length hyperbolae, analysis of coordination
characteristics such as polyhedron volume, polyhedron
distortion, eccentricity and sphericity of the coordina-
tion polyhedra). The trigonal prism M3 is occupied
only by Pb, whereas both octahedrally coordinated
M1 and M2 sites are mixed (Pb,Bi) positions. The

admixture of Se is shown to be preferentially ordered
at the six-fold and five-fold coordinated anionic sites,
whereas the four-fold coordinated site S3 remains
free of Se. The mixed character of the M1 and M2
sites, and the characteristics of the M3 coordination,
can be explained, in comparison with the structure of
xilingolite, as characteristics of the lillianite dimorph,
in which the M3 site represents a mirror-symmetric
compromise between the two “twinned” asymmetric
Pb coordinations in xilingolite, and both M1 and M2
have characteristics of the overlapped dominantly Pb
or dominantly Bi sites from the structure of xilingolite.
Indications were found for a preference of Pb for the
M1 site and Bi for the M2 site.

The present re-investigation of the structure of
galenobismutite, performed by using a modern diffrac-
tometer with an area detector, allowed us to obtain
atom coordinates and bond lengths of a high degree of
accuracy. The general structural arrangement reported
by litaka & Nowacki (1962) for galenobismutite was
confirmed. As in the case of lillianite, metal occupancies
were investigated. The M1y, site of galenobismutite is
clearly a full Bi position. Although some evidence of
Pb-Bi disorder has been observed in both the M2y,
(Bi-dominated) and M3g;, (Pb-dominated) positions, the
data presented in this paper do not allow us to prove
it definitively.
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(b)

a) Lozenge-like rod in galenobismutite. b) The crystal structure of Gd,S3 (Prewitt & Sleight 1968) interpreted as a

stacking of composite rods comprising two horizontal and two vertical prisms each (CN7 and CN8). Figure in b) is from

Makovicky (1992), modified.
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