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Abstract

The crystal lattices and crystal structures of franckeite
and cylindrite have been restudied using transmission
electron microscopy. The selected-area diffraction,
convergent-beam diffraction and high-resolution
electron microscopy observations revealed that the
relations between the two lattices and between the
lattice and the structure modulation are various and
incommensurate. Revised structure models of cylin-
drite and franckeite are proposed from the applica-
tion of the structural principles found to form the
basis of the crystal structure of angitorite for explana-
tion of sinusoidal modulations in these minerals. The
simulated and observed high-resolution electron
microscopy images match very well. The crystallo-
chemistry of cylindrite and franckeite is also dis-
cussed.

Introduction

The cylindrite group of minerals is important in crys-
tallography because of their unique crystal structures

0108-7673/91/040381-12803.00

with two interpenetrating types of layers which have
different lattices. The reported cylindrite-group
minerals include four species, cylindrite, franckeite,
incaite and potosiite. Franckeite and cylindrite,
originally described by Frenzel (1893) as samples
from Bolivia and later discovered in many parts of
the world, are the main minerals in this group.

Incaite and potosiite are very similar to franckeite
in both structure and composition. Makovicky (1976)
suggested that a small amount of Ag was essential to
incaite and Kissin & Oweus (1986) proposed that the
substitution Ag'*+1In*"=2Pb’* exists in potosiite.
Moh (1984, 1986), however, showed that small
amounts of Ag were not essential to the synthesis of
the cylindrite-group minerals and proposed that the
so-called incaite was in fact franckeite with
Sn**:Sn’* =1 and so-called potosiite was simply
franckeite without Sn**.

The name cylindrite reflects the interesting
morphological feature of this mineral to develop a
cylindrical structure and cleavage. The mineral was
previously studied by Moritz (1933) and Ramdohr
(1960) in reflected light in polished section and by
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Makovicky (1971) using scanning electron micros-
copy. A detailed study of its structure using X-ray
diffraction was performed later by Makovicky (1974,
1976), who suggested that this mineral possesses two
interpenetrating lattices, a pseudo-tetragonal A-
centered lattice and a pseudo-hexagonal A-centered
lattice. Each of these lattices has a sublattice and a
superlattice. He also suggested that the structure was
composed of two kinds of layers corresponding to
these two kinds of lattices. The layer with pseudo-
tetragonal symmetry has composition PbS and is
simply called the ¢ layer; the layer with pseudo-
hexagonal symmetry has composition SnS, and is
called the h layer. These two kinds of layers are
superimposed on each other forming a sequence
htht.... Each t layer is composed of two PbS layers
which are similar to the PbS layer parallel to the (100)
plane in the structure of galena. Each h layer is
composed of two hexagonal close-packered layers of
S atoms with most octahedral sites occupied by Sn,
similar to the layers in the structure of berndtite.
Makovicky (1976) also reported the lattice param-
eters: for the pseudo-tetragonal A-centered subcell
a=11-76, b=5179, c=5814A, a=90, g=9238,
y =93-87°; for the pseudo-hexagonal A-centered sub-
cella=11-73, b=3:67,c =632 A, a =90, 8 =92:58,
y=90-85° for the pseudo-tetragonal supercell
a=140-67, b=579, c=75-53 &, « =90, 8 =90-01,
v =93-88° and for the pseudo-hexagonal supercell
a=140-37, b=3-67, ¢=37-92A, a=90, B=90,
v =90-85°. Makovicky also proposed that the super-
structure period in the ¢ direction was caused by
the step-like corrugation of these layers.

Mozgova, Organova & Gorshkov (1976) studied
the crystal structure of franckeite using X-ray diffrac-
tion and showed that its crystal structure, similar to
that of cylindrite, also contained two kinds of layers.
There are also two kinds of lattices corresponding to
these two kinds of layers, the ¢ lattice and the h
lattice as in cylindrite. The main differences between
the structures of franckeite and cylindrite are the
thickness of the ¢ layer and the long periodicity in
these structures. He found that in the structure
of franckeite the thickness of the ¢ layer was twice
that in cylindrite. Therefore, the a parameter
(approximating the layer-stacking direction) of
franckeite is greater than that of cylindrite. The sub-
lattice parameters of franckeite given by Mozgova
et al. (1976) were: a=17-2, b=5'79, ¢=5-82 A for
the ¢ lattice and a=17-2, b=3-65, c=6-3 A for the
h lattice. Both of these lattices have long periods in
both ¢ and b directions. Mozgova et al. (1976) also
reported that the long periods in the structure of
franckeite were 8-148 nm in the b direction and
4-69 nm in the ¢ direction.

Williams & Hyde (19884, b) and Wang (1988, 1989)
studied the crystal structure of cylindrite and
franckeite using transmission electron microscopy
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(TEM). Contrary to the study of Mozgova et al
(1976), they did not observed the long period of 140 A
in the a direction in the structure of cylindrite and
the 81-48 A in the b direction in franckeite in their
electron-diffraction patterns. Furthermore, they con-
clude from their HRTEM images that the long perio-
dicity in the ¢ direction in the structures of cylindrite
and franckeite were caused by the sinusoidal modula-
tion of the layers. Williams & Hyde (19884, b) also
simulated HRTEM images for cylindrite and
franckeite with their wavy structure models and
studied the electron-beam damage for franckeite with
HRTEM images.

Though the structures of cylindrite and franckeite
have been studied with HRTEM previously (Williams
& Hyde, 1988a, b), several questions still remain.
First, what is the relation between the two lattices of
the structure? Second, how are the lattices related to
the structure modulations in these minerals? Third,
why do cylindrite and franckeite have wavy structure
modulations? Fourth, what is the extent of beam
damage in the electron microscope and what possible
effects does this have on structural interpretation?
We have restudied cylindrite and franckeite using
transmission electron microscopy to try to answer
these questions. Some of our SAED patterns and
HRTEM observations are consistent with those of
Williams & Hyde (1988a, b). The revised structure
models of cylindrite and franckeite are suggested,
simulated and discussed.

Samples and experimental details

The cylindrite sample used in this study came from
the Geological Museum of the China University of
Geosciences at Beijing. The provenance of this cylin-
drite sample is Poopo in Bolivia, the same place as
that of the sample studied by Makovicky (1971, 1974,
1976). Morphologically, the cylinder axis is approxi-
mately along the [001] direction with the radius close
to the [100] direction. This mineral has perfect {100}
cleavage. The geological and mineralogical details
have been described in previous works (Frenzel, 1893;
Makovicky 1971, 1974, 1976, Mozgova, Borodayev
& Sveshnikova, 1975). The franckeite sample used in
this study occurs in fractures in the marls and mega-
lenticular limestone on the outer flank of the upper
veined-type tin ore bodies in Changpo ore deposit,
Guangxi, China. The crystal habits are thin tabular
{100}, striated [001] on the cleavage plane, usually
massive or foliate. Crystals are often warped or bent
with perfect {100} cleavages. The geological features
have been thoroughly described by Huang, Wu, Chen
& Tang (1986). The results of electron-microprobe
analyses of the samples of cylindrite and franckeite
are listed in Tables 1 and 2, respectively.

Thin specimens were prepared for TEM observa-
tions. Specimens parallel to the {100} cleavage plane
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[(Pb,Sb,Sn’*)S] and that of the h layer
[(Sn**, Fe)S,]. An approximate common multiple
volume (pseudocell) could be determined in both
cylindrite and franckeite using the lattice parameters
given by Makovicky (1976) and Mozgova et al. (1976).
The ratio of cations between the two layers in the
pseudocells in the models are 2-58 and 1-37 for
franckeite and cylindrite, respectively. Following
Evans & Allmann (1968), we can express the crystal-
lochemical formulae of franckeite and cylindrite as
follows:

franckeite 2-58[(Pb**,Sb**,Sn*")S][(Sn**, Fe?")S,]
cylindrite 1-37[(Pb>*, Sb>*, Sn*")S][(Sn*", Fe’")S,].

Concluding remarks

Makovicky (1976) and Williams & Hyde (19884, b)
previously presented b*c* transmission electron
diffraction patterns of cylindrite and Williams & Hyde
(19884, b) also presented corresponding HRTEM
images. Our results are somewhat different from these.
The present TEM study indicates that the two layers
in cylindrite have different stacking vectors. In addi-
tion, separate h- and t-layer electron diffraction pat-
terns and their HRTEM images were obtained. Based
on the common modulation of the two layers and the
common CBED patterns, the relations between the
two lattices and between the lattices and the modula-
tions were determined. This study also indicates that
there are two types of incommensurability in cylin-
drite and franckeite, the incommensurability between
the two lattices in each structure and the incom-
mensurability between the lattices and modulations.
The alternative wave-structure models of cylindrite
and franckeite are suggested, simulated and discussed
in this paper, pointing out the modulations resulting
from the mismatching relation between the two layers.
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Abstract

Bond-length and bond-angle parameters are derived
from a statistical survey of X-ray structures of small
compounds from the Cambridge Structural Database.
The side chains of the common amino acids and the
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polypeptide backbone were represented by appro-
priate chemical fragments taken from the Database.
Average bond lengths and bond angles are deter-
mined from the resulting samples and the sample
standard deviations provide information regarding
the expected variability of the average values which
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