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Dedicated to Prof. Dr. Stefan Graeser on his 65" anniversary

The crystal chemistry of the sartorite group minerals from
Lengenbach, Binntal, Switzerland - a HRTEM study

by Allan Pring'-’

Abstract

The crystal chemistry of the sartorite group of minerals is reviewed and structures are treated in terms of
compositional modulations associated with Pb and As ordering. The minerals have modular structures based on the
mtergrowth N = 4 and N = 3 units, with N = 4 units dominated the more Pb-rich minerals. High-resolution transmis-
sion electron microscopy was used to investigate the nature of long range order-disorder of structural modules. The
more Pb-rich members of the group: dufrénoysite (N = 4), rathite (N = 4), and liveingite (N = 3.75) were found to be
perfectly ordered with no evidence of polytypism or polysomatic disorder. The compositional region between
liveingite and baumhauerite is dominated by the occurrence of long period homologues with 10 and 12 units in the
structural repeat. Disordered intergrowths of N = 4 and N = 3 units occur in this compositional region. Baumhauerite
(N = 3.5) exhibits extensive polytypism, both ordered and disordered and this is thought to be associated with peri-
odic inversions of the Pb/As order about ¢. Sartorite (N = 3) exhibits a complex modulated structure that is associ-
ated with the inherent mismatch of As and Pb polyhedra within the structural modules.

Critical evaluation of the structural data on rathite suggests that it is part of a complex solid solution between
dufrénoysite and a hypothetical end-member Pby(Ag, T1)As,,Sy,. The existence of rathite 111 and its relationship to
rathite are discussed. The paragenetic relationships between the sartorite minerals at the Lengenbach Quarry,

Binntal, Switzerland are also discussed.

Keywords: sartorite, rathite, polytypism, polysomatism, Lengenbach, HRTEM.

Introduction

The modular treatment of crystal structures has
done much to simplify our understanding of the
crystal chemistry of complex minerals, such as the
sulfosalts (HYDE et al., 1979; TAKEUCHI, 1970;
TAKEUCHI and TAKAGI, 1974; WUENSCH, 1979;
MAKOVICKY, 1981, 1985, 1989, 1997 a, b; SKOWRON
and BROWN, 1994). The ideas behind modular
crystal chemistry have their roots in the work of
BAUMHAUER (1915). He introduced the concept
of polytypism in order to explain the many struc-
tural modifications of SiC, formed by different
stacking sequences of structurally and stoichio-
metrically identical layers. Many minerals and
other compounds exhibit polytypism.

MAGNELI (1953) introduced the concept of a
homologous series to describe groups of com-

pounds that are characterized by a general formu-
la and built upon a common structural principle.
This concept is typified by the rare earth oxides
and the sulfosalt minerals of the lillianite group
(MAKOVICKY, 1981; PRING et al., 1999). The some-
what parallel idea of polysomatism was intro-
duced by THOMPSON (1970, 1978) in ordered to
explain the relationship between structures based
on the ordered intergrowth of two or more struc-
turally and stoichiometrically distinct types of
units or modules, rather than identical units as re-
quired by polytypism, or common structural prin-
cipals as required by homology. Perhaps the best
known example of polysomatism is the biopyri-
bole mineral group. The work of Veblen and oth-
ers (see VEBLEN, 1991) on structural and parage-
netic relationships in the biopyriboles has done
much to clarify the nature of these minerals, and
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Minerals of the sartorite group.

Tab. 1

Reference

Structure Cell*
4.4

Composition

Name

MARUMO and NOWACKI (1967)
100.47 MARUMO and NOWACKI (1965)

=90.35

B
B

c8.37

a 7.90

b 7.94
b 7.91

b 25.74
a25.16
a24.52
b 70.49

Pb;sAs 1S40

Dufrénoysite
Rathite

c 847
¢ 8.47
a 837
c 8.37
¢ 8.46
¢ 8.36
c8.48
c 8.48
c4.19

44
4.4

R)SJU

7]

Pby;  TlyoAsio(As) AL

Pb,As5S4

LEBIHAN (1962)

Rathite-I11

ENGEL and Nowacki (1970)

B =90.13

¢ 791
b 7.90

Pb g 5AS;5S54
Pb, AsySe

[

Liveingite

115 A phase

Ozawa and TAKEUCHI (1983)

el

o7
a 138.6

w

all

443434

,-,
=)

4,34

O7zawa and TACHIKAWA (1996)
ENGEL and NOWACKI (1969)

PRING and GRAESER (1994)

90.33

p
B
p

b 7.92

434344343434

PbisAssS g

3

138 A phase (rathite-1V)

Baumhauecrite

97.27

b 7.89
b 7.89

a 22.80
a44.75
a 68.3

o

Pb,As6S36

Pb,,A

3

- 93.6
B =90.0

o

21 4A8343S;
Pbsg Aga(As,Sb)sy S8

PbAs,S

Baumhauerite-2a

RAESER (1994)

.,
J

PRING and C

b 7.89
b 7.89

Baumhauerite- YO3abc

Sartorite

PRING et al. (1993)

90.00

p=

a19.62

4

A.PRING

* unit cell data rest to a common parent cell.

of the solid state reactions by which they arc
formed. A number of other polysomatic mineral
systems have also been studied (see ALLEN (1992)
for review).

In modular crystallography families of struc-
tures are generated by stacking units in different
ways and the central requirement is that the ener-
gy of the interface between component units be
relatively low; i.e. a requirement for structural
coherence between units. The most extensive
modular structural families are those where the
individual modules have a very low residual elec
trostatic charge and low surface energies. Struc
tural disorder due to errors in the stacking sc
quence have been observed in nearly all modular
series and many polysomatic and homologous
series also exhibit polytypic behaviour. The rela-
tionships between the structural concepts of poly-
somatism, homology and polytypism are clearly
very close and ANGLE (1986) advocated treating
polysomatic structures as a special case of poly-
typism. The contrary idea, of treating polytypism
as a special case of polysomatism, would appear
however to have equal validity.

The sartorite group (also known as the rathite
group) of lead arsenic sulfide minerals are
amongst the most studied of the sulfosalts despite
their highly restricted occurrence in nature
(Tab. 1). All of the members of this group occur
together at the historic Lengenbach deposit in the
Binntal, Wallis, Switzerland. This deposit has been
worked spasmodically, since the 1850, for speci-
mens of these rare minerals (GRAESER, 1977;
GRAESER and SCHWANDER. 1992; GRAESER et al.,
1992, 1995a and b; STALDER et al., 1978; HOFMANN
et al., 1993). The lead arsenic sulfide minerals not
only occur as masses but also as sharp, well-
formed crystals exhibiting complex arrays of
forms. This feature attracted the attention of mor-
phological crystallographers in the second half of
the Nineteenth Century and the first two decades
of the Twentieth Century. Despite the very close
structural and chemical relationships between
minerals within the group, the major members
(dufrénoysite, liveingite, baumhauerite, rathite
and sartorite) were, for the large part, distin-
guished, described and defined on the basis their
morphological crystallography and chemistry (as
determined by wet chemical analyses) (see STAL-
DER et al., 1978 for compilation of early analyses).
Unit cell and some space group data on the miner-
als were later obtained by BANNISTER et al. (1939)
and BERRY (1953). LE BiHAN (1962) established
the structural principles for the sartorite group,
describing the structures in terms of units that she
designated as S (for sartorite) and R (for rathite).
Nowacki and his group (NOWACKI et al., 1961)
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Fig. 1

Diagram showing the two structural elements which make up the structural modules in sartorite group min-

erals. (a) Infinite (100) planes of PbS, tricapped trigonal prisms linked by edge-sharing in the b direction and face-
sharing along the ¢ direction. The repeat distance in the ab-plane is 7.9 A and along ¢ is 4.2 A.(b) (100) slabs consist-
ing of strips of (Pb,As)S;,,,square pyramids of variable composition.

dectermined in detail many of the structures in the
period 1961 to 1976 (see Tab. 1), and the basic
structural features of the sartorite group are firm-
ly established.! TAKEUCHI (1970) also used a
description based on R- and S- type slabs and
showed how symmetry operators could be em-
ployed to generate members of the series from
these basic modules. The structures of the sar-
torite homologues can be visualized as composed
of slices of SnS-like structure cut parallel to the
planes (301) and (301)g,s. These include poly-
hedra from both the walls and the slab and they
are N =3 and N =4 polyhedra thick (MAKOVICKY,
1985).

Systematic high-resolution transmission elec-
tron microscope (HRTEM) studies of the lead ar-
senic sulfide mineralisation at Lengenbach were
undertaken with the aim of clarifying structural
and paragenetic relationships between members
of the sartorite group and within the deposit
(PRING, 1990; PRING et al., 1990, 1993; PRING and
GRAESER, 1994; OzAawA and TAKEUCHIL 1983,
1993; OzAawA and TACHIKAWA, 1996). This paper
presents an overview of the crystal chemistry of
the group and the results of recent detailed HR-
TEM studies. The focus is on the topological and
chemical relationships between these structures
without considering many of the fine-scale details
of site occupancies. A number of the reported
structure refinements show fractional occupancy
and splitting of sites and while these are in part
due to Ag or Tl substitution it should be remem-
bered that many of these minerals are highly ab-
sorbing and the structures were determined and

refined using film methods. An element of uncer-
tainty therefore remains about some of the occu-
pancy factors and the positions of some of the
split sites associated with cation substitutions.

Structural relationships within the
sartorite group

Compositional and structural data for the sar-
torite group minerals is summarized in table 1.
The idealized “parent module” underlying these
minerals consists of the intergrowth of two ele-
ments: infinite (100) planes of PbS, tricapped trig-
onal prisms linked by edge-sharing approximate-
ly along the b direction and face-sharing along the
c direction. These planes of PbS, are linked by the
second structural element, strips of edge-sharing
(Pb,As)S; .,y square pyramids of variable compo-
sition (Fig. 1). These two elements together con-
stitute the basic structural modules of the sar-
torite group as defined by Makovicky (1985).
The PbSy planes are similar to PbCl, planes in
PbCl, (C23 structure) while the strips of
(Pb,As)S; ., can be considered as (301) and (301)
slabs of distorted GeS/a-SnS-like structure (B16/

"Tto and Nowack! (1974) and RIBAR and NOWACKI
(1969) reported the structures of jordanite and
gratonite respectively. These two lead arsenic sulfide
minerals are not members of the sartorite structural
group; their structures are related to PbS by ordered
substitution on the {111} planes.
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B29 structure) (SMITH and HYDE, 1983; MAKO-
VICKY, 1985). Two widths of the distorted GeS/o-
SnS-like strips are observed, thus there are two
modules of different widths. These have been de-
scribed by various authors as S and R units (LE
Bitan, 1962), B and C units (NOWACKI, 1969), S
and D units (PRING, 1990). As noted above MAK-
OVICKY (1985) treats units forde by the inter-
growth of the PbS, planes and (Pb, AS)S\, 5, strips
as single units which he dgnoles asN=3andN=4
units. This notation system, treating the two cle-
ment of the structure together, will be used here
as it gives the order number of the homologue (or
polysome) N and can be used to calculate the
number of cation sites in the structural formula
(MAKOVICKY, 1985).

[n genecral terms the formula is:

MenSin.s
and for di- and trivalent cations it reads:
Me?*n s Me¥Sin 4
With partial Me* + Me** <=> 2 Me?* substitu-
tion the formula becomes:
Me®* x5 2x Me? g Me*, Syn.a,

with Me* = Ag or Tl, Me?* = Pb, Me** = As, Sb.

There are modules three polyhedral wide (two
(Pb,As)Ss(,») ‘square pyramids’ and a PbS, tri-
capped trigonal prism) (N = 3) (Fig. 2) as in sar-
torite, or four polyhedral wide (three (Pb,As)S5 .5,
‘square pyramids’ and a PbS, tricapped trigonal
prism), as in dufrénoysite (N = 4) (Fig. 3). In the
case of baumhauerite, the module width alternates
3and 4 polyhedral in an ordered manner leading to
a monoclinic parent structure. This homologue can
be denoted 3.4. In all the above cases, the unit cells
contains only two such slabs. Liveingite, by con-
trast, has a 6 slab repeat,4,3,4,4,3,4;"the 115 A min-
eral” has a 10 slab repeat, 4343443434 and
“the 138 A mineral” has a 12 slab repeat:
434344343434,

The related structural architecture of this
group imposes certain common underlying struc-
tural parameters — the ~7.9 A repeat length of the
planes of PbS, tricapped trigonal prisms along b
and the ~4.2 A repeat length of the height of the
PbS, tricapped trigonal prisms along ¢. The repeat
length of the underlying parent structure along a,
a,(p for parent), depends upon the widths (and. to
some extent, the composition) of the GeS/a-SnS-
like strips. The 3 polyhedral module is approxi-
mately 9.8 A wide while the 4 polyhedral module
IS apprommately 12.8 A wide. In rathite the 4
module is only 12.3 A wide ( ~0.5 A less than in
dufrénoysite, due to the partial replacement of Pb

by As in the (Pb,As)S; ., strip). In the case of
baumhauerite, with its 3.4 sequence the parent a
axis dimension is ~ 22.8 A (i.e. ~ 9.8 + 12.8 A) In
all members of the group the underlying E)au,nl
structures with cell dimensions a,. b, ~ 7.9 A. ¢,
4.2 A are dlsplacm.lv and L()ﬂlpOblIlOﬂd“\ modu—
lated (PRING et al., 1993) (see Tab. 1). The nature
of these modulations is discussed below.

Experimental
MATERIAL EXAMINED

Crystals and massive patches of the sartorite
group minerals from the Lengenbach deposit
were obtained from the collections of the South
Australian Museum, Adelaide; the Museum of
Victoria, Melbourne; the Department of Earth
Sciences, University of Cambridge: and the Natu-
ral History Museums in Bern, Basel and London.
The minerals were identified by powder X-ray
diffraction (Guinier-Hédgg patterns) and electron
diffraction. The close chemical and structural sim-
ilarities between the minerals in the group make
it impossible to identify the individual minerals
based on their physical properties or appearance.
Not surprisingly, many of the museum specimens
examined in this study were found to be incor-
rectly labeled. This problem is particularly so in
the case of dufrénoysite and rathite. It is also clear
from the results of this study that the rathite min-
erals (rathite, rathite I1I and rathite-IV) and “the
115 A mineral” are very rare at Lengenbach.
Baumbhauerite, liveingite and sartorite were the
most frequently encountered members of the se-
ries, whereas dufrénoysite and baumhauerite-2a
were uncommon to rare.

ELECTRON MICROSCOPY

For examination in the electron microscope, crys-
tals or crystal fragments were generally prepared
by grinding under an organic solvent in an agate
mortar and then dispersed on Cu grids coated
with holly carbon support films. The specimens
were examined in several different transmission
microscopes but mainly a specially modified
JEOL 200 CX, 200 kV with theoretical point-to-
pomt resolutions in the range 1.8~2.8 A (depend-
ing on the goniometer and polc pieces in use).

A large number of specimens of the various
minerals were examined with a view to confirm-
ing their identification and to assess their structur-
al state.
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Results
SARTORITE GROUP
Dufrénoysite

Dufrénoysite was one of the first of the lead ar-
senic sulfide species to be described from Lengen-
bach; it was described by Damour in 1845 (sce
PALACHE et al., 1944) but his crystallographic
measurements corresponded to tennantite. The
mineral was redefined by von Rath in 1864 and
later by Solly in 1902 (see PALACHE et al. (1944)
for summary of early work). An antimony domi-
nant analogue, veenite, Pb,(Sb,As),Ss occurs at
Madoc, Onlzlrio Canada (J.\.\IB()R 1967a). The
structure of dufrénoysite was determined by
MARUMO and NowAackl (1967) and a more de-
tailed refinement was published by RIBAR et al.
(1969). Dufrénoysite is a 4,4 homologue and the
unit cell contains Pb,As,¢S,,, and the GeS/a-SnS-
like slabs have a cation composition PbyAsg. The
structure 1s shown in figure 3. The mineral is com-
positionally modulated leading to a doubling of ¢,

to 8.4 A. The structure L“tC(lVLl\' consists of two
layers (the height of two face-sharing PbS, tri-
capped trigonal prisms) and the cations sites in
the GeS/a-SnS-like strips are paired over c¢. One
pair of sites contains only Pb, two others contain a

Fig. 4 (a) and (

Pb and an As (a Pb/As pair) and three sites con
tain As pairs (see Fig. 3). Figure 4a shows a [100]
zone electron diffraction pattern, note intensity
distribution of the subcell reflections, the absen-
ces due to the 2, screw are evident but very weak
reflections are present due to multiple scattering.
A high-resolution image shows the two layer
nature of the structure (Fig. 4b). The crystal
shown is well ordered and no defects were ob-
served. All crystals of dufrénoysite examined in
the HRTEM studies reviewed here were found t
be well ordered, polysomatic disorder was absent.

Analyses of dufrénoysite show it to be gencr
ally close to ideal composition with little Ag, Sb o:
TI substitution (see STALDER et al., 1978). Burri
(in MARUMO and NOWACKI, 1967) reported a “du-
frénoysite” containing 4% TI intergrown with TI-
free dufrénoysite, but the mineral was in all prob-
ability rathite (see below). Veenite from Madoc
shows significant As substitution for Sb (ratio
Sb:As 1.5:1) (JAMBOR et al., 1982). NOWACKI et al.
(1961) reported a fibrous sulfosalt that appeared
to be an oriented intergrowth of dufrénoysite
crystals on (001) or (010). A number of samples of
the “fibrous sulfosalt™ were examined by powder
X-ray diffraction and the majority were found to
be dufrénoysite. A fibrous form of baumhauerite
was also found growing on the surface of some
massive baumhauerite.

@
-

). [100] zone electron diffraction pattern and image for dufrénoysite. Note the sharp spots in the
diffraction pdtlcm and the lack of disorder in the image.
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Fig. 5

Schematic diagram highlighting the similarities and differences between elements in the rathite and du-

frénoysite structures. Both are N = 4 homologues. (a) The (Pb,As)S; ., strips in rathite contain four As/As pairs and
two Pb/As pair. (b) The (Pb.As)S, ., strips in dufrénoysite contain three As/As pairs, two Pb/As pairs and a Pb/Pb

pair. Large circles Pb, medium circles As, small circles S.

The Rathite problem

Rathite was described from Lengenbach by
BAUMHAUER (1896) and as far can be ascertained
the mineral has not been found elsewhere. Crys-
tals of rathite are usually twinned (MARUMO and
NOWACKI, 1965) and when in the early part of the
Twentieth Century morphological crystallogra-
phers encountered untwinned crystal a number of
“new minerals” were described which were later
shown to be “rathite™ (LEwIS, 1912; SoLLY, 1911).
This trend did not end at the turn of the century as
modern crystallographers have also described a
number of varieties of rathite. BERRY (1953)
attempted to determine the cell parameters of
rathite using part of a crystal originally analyzed
by SoLLy and JACKSON (1901) and found the min-
eral to be a homologue with a 70 A repeat which
he called rathite II. Berry’s rathite II was later
shown to be liveingite (NOwACKI, 1967). In fact,
all of the early analyses for rathite summarized in
STALDER et al. (1978) correspond to liveingite.

LE BIHAN (1962) described three rathites
which she designated rathite I, rathite IT and
rathite ITI. Her rathite II corresponded to Berry’s
mineral of the same name and is liveingite. The
rathite I of Le Bihan was later shown to be
dufrénoysite and in the literature it also figures as
rathite la (MARUMO and NOWACKI, 1967). Rathite
IIT 1s discussed below. NOWACKI and BAHEZRE
(1963) published an analysis for rathite which
gave the formula Pb; Tl oAs4(As, sAL4)Ss.
The crystal structure of this rathite was deter-
mined by MARUMO and NOWACKI (1965) and thus

the mineral was effectively redefined based on
this compositional and structural data. The rathite
structure 1s similar to dufrénoysite; both are 4,4
homologues and rathite can be derived from
dufrénoysite by replacing one of Pb atoms in the
Pb pair with As and Ag (split occupancy on one
site) and the Pb in an Pb/As string linked to the
PbS, layers with As (Fig. 5). The arrangement (or-
dering) of Pb and As atoms in the (Pb,As)S; .,
strip leads to a doubling of both ¢, and a, axis.
The resultant 2a, X b, X 2¢,supercell is B-centred
and hence can be reset into the conventional
monoclinic cella’=a,—-c,. b’ =b,, ¢’ =2c,.

Figure 6a shows a [010] zone electron diffrac-
tion pattern, note intensity distribution of the
strong subcell reflections. A high-resolution im-
age shows the two layer nature of the structure
(Fig. 6b). The zig-zag nature of the structure down
the [001] is illustrated in figure 7. The crystal is
well ordered and no defects were observed. Al-
though MARUMO and NOWACKI (1965) reported
that rathite was usually polysynthetically twinned,
no evidence of twinning or disorder was noted in
the electron diffraction patterns or images.

Rathite and dufrénoysite, which are both 4.4
homologues, may be members of a complex
“compositional series”. As noted above Burri (in
MARUMO and NOWACKI, 1967) a “dufrénoysite”
containing 4% T1 was found to host lamella of TI-
free dufrénoysite. It has been postulated that it
may represent a rathite-dufrénoysite inter-
growth (MAKoOVICKY, 1985). The analysis by
NOWACKI and BAHEZRE (1963) is the only pub-
lished analysis of rathite. A second set of elec-
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[010] zone electron diffraction pattern and image for rathite. Note the well ordered nature of the image.

Fig. 7 [001] zone electron diffraction pattern and image for rathite showing the 4.4 herring bone nature of the

structure.

tron microprobe analyses gave: Pb 45.48; As,
25.74; S,24.54; Ag, 3.46: T1 1.07; Total 100.29 wt%
(Graeser unpublished results) and this gives a for-
mula: Pb,, xAg, 7Tl 27A8,70554.The two rathite
analyses are fairly close although Ag seems to
play the same role as Tl in the second set and the
formula calculated from them should be com-

pared to that of dufrénoysite. The compositions
are derived from dufrénoysite by the substitution
(Ag+Tl) + As =2 Pb. It appears from the structur-
al solution of MARUMO and NOWACKI (1965), that
rathite is an ordered intermediate between du-
frénoysite and a theoretical end member
Pb(Ag. T1)sAS»,Sy.
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ﬂg 8
age for liveingite. Note the well ordered nature of the
70 A repeat.

[001] zone electron diffraction pattern and im-

The coupled-substitution of (Ag + TI) + As =
2Pb results in a change in cell dimension and in
symmetry. Dufrénoysite is monoclinic (pseudo-
orthorhombic) with space group P2, whereas
rathite is triclinic (pseudomonoclinic, P2 /a).

LE BIiHAN (1962) reported an pseudo-ortho-
rhombic (B =90°) form of rathite which she desig-
nated rathite IIT based on a structure refinement
in which R =20%. MARUMO and NOWACKI (1965)
considered rathite III to be a stacking variant of
rathite. Such a polymorph is possible as rathite
has the compositional modulation q, = '/ (a* + ¢*)
for the Pb/Assites in the (Pb,As)S; ., strips and it
is possible, by simply reordering the Pb/As, to
have a pseudo-orthorhombic form with a compo-
sitional modulation q,, = '/,¢*.

KuToGLu (1969) reported the phase diagram
for the PbS—As,S; system and rathite and rathite
II1 were the only the sartorite group minerals
which could not be produced synthetically. ROsch
and HELLNER (1959) reported preparing Tl- and
Ag-free rathite via hydrothermal methods. How-
ever, their report is very brief and it is not clear
how their reaction products were identified.

In conclusion, rathite appears to be an ex-
tremely rare ordered compositional derivative of
dufrénoysite. An exhaustive search of many Len-
genbach specimens in the current studies failed to
find a specimen of rathite III. This phase maybe
an ordering variant of rathite, but the possibility
that LE BIHAN (1962) studied a twinned crystal of
rathite can not be excluded. The existence of
rathite I remains doubtful.

Liveingite

Liveingite was described from Lengenbach by
SoLry and JACKSON (1901) and as far can be as-
certained it has not been found elsewhere. The
rathite II of BERRY (1953) and LE BiHaN (1962)
was later shown to be to liveingite (NOWACKI,
1967). The broad topology of the structure was
reported by LE BIHAN (1962) and refined in detail
by ENGEL and NOwWACKI (1970) based on the com-
position Pb s sAs,sSy.. Liveingite is the 4,3,4.43 4
homologue with an average N = 3.67 and the first
three units are related to the second three by a 2,
screw axis (space group P2;) and the long cell
repeat is 70.49 A. The compositions of the individ-
ual homologue units (including the PbS, layers)
are very close to Pb;AsS,, (N = 4) and PbsAs,S,,
(N = 3). The refinement of ENGEL and NOWACKI
(1970) showed that the first 4 unit (N4,) is slightly
different to the second (N4,), due to fractional oc-
cupancies of one of the As sites and the actual
compositions are closer to Pbg-sAsy,sS,, and
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Pb, 15sAs,S,, respectively. However, given the un-
certainties associated with the refinement of this
large structure, the difference may not be signifi-
cant. Published chemical analyses for liveingite
show little variation in composition or substitu-
tion of Ag, Sb or Tl. NowacKk! and BAHEZRE
(1963) report minor substitution of Sb for As.
Recent discoveries at the new Lengenbach quarry
include a Tl-rich liveingite containing about
4 wt% TI1 (Graeser, unpublished results). Despite
its long polysomatic repeat sequence, which
would indicate that some stacking disorder could
be expected, extensive HRTEM studies of livein-
gite and the Tl-rich liveingite failed to reveal any
polysomatic disorder. The images are all well
ordered and the diffraction spots sharp (Fig. 8).

The 115 A mineral, the 138A phase and rathite(I'V)

NowAckl et al. (1963) described a Pb-As-S min-
eral from Lengenbach with a = 140 A repeat
which they denoted rathite IV. This mineral was
re-examined by Ozawa and NOWACKI (1974) us-
ing single crystal X-ray diffraction photographs
and accurate cell parameters where obtained with
a=138.3 A (see Tab. 1), these authors also noted
that the mineral was invariably twinned and oc-
curred in oriented intergrowth with liveingite,
with the long axes of the two minerals and the two
7.9 A axes being parallel. OzawA and TACHIKAWA
(1996) reported results of a TEM study of a Pb-
As-S mineral with a 138 A repeat. They were
able to demonstrate that the mineral was not a
simple supercell of liveingite but rather a distinct
homologue with the structural sequence
434344343434 (98 AX5+128AX7=
138.6 A) (Fig. 9). They also noted that the mineral
occurs with baumhauerite and sartorite rather
than with liveingite. It would appear to be identi-
cal to rathite IV of OzawA and NOWACKI (1974).
Using the average homologue number of N = 3.58,
and the general formula of MAKOVICKY (1985)
(Me?*;n s Me3*(Syn.4 ) a calculation of the formula
gives PbyAsS, ). The stoichiometry obtained
from the following electron microprobe analysis:
Pb 46.82;As,25.76;S,24.65;Sb,0.77; Ag, 2.09; Total
100.09 wt% (Graeser unpublished results) gives a
Pb;, 1AL, sAS40,Sb; S, Which is in good accord
with the general formula if the coupled substitu-
tion of 2Pb = Ag + As and the substitution of Sb
for As are taken into account.

The 8.4 A repeat, indicates that the mineral is
compositionally modulated, however details of
the nature of the Pb/As ordering in the
(Pb,As)S;., strips awaits single crystal structure
determination.
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Fig 9 [010] zone clectron diffraction pattern for the
138 A phase. Note the 4.3.4,3.43.4.4.3.4.3,4 sequence in
the image.
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Ozawa and TAKEUCHI (1983) reported a sar-
torite group mineral with a 115 A repeat. This
mineral was approved by the IMA CNMMN in
1998 but the formal description is yet to be pub-
lished (GRICE and FERRARIS, 1999). The long cell
repeat of 115.75 A corresponds to the 10 slab se-
quence is4,3,43443434 (9.8A X4+128A X6
=116 A) (Ozawa and TACHIKAWA, 1996). The
composition reported is Pbs,Asy Sy, 1s in accord
with the general formula for 10 repeat homologue
with an average N = 3.6. The structure is composi-
tionally modulated, as indicated by the 8.368 A
repeat corresponding 2¢,: however, details of the
nature of the Pb/As ordering in the (Pb.As)S; .5,
strips and the exact compositions of the N =3 and
N = 4 units are unknown. Given that the mineral
1s compositionally intermediate between livein-
gite and baumhauerite, its seems likely that the
slabs are similar to those in liveingite (N = 4,
Pb,AsS,; X 6 and N = 3, PbsAs,S,, X 4) and
baumhauerite.
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Fig. 10

Baumbhauerite and the baumhauerite polytypes

Baumhauerite was described by Sorry (1903) and
is perhaps the most widespread of the sartorite
group minerals having been reported from at
least five other localities, in addition to Lengen-
bach (ANTHONY et al., 1990). An antimony ana-
logue of baumhauerite occurs at Madoc, Ontario,
Canada (JAMBOR et al., 1982). Baumhauerite-2a
was described as a silver-rich mineral with a 2a su-
percell of baumhauerite (PRING et al.. 1990) and a
Tl-rich form of baumhauerite-2a was also report-
ed from Quiruvilca, Peru (ROBINSON and HARRIS,
1987, PRING et al., 1990). It was later suggested
that baumhauerite-2a was probably a polytype of
baumhauerite and a 3a polytype was also report-
ed (PRING and GRAESER, 1994). DUNN (1995) re-
ported baumhauerite from Sterling Hill, New Jer-
sey, which has a 3¢ supercell (3 X 7.9 A). The
structure of baumhauerite was determined in
detail by ENGEL and NowackI (1969) following
the earlier approximate determination by
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[001] zone electron diffraction patterns for the baumhauerite polytypes. (a) baumhauerite, (b) baumhau-

erite-2a, (¢) polytypic disorder in baumhauerite and (d) baumhauerite-WO3abc. Note the common set of subceell

reflections, indicated by white arrow heads.
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LE BIHAN (1962). In baumhauerite the structural
sequence is 4,3. The composition of the N = 4 unit
1s Pb;As,S,, similar, though not identical to the
N = 4 units in liveingite. There is evidence that Ag
replaces As on one site in the N = 4 unit. The com-
position of the N = 3 unit is PbsAs;S,4 and thus
should be compared with the N = 3 unit of sar-
torite PbyAsS, (see below). As with the other
sartorite minerals discussed above, the baumhau-
erite structure can be derived by the composi-
tional modulation of simple parent, resulting in a
doubling of ¢, This modulation is also indicated
by the distribution of strong subcell reflections in
the [001] zone electron diffraction patterns for

Fig. 11

baumhauerite and its ‘polytypes’ (Fig. 10). Note
that the strong subcell reflections are present in
all baumhauerite polytypes, including crystal frag-
ments showing strong stacking disorder. High-
resolution images corresponding to these diffrac-
tion patterns are shown in figure 11.

PRING and GRAESER (1994) showed that poly-
typism was the result of the periodic inversions of
the Pb/As compositional modulation about the ¢
repeat. Thus, using arrows to denote the relative
orientation of the Pb/As in the cells, the sequence
in baumhauerite is TTTTTT in baumhauerite-2a is
TUTLIT! and in baumhauerite-wO3abe, TTLTT

However the ubiquitous presence of Ag or T in

R
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[001] zone lattice images for the baumhauerite polytypes. (a) baumhauerite. (b) baumhauerite-2a, (c) poly-

typic disorder in baumhauerite and (d) baumhauerite-WO3abe.




natural baunhauerite-2¢ indicates that these
monovalent 1ons may play an important role in
structural stabilization of the higher polytypes,
although the exact structural role is yet to be
resolved. PRICE and YEOMANS (1984) noted that,
in many polyviypic systems, phases are stabilized
by impurities, thus obscuring correlations of
structure with variables such as temperature and
pressure. Lenger period polytypes such as
TTLLTTILTT and TTTLLTTTLILTTT, which
have stability fields in PRICE and YEOMANS (1984)
theoretical stability diagram have not been ob-
served for baumhauerite.

Sartorite and complex structural modulations

The sartorite was first described under the name
scleroclase by Walterhausen in 1857 (PALACHE et
| al., 1944). Subsequently Dana proposed the name
| sartorite, for Sartorius Walterhausen, and this has
gained general acceptance amongst English
speaking mineralogists (PALACHE et al., 1944).
Sartorite has also been reported from the Zuni
Mine, Colorado and from the Pitone marble quar-
ry in the Apuane Alps, Italy (ANTHONY et al.,
1990). The antimony analogue, twinnite, was orig-
inally described by JAMBOR (1967b) from Madoc,
Ontario, Canada and twinnite has subsequently
been reported from a number of other localities
(ANTHONY et al., 1990). Sartorite is the 3,3 homo-
logue, with As fully occupying the cation sites in
the (Pb,As)S; ., strips and the overall stoichiom-
etry is PbAs,S,. The simple stoichiometry of sar-
torite belies the complexity of its crystallography
and structure.

X-ray diffraction studies by BANNISTER et al.
(1939) showed the mineral to be monoclinic but
with a strong orthorhombic subcell, a = 19.46, b =
7.79,¢ =4.17 A with a 3a X b X 20c supercell, i.e.
a’ =5838,b'=7.79,c’=83.30 A, 8 =90°. NOWACKI
et al. (1961) confirmed the orthorhombic subcell
but found a 3a X b X 1l¢ monoclinic supercell
and refined the structure of the subcell unit. [ITA-
KA and NOWACKTI (1961) further refined the struc-
ture, but were unable to resolve the exact nature
of the As,S;chains running along the [001] direc-
tion. The subcell structure is shown in figure 2.

Ozawa and TAKEUCHI (1993) examined sar-
torite by precession X-ray diffraction photo-
graphs and selected area electron diffraction.
They concluded that two superstructure “forms”
could co-exist in the same sartorite crystal: a mon-
oclinic form and an orthorhombic form. Twinning,
intergrowth and periodic antiphase boundaries
result in the complex array of diffraction patterns
observed in some fragments. They concluded that
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the superstructures were modulated and sug-
gested that the mineral underwent a displacive
phase transition during cooling. In a contempo-
rary study by TEM, PRING et al. (1993) showed
that the mineral has a monoclinic (but metrically
orthorhombic) subcell, but that the composition-
al modulation found in the other sartorite group
minerals was absent and instead, the structure
was displacively modulated. In sartorite the
modulation is generally incommensurate and
the primary modulation wave vector is ~ 6/13
(101)*. Some variation in the direction of the pri-
mary modulation wave vector was observed. In
some crystal fragments the primary modulation
wave vector is “locked in™ along [101] giving a
commensurate superstructure, with higher har-
monics of the wave vectors overlapping and re-
enforcing each other (Fig. 12a). In other crystal
fragments the wave vector was rotated by up to
3% away from [101]* towards [001]* (Fig. 12b).
Crystal fragments containing twinned orienta-
tion of the superlattices were also observed. Fig-
ure 13 shows an electron diffraction pattern with
twinning orientation of the primary modulation
wave vector on the (001) plane: the two direc-
tions of the wave vector are labeled. All of the
complex supercells reported by earlier workers,
were due to twinning and the break down of lat-
eral correlation.

PRING et al. (1993) could not resolve the ori-
gin of the structural modulation but concluded
that it is probably due to a longitudinal displace-
ments of S and As in the As-S chain which run
along ¢; the S atoms which fail to bridge correctly
between As atoms and are displaced towards the
plane (001) (see Fig 14). This process leads to the
subdivision of the As-S chain into segments of
variable length. The Pb atoms in the PbS, planes
might also be displaced along a so as to fill up the
gap left by the displacement of the S atoms.

The equivalence of the (101) and (101) planes
in the substructure provides a plausible explana-
tion for the observed twinning. Substitution of
Pb for As in the (Pb,As)S;,, strips, as observed in
baumbauerite could be expected to stabilize the
superstructure and ‘lock in’ the structural modu-
lation to a commensurate value. The presence of
a displacive modulation indicates that the miner-
al undergoes displacive phase transition at high-
er temperature although no such transitions
have yet been reported in the Pb-As—S minerals.
When heated in the electron beam in the TEM
sartorite decomposes rapidly. KutoGLU (1969)
found that sartorite decomposes to form baum-
hauerite and liquid at 305 °C.



A.PRING

Fig. 12 [010] electron diffraction patterns of sartorite, showing variations in the direction of the displacive modula-
rstrong. These satellite reflections represent

the primary modulation vector G £ "™ with ¢P"™ defined as 6/13(101)*. The higher order harmonics (m =2.3......
of g™ are indicated. (a) Commensurate along [101]*. (b) Rotated 3° away from [101]* towards [001 ]*.The value of

tion. Note that the satellite reflections 6/13(101)* and 7/13(101)* are ve

qPr™ is again = 6/13(101)*.




HRTEM STUDY ON SARTORITE GROUP MINERALS FROM LENGENBACH

Fig. 13

[010] zone electron diffraction pattern of sartorite showing twinned orientations of the
tions. The primary modulation vectors are G £ "™ and "™ are 6/13(101)* and 6/13(10-1)*. The higher order
harmonics (m = 2, 3......) of g¢""™ for each of the twins are indicated.

structural modula-

(101)

Fig. 14 Schematic structural diagram of the sartorite structure on (010), showing the atomic positions and traces of
the {101} planes. The structural modulation is believed to be associated with displacements of atoms in the AsS chains
around the {101} planes. The AsS chains around the {101} planes. The AsS chains running parallel to [001] are divided

into segments by displacements of the S atoms toward the (101) planes. Large circles Pb, medium circles As, small
circles S.
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Discussion

POLYSOMATIC DISORDER VERSUS
POLYTYPIC DISORDER

Polytypic disorder in baumhauerite together with
well ordered baumhauerite polytypes was docu-
mented by PRING and GRAESER (1994).The origin
of polytypism in baumhauerite is thought to be an
inversion of the As/Pb order associated with the
compositional modulation along ¢. Most of the
other members of the sartorite group also show
this form of compositional modulation but poly-
types of dufrénoysite and liveingite have not been
reported nor found in this study. They, however,
do not show the same degree of Ag and T1 substi-
tution as baumhauerite , a possible indication that
these elements may play in the stabilization of
these polytypes. Rathite however shows signifi-
cant Tl substitution but no polytypes have been
observed for this mineral. The origin of polytypic
disorder in baumhauerite may therefore be
linked not so much to the high TI/Ag component
but rather to the high As content of the
(Pb,As)S;,,) strips in baumhauerite. These strips
contain no Pb in sartorite and the mismatch be-
tween the (As)S;(., strips and the PbS, planes
results in complex modulations in the structures.
The Pb content of the (Pb,As)S;., strips in
baumhauerite is low, particularly in the ‘3" mod-
ule, but the Pb stabilizes the As-S-As linkage
along ¢. Periodic inversion of the Pb/As order
about ¢ stabilizes the structure and leads to for-
mation of the polytypes.

Polysomatic disorder was documented in the
sartorite group by PRING (1990), however PRING
and GRAESER (1994), later showed that some of
this disorder was polytypic disorder in baumhau-
erite. The documentation of “the 115 A mineral”
and the 138 A phase (OzAwA and TAKEUCHI,
1983; Ozawa and TACHIKAWA, 1996) has prompt-
ed a further re-evaluation of the work of PRING
(1990) and some additional data has been ob-
tained in this study. It appears that the original
formulation of PRING (1990) that the disordered
intergrowth of N = 3 and N = 4 units occurs in the
system is correct, although the example given in
that paper is in fact stacking disorder in baumhau-
erite polytypes. Figure 15 shows a disordered
region of a crystal found in a crushed grain of the
“138 A phase™. The contrast in the images shows
bright bands and this appear to be associated with
an inversion in the As/Pb order as also observed
in the baumhauerite polytypes. Polysomatic disor-
der is also associated with the stabilization of
compositions which have As-rich (Pb,As)S; .5,
The occurrence of complex structural modula-

tion, polytypism and polysomatic disorder in the
sartorite group highlight the inherent mismatch in
the two principal structural elements, the PbS,
planes and the (Pb,As)S;,,, strips. All three phe-
nomena help to stabilize these minerals.

PARAGENETIC RELATIONSHIPS

In the sartorite group the transition from dufré-
noysite, the most Pb-rich member, to sartorite, the
most As-rich member, represents, in structural
terms, the progressive introduction of N = 3 mod
ules. The increase in As content is accompanied
by progressive inclusion of N = 3 units (liveingite
N =3.67,“the 115 A mineral” N = 3.6, “the 138 A
mineral” N = 3.58, baumhauerite N = 3.5) to sar-
torite N = 3. This suggests that the N = 4 unit is
stabilized by more Pb-rich compositions, while
N = 3 is stabilized by As. At the same time the
inherent mismatch between the PbS, planes and
the (Pb,As)S; ., strips in the structural modules is
emphasized by the occurrence of complex struc-
tural modulations, intergrowths and stacking dis-
order in the As-rich members of the group. The
thermal stability also decreases along the series
from the more Pb-rich to the As-rich members.
The occurrence at Lengenbach provides an
opportunity to study the paragenetic relationship

of the group.There is little doubt that the sartorite |

group minerals at Lengenbach are the result of
reaction and recrystallization during metamor-
phism. Two main theories for the origin of the de-
posit have been advocated. GiuscA (1930) and
BADER (1934) proposed that minerals formed in a
relatively closed system when a syn-sedimentary
stratiform metal deposit recrystallized during
Alpine metamorphism. On the other hand,
GRAESER (1968, 1977), based on the distribution
of the mineral assemblages in the old Lengenbach
quarry suggested an open system with the intro-
duction of As, Tl, Ag and Cu into a pre-existing
metamorphosed stratiform mineralisation of py-
rite, galena and sphalerite. He proposed that the
sartorite group minerals were formed during late
stage Alpine metamorphism by hydrothermal
alteration with the least As-rich minerals forming
first and being progressively replaced by the more
As-rich minerals as the reaction progressed. The
hydrothermal alteration continued until the min-
erals reached saturation in As or the reaction con-
ditions changed resulting in the crystallization of
realgar. Thus one would expect the most As-rich
minerals to be formed at the stratigraphic top of
the deposit giving way to less As-rich minerals
down the stratigraphic sequence. The new quarry
at Lengenbach was established in 1987 on the top
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Fig. 15

most part of the dolomite outcrop and the As-rich
members of the sartorite group minerals and real-
gar were abundant. Based on this model for the
deposit PRING (1990) proposed a paragenetic se-
quence in which dufrénoysite is progressively
altered to sartorite via the intermediate minerals
via solid state reactions leading to the transforma-
tion of N = 4 units to N = 3 units. That is as As-rich
hydrothermal alteration proceeded the minerals
richer in Pb were transformed to more As-rich
minerals by diffusion of As into structures and
Pb out in the solid state. The disordered inter-
growths reported by PRING (1990) would repre-
sent trapped intermediates in the transformation
of liveingite to baumhauerite. The occurrence of
rathite,an As-rich 4.4 homologue posed problems
for this hypothesis. However it is now clear that
rathite forms a complex chemical series with du-
frénoysite, and the N = 4 = 3 sequence is at least
theoretically possible.

Recent detailed geochemical and isotope
studies strongly favour the closed system hypo-
thesis (HOFMANN and KNILL, 1996; KNILL, 1996).
Evidence of the existence of a former metamor-
phogenic sulfide melt in Lengenbach was present-
ed by HOFMANN (1994) and suggests, that the
present minerals were formed by isochemical
metamorphism of a carbonate hosted stratiform

Electron micrograph showing polysomatic disorder in a sartorite group mineral. The central section of the
image (between the black arrows) contains 3 repeats of the 138 A phase. The modules sequence in the rest of the
image is disordered.

sulfide mineralisation to mid amphibolite facies.
These geochemical studies confirm the suggestion
of GRAESER (1968) that the As, Tland Cu found in
the Lengenbach minerals were introduced to the
deposit by hydrothermal fluids from the crystal-
line basement now represented in the Monte
Leone nappe.

The structural transition in the sartorite group
minerals from N = 4 = 3 merely reflects the de-
crease in thermal stability and an increase in As
content and not a paragenetic sequence. The
thermal stability of the Pb-As-S minerals was
investigated by KutoGLu (1969). The melting
point of the sartorite group decreases from > 600
°C for dufrénoysite to 485 °C for baumhauerite
to 305 °C for sartorite. The relatively low thermal
stability of the As-rich members of the group
reflects that inherent mis-match of the two com-
ponents of the structural module as noted above.
The three long period homologues composition-
ally between dufrénoysite and baumhauerite:
liveingite, “the 115 A mineral” and the “138 A
phase” represent a progressive increase in the N =
3 units in the structure and As content. The trend
to longer period homologues and the stabilization
of baumhauerite polytypes suggest that there are
only marginal difference in the Gibbs-free energy
for various of the As/Pb configurations. This leads
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to the possibility that there are additional long pe-
riod homologues between baumhauerite and sar-
torite that await discovery.
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