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Another step toward understanding the true nature of sartorite: Determination and
refinement of a ninefold superstructure
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ABSTRACT

Single-crystal X-ray diffraction data, collected from a sartorite crystal from Lengenbach (Binntal,
Valais, Switzerland), yielded a ninefold superstructure: space group P2,/c; a =37.71(2), b =7.898(3),
¢=20.106(8) A, B=101.993(7)°; R, = 6.08% for 6293 reflections with I > 26;. The sample is an N, ,
= 3,3 sartorite homologue and the refined formula PbgTl, sAs,,5S;5 compares very well with the
empirical formula Pby,T1, 4As,;5Sby 5S35 obtained from electron microprobe analyses. It has a high
Tl content, up to 6.5 wt%. In a coupled substitution approximately 1.5 TI* replace about 0.5 As** and
1 PbS. The refined structure has 35 S atoms pfu instead of the expected 36 S (= 9 x 4 S, from
PbAs,S,). The incorporation of substantial amounts of TI* into PbAs,S, is essential for the type and
periodicity of superstructures in sartorite. The refined superstructure can be interpreted as a so-
called “lock-in” structure with a composition that yields a commensurate lattice for a mineral that
usually has an incommensurate lattice. No commensurate periodicity could be found for a second

crystal with about 0.5 TI apfu.

INTRODUCTION

Sartorite, with simplified formula PbAs,S,, has long been
known to occur only at the Lengenbach deposit, Binntal (Valais,
Switzerland), where it is the most common Pb-As-S sulfosalt.
Anthony et al. (1990) gave two additional localities for sartorite:
the Zuni mine (Colorado) and the Pitone marble quarry (Apuane
Alps, Italy). The mineral sartorite was first described under the
name scleroclase by Walterhausen (1857; in Palache et al.
1944); subsequently G. vom Rath (1864) proposed the name
sartorite, for Sartorius Walterhausen, and this has gained gen-
eral acceptance (Palache et al. 1944). The simple stoichiom-
etry of sartorite, PbAs,S,, belies the complexity of its true
nature. Early crystallographers (Baumhauer 1895; Solly and
Jackson 1902; Trechmann 1907) failed to find a consistent set
of axial ratios that would satisfactorily index all observed mor-
phological forms. The X-ray diffraction studies of Bannister et
al. (1939) showed sartorite to be monoclinic but with a strong
orthorhombic subcell (Table 1). Nowacki et al. (1961) con-
firmed the orthorhombic subcell but they found a different
monoclinic supercell (Table 1). Nowacki et al. (1961) solved
and refined the sartorite structure on a subcell level with the
monoclinic space group P2,/n with = 90°, but they did not
attempt to solve their 3a X b X 11c¢ superstructure. litaka and
Nowacki (1961) further refined the substructure, but not to their
complete satisfaction. They curtailed their refinement at R =
14.7%, leaving several aspects of the structure unclear.

Although only the substructure of sartorite was solved
(Nowacki et al. 1961; Iitaka and Nowacki 1961), the basic build-
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ing principles of this mineral were clear. In addition, Le Bihan
(1962) reported on crystal structures of compounds structur-
ally and chemically related to sartorite. These compounds, as
well as those (re-)investigated primarily by Nowacki’s group
in the 1960s, became the basis of what Makovicky (1967, 1985)
later contributed to, and described as, the sartorite homologous
series.

The sartorite homologues are a series of Pb-As sulfosalts
with zigzag walls composed of columns of “standing” tricapped
trigonal coordination prisms of Pb (coordination number 9 =
CNO) that alternate with variously thick slabs composed of “ly-
ing” monocapped trigonal coordination prisms of As and Pb
(CN7); these slabs are based on the SnS-archetype. The struc-
ture of the sartorite homologues can be visualized as being
composed of slices of SnS-like structure cut parallel to the
(301)g,s or (301)s,s planes (e.g., Fig. 9 in Makovicky 1997).
These slices include polyhedra from both the walls and the slab
and are N = 3 to 4 polyhedra thick (Makovicky 1985).

The crystal chemistry of the sartorite homologues was
worked out by Nowacki’s school (e.g., Nowacki et al. 1960,
1961; litaka and Nowacki 1961), by the comparative analysis
of Makovicky (1985), and by the coordination analysis of
Berlepsch et al. (2001). Pring (2001) unravelled the complex
HRTEM architecture of the sartorite group. Electron diffrac-
tion studies performed by Pring et al. (1993) on sartorite showed
satellite reflections that were generally incommensurate with
respect to the subcell a = 19.62, b =7.89, ¢ =4.19 A, B =90°
and space group P2,/n. However, in some crystal fragments
the primary modulation wave vector is “locked in” along [101],
giving a commensurate superstructure, the unit cell of which is
obtained by the transformation matrix R = [10-1, 010, 0.0.13]
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TABLE 1. Selected unit cell data of sartorite (sub- and supercells) reported in the literature (dimensions given in A)

Subcell Supercell

a19.46 b7.79 c4.17 P242424 3a b 20c (1)
a19.48 c7.86 b4.15 P22, 3a b 20c¢ P212,2, (2)
a19.62 b7.89 c4.19 P2iIn 3a b e B=90° P2,n (3)
a219.6 b7.9 c4.2 Pbnm 3a b 1Me (4)
a 20.06 b7.89 c4.19 B=102.1° P2,lc 3a'-8¢ b e B=128.1° (4)
a19.62 b7.89 c4.19 B=90° P2iIn (5)
4 20.11 b7.90 c4.19 B=102.0° P2/c 9c b a' B=102.0° P2ilc (6)

Notes.: The matrix for transforming the A2,/ unit-cell setting into 22,/cis: A= [101, 0-10, 00-1]; &' indicates the F2,/c setting. References: (1)
Bannister et al. (1939); (2) Berry (1943); (3) litaka and Nowacki (1961), Nowacki et al. (1961); (4) Ozawa and Takéuchi (1993); (5) Pring et al. (1993);

(6) this study.

(Table 1). Pring et al. (1993) suggested that the structural modu-
lation is associated with displacements of atoms in the As-S
chains around the (101)gcn planes. The As-S chains running
parallel to [001]y.n are divided into segments by displace-
ment of the S atoms toward the (101)cn planes.

The number of sartorite homologues has steadily expanded
in the past and new phases have been added. Theoretically there
are four ways in which the theme can be varied: (1) alteration
of the slab thickness to a value other than N = 3 or 4 (not yet
observed); (2) chemical substitution, e.g., in the TI-Sb-S and
Ba-Sb-S compounds related to the sartorite homologues; (3) a
combinatorial series (Makovicky 1985) of the two hitherto
observed module combinations, as in liveingite (N, 4 =
4,3,4,4,3,4), baumhauerite-2a (N, 4 = 4,3,4,3), baumhauerite-
yO3abc (N, = 4,3,4,3,4,3) or in the 115 A (N _, =
4,3,43,4,4343.4),and 138 A (N, =4,3,43,4,4,34,3,43,4)
phases; (4) superstructure formation as reported for sartorite in
this study. Although the Pb-As-S based sartorite homologues
with homologue numbers other than N = 3 or 4 are not known,
synthetic N,, = 3,3 and 4,4 compounds related to the series
have been described (e.g., Cordier and Schifer 1979; Cordier
et al. 1984; Berlepsch et al. 1999; Choi and Kanatzidis 2000).
Variations in module combinations (i.e., combinatorial series)
have been successfully studied by means of HRTEM (e.g.,
Ozawa and Takéuchi 1993; Pring and Graeser 1994; Ozawa
and Tachikawa 1996). Makovicky (1985) pointed out the ap-
parently important role of minor elements T1 and Ag in these
compounds; a discussion is given below.

During routine investigations of Lengenbach minerals found
in 1993 we discovered sartorite for which a ninefold super-
structure (with respect to the subcell structure refined by litaka
and Nowacki in 1961) could be solved and refined. In this pa-
per we describe the sartorite superstructure and its deviation
from the (averaged) substructure. Furthermore, hypothetical
models for different possible superstructures are discussed.
Special attention is paid to the so-called crankshaft chains
(chains of short As-S bonds) and the role of element substitu-
tion, which seems to be an essential part of the superstructure
formation.

Although the mineral described here most probably fulfills
the criteria of a new mineral species, a corresponding proposal
has not been submitted to the Commission on New Minerals
and Mineral Names (CNMMN) of the International Mineral-
ogical Association (IMA) for the following reasons. First,
sartorite crystals are, in general, incommensurate minerals and
it was a coincidence that we were able to solve one “lock-in

phase.” We think that various members of an incommensurate
structure series should receive the same name with a crystallo-
graphic modifier appended rather than being considered as in-
dependent minerals. For “sartorite sensu stricto,” only the
“average structure” (= substructure) is known, the validity of
the simple ideal formula is in doubt, and the problems encoun-
tered by the morphological crystallographers suggest that all
sartorites represent complex structures akin to the one we stud-
ied. One can also interpret sartorite minerals as polytypoids
with different stacking sequences depending on “minor” chemi-
cal substitutions. Chemical differences between different su-
perstructures may be commensurate with errors in microprobe
analyses, making the identification by chemical means impos-
sible. From the crystallographic point of view, we were not
able to locate a definite Tl site in the structure; Tl seems to be
rather disordered.

SAMPLE DESCRIPTION

The crystal fragments used for chemical and structural in-
vestigations are dark gray and display red internal reflections.
They originate from two samples (LB93502 and LB93512) with
crystal aggregates that measure several mm in size and which
grew hydrothermally in druses within a white dolomite rock.
Macroscopically, sartorite in these samples is associated with
realgar (partly transformed into orpiment), dark gray sulfide
masses, and pyrite. The latter occurs isolated or as inclusions
in sartorite (Fig. 1). Two visually different types of grains were
used for both kinds of investigations: (1) two crystal fragments
from sample LB93502, which are darker and more opaque than
(2) the three less dark and more transparent crystal fragments
from sample LB93512. Chemical analyses were performed on
all five crystal fragments but only material from sample
LB93502 yielded a periodic cell within the resolution of the
single crystal X-ray diffractometer setup. No periodic unit cell
could be found for a crystal from sample LB93512.

EXPERIMENTAL PROCEDURES

Chemical analyses

Quantitative chemical analyses were performed with a JEOL
JXA-8600 electron microprobe (EMP), controlled by a LINK-
eXL system, operated at 25 kV, 35 nA, and 20 s counting time
for peaks and 7 s for background, and a beam diameter of 5
um. The following standards and X-ray lines were used: ga-
lena (PbS: PbMa), lorandite (T1AsS,: TILo, AsLo, SKa), Ag
metal (Aglo), stibnite (Sb,S;: SbLa), and chalcopyrite
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FIGURE 1. Backscattered electron (BSE) image of Tl-bearing
sartorite (sample LB93502) with pyrite inclusions (black). Associated
minerals are seligmannite (PbCuAsS;, intermediate gray) and hatchite
(PbT1AgAS,Ss, light gray).

(CuFeS,: FeKoa, CuKo). Raw data were corrected with an on-
line ZAF-4 procedure. The results of the sartorite analyses listed
in Table 2 are arbitrarily normalized on 35 S atoms pfu be-
cause the structure refinement yielded a total of 35 S apfu. Al-
though this procedure makes sense for the composition of the
ninefold superstructure, it might be questionable for the other
sets of sartorite data because the amount of S depends on the
degree of element substitution.

Backscattered electron (BSE) images of the analyzed
samples show that the grains from sample LB93512 are homo-
geneous, although one grain is associated with an Ag-bearing
phase, the chemistry of which corresponds to rathite (Table 2).
The composition of the rathite is almost identical to those of
Laroussi et al. (1989; analysis 38/1), Graeser (in Pring 2001),
and Berlepsch et al. (2002). The two grains from sample
LB93502 consist of multiple phases (Fig. 1). The matrix of
these grains consists of Tl-bearing sartorite (with up to about
6.5 wt% T1) with inclusions of pyrite. Small inclusions of a
slightly brighter phase (in comparison to the matrix) were iden-
tified as seligmannite (Fig. 1, Table 2) and the bright inclu-
sions in and on the borders of sartorite were identified as hatchite
(Fig. 1, Table 2); both phases appear to replace sartorite. To
our knowledge only Laroussi et al. (1989) has published new
EMP data for sartorite. All other studies performed on this min-
eral since the work of Nowacki et al. (1961) lack any data in
this respect. Only Graeser (in Hofmann et al. 1993) reports T1
contents in sartorite that exceed 4 wt%, but no details are given.
For the sake of completeness, the details from these analyses,
performed by A. Edenharter and obtained by courtesy of S.
Graeser, have been included in Table 2.
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Single crystal X-ray diffraction

An irregular crystal fragment of sartorite of Type 1 (sample
LB93502), about 0.18 x 0.16 x 0.12 mm? in size, was mea-
sured with a Bruker AXS three-circle diffractometer (equipped
with a CCD 1000K area detector and a flat graphite monochro-
mator) using MoKo X-radiation from a fine focus sealed tube
(Table 3). The SMART system of programs (Bruker AXS 1998)
was used for cell dimension determination and X-ray data col-
lection and the SAINT+ programs (Bruker AXS 1999) were
used for data reduction including intensity integration, and back-
ground and Lorentz-polarization corrections. The XPREP pro-
gram (Bruker AXS 1997) was used for empirical absorption
correction based on pseudo y-scans. The centrosymmetric space
group P2,/c proposed by the XPREP program was chosen, as it
is consistent with the monoclinic symmetry of the lattice and
intensity statistics IE? — 11 = 1.097.

Structure determination and refinement

The structure was solved by direct methods with the
SHELXS program (Sheldrick 1997a), which revealed about %%
of the atom positions. In subsequent refinement cycles, for
which we used the SHELXL program (Sheldrick 1997b), addi-
tional atomic positions were deduced from the difference Fou-
rier syntheses by selecting from among the strongest maxima
at appropriate distances. Subsequently three split cation posi-
tions were located. Element attribution at all sites was guided
by an analysis of interatomic distances, refinement of individual
site occupancies, and the knowledge of the chemical composi-
tion based upon the EMP data. However, Tl did not enter the
structure refinement since it cannot be distinguished from Pb
with the experimental conditions used. The final refinement
was performed with anisotropic displacement parameters for
all positions (except for M5a and M5b). The occupancies of
the split sites were refined, allowing for Pb/As (M5), As/As
(As9a, b), and Pb/As (M13) summing to full occupancy. The
highest residual peak was 3.04 ¢/A3, 0.84 A from Pb7 and the
deepest hole was —1.80 e//&{ 0.89 A from Pb7 at the end of the
refinement. The refinement was stopped when the mean shift/
e.s.d. for varied parameters dropped below 1%. Refinement
details are listed in Table 3, fractional atomic coordinates and
isotropic displacement parameters are given in Table 4, and
selected M-S bond distances are condensed in Table 5. Esti-
mated bond valences and selected geometrical parameters, re-
lated to individual coordination polyhedra, are summarized in
Table 6. Anisotropic displacement parameters and a full list of
bond distances and angles have been deposited in Tables 7 and
8!, respectively.

'For a copy of Tables 7 and 8, document item AM-03-023, con-
tact the Business Office of the Mineralogical Society of America
(see inside front cover of recent issue) for price information.
Deposit items may also be available on the American Miner-
alogist web site at http://www.minsocam.org.
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TABLE 2. Chemical composition of sartorite and associated minerals from Lengenbach
Sample Phase N.A. Pb Tl As Sb Ag Cu Fe S Sum
wit% wit% wit% wit% wit% wit% wit% wit% wit%
LB93502 seligmannite 1 45.67 0.78 15.84 1.75 14.43 0.03 21.67 100.17
hatchite 3 2418 24.40 17.59 1.20 11.20 0.86 19.13 98.54
sartorite 1a 7 38.06 6.39 29.28 1.42 25.13 100.27
sartorite 1b 9 38.94 5.77 29.04 1.41 25.01 100.37
LB93512 rathite 6 45.07 0.91 25.52 0.64 3.82 0.04 24.40 100.39
sartorite 2a 9 44.01 2.13 28.22 0.74 25.21 100.32
sartorite 2b 7 43.29 2.78 28.49 0.74 25.17 100.46
sartorite 2¢ 6 42.83 3.23 28.63 0.79 24.94 100.42
A.E. Sartorite 20 41.94 4.08 28.48 24.97 99.47
Formulae normalized on: 6 atoms (seligmannite), 10 atoms (hatchite), 35/40 sulfur atoms (sartorite/rathite) per formula unit
LB93502 seligmannite 1 0.98 0.01 0.94 0.06 1.01 0 3.00
hatchite 3 0.98(1) 1.00(0) 1.97(1) 0.08(1) 0.87(0) 0.11(1) 4.99(2)
sartorite 1a 7 8.20(15)  1.40(0) 17.46(15)  0.52(1) 35
sartorite b~ 9 8.37(19) 1.26(7) 17.25(14)  0.52(1) 35
LB93512 rathite 6 10.00(3)  0.20(1) 15.66(7) 0.24(2) 1.63(3) 0.04(0) 35
sartorite 2a 9 9.45(8) 0.46(3) 16.77(12)  0.27(2) 35
sartorite 2b 7 9.32(14)  0.61(6) 16.95(13)  0.27(2) 35
sartorite 2c 6 9.30(25) 0.71(14) 17.19(10) 0.29(5) 35
A.E. Sartorite 20 9.10 0.90 17.08 35
Mineral analytical formula simplified: data source virtual &/
seligmannite  (PboesTloo1)s-00s CUios (AS0.64Sb0.06)x - 1.00 Sa00 PbCuAsS; EMP
hatchite Pbogs Th.oo (AQo.s7CUo.11)s =008 (AS1.97Sb0.08)s = 2.05 S0 PbTIAgAS:Ss EMP
rathite (Pby1.43Tlo2s)x = 1165 (AQ1.86F€0.04)s=1.90 (AS17.90Sb028)x = 18.18 Ss EMP
sartorite 1a (Pbs 20Tl 40)x - 9.60 (AS17.46Sb0 52)x - 17.08 Sss EMP 3.327
sartorite 1b (Pbs.a7T||.2s)z =9.63 (ASW.ESSbO.SZ)Z =17.77 Sas EMP 3.312
sartorite 2a (Pbg.ssTlo.a6)s = .01 (AS16.77Sb0.27)s = 17.08 Sss EMP 3.251
sartorite 2b (PbgsaTlos1)s =003 (AS16.955D0.27)s = 17.22 Sas EMP 3.269
Sartorite 2C (Pb9.32T|0.71)Z =10.04 (A317.198b0.29)2 =17.48 SSS EMP 3281
sartorite (PbgoTlis)s-95 Asi7s Sss PbsTl; sAS17.5S35 SC-XRD 3.375
sartorite Pbg Asig Sas PbgAs:5Sss substr. x9 3.000
“Mineral A” (Pb9.99T|0.14)z= 10.13 (ASws.GOSbo.ao)z: 16.90 Sas 84/1* 3.226
“Mineral A” (PbgesTlos2)s = 10.16 (AS16.95SD0.52)x = 17.28 Sss 35/1* 3.274
Red sartorite  (Pbg 10Tlo.90)s = 10.00 Asi7.08 Sss AE.t 3.347

Notes.: The formulae of sartorites 2a—2c were arbitrarily normalized to 35 S atoms (based on the present structure refinement). However, other
superstructures may have different numbers of S atoms (smaller than, or equal to, 36).
N.A. = number of analyses; A.E. = analyses by A. Edenharter; SC-XRD = single crystal X-ray diffraction; substr. = substructure.

* Analyses of Laroussi et al. (1989).

1 Analyses performed by A. Edenharter and obtained by courtesy of S. Graeser.

TABLE 3. Data collection and refinement parameters for sartorite

Diffractometer
X-ray radiation

Siemens CCD system
fine focus sealed tube, Mo Ao

X-ray power 50 kV, 40 mA
Temperature 293 K

Detector to sample distance 5.439 cm
Maximum 26 55.90°
Resolution 0.75A

Rotation width 0.3°

Frame size 512 x 512 pixels

120 seconds
53491

Measuring time per frame
Measured reflections

Index range —49< /71<49;-10< A<10;-23< /<26
Unique reflections 13085
Reflections > 20(/) 6293
Anr 7.41%
7 9.14%
Number of |.s. parameters 579
GooF 0.891
A, Fo>40(F) 6.08%
A, all data 13.09%
wh, (on £?) 14.40%
Anr=Z 12— F2(mean)l / X A2
A, =X0(FR?)/ Z P
A =Z IRl =I1RITZIA]
why ={(Z MFZ - FP 1 T M AP}
Goof ={(Z W F?— 2]/ [n-p])}'"*

w=1/ (0?2 £?] +[0.0595 * P)
P = (max(F2, 0)+2 £7) /3

RESULTS AND DISCUSSION

Unit-cell dimensions

The subcell dimensions of sartorite reported in literature
are fairly consistent and describe an orthorhombic unit with
the lattice constants listed in Table 1. Superstructure formation
has been described by supercells with multiples of subcell a
and c¢. The symmetry of the supercell is monoclinic, compared
to the orthorhombic subcell, but in a number of determinations
B =90° was used. In their attempt to determine the true struc-
ture of sartorite, Ozawa and Takéuchi (1993) distinguished
between “orthosartorite” and ““clinosartorite.” For the latter they
defined a “new” subcell with lattice constants a = 20.06, b =
7.89, ¢ =4.19 A, B = 102.1°, and space group P2,/c (Table 2).
It is most interesting to see that the unit-cell parameters of the
sartorite sample studied here are an integral multiple of the
“clinosartorite” subcell, or, in other words, our subcell derived
from the supercell is the same as that given by Ozawa and
Takéuchi (1993) for “clinosartorite.” Pring et al. (1993) rein-
terpreted the concept of “ortho-" and “clinosartorite,” stating
that satellite reflections occur along, or near, the [101]* direc-
tion and not along a* or ¢*, except when twinning is present.
The apparent incompatibility of Pring et al.’s (1993) observa-
tion that structural modulations in sartorite occur along [101]*
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TABLE 4. Site labels with element allocations, site occupancy factors (sof), fractional atomic coordinates, and equivalent isotropic dis-
placement parameters for sartorite

Atom type sof polyhedron type X y z U, (A2)
Pb1 Pb z 0.11812(2) 0.06199(11) 0.31086(5) 0.0540(2)
Pb2 Pb z 0.23129(2) 0.08379(12) 0.31078(6) 0.0599(3)
Pb3 Pb z 0.34273(2) —-0.59717(11) —0.18503(5) 0.0514(2)
Pb4 Pb z 0.45338(2) 0.09418(11) 0.31461(5) 0.0568(3)
Pb5 Pb z 0.43835(2) 0.64077(11) 0.18296(5) 0.0533(2)
Pb6 Pb z 0.33030(2) —0.40497(10) 0.20582(5) 0.0488(2)
Pb7 Pb z 0.21828(2) —0.41642(12) 0.20383(6) 0.0613(3)
Pbs Pb z ~0.10761(2) 0.07053(11) 0.29305(5) 0.0553(2)
Pb9 Pb z 0.00536(2) 0.07666(11) 0.29546(5) 0.0533(2)
Ast As B 0.14473(5) -0.1612(3) 0.50326(11) 0.0409(5)
As2 As A3 —0.14122(5) 0.4970(2) 0.37925(11) 0.0383(5)
As3 As J=¢] 0.23534(5) —0.1793(3) 0.48906(11) 0.0439(5)
As4 As A3 0.26684(5) —0.0059(2) 0.13459(11) 0.0415(5)
M5a Pb 0.318(5) B3 0.36331(9) -0.2758(5) -0.0178(2) 0.0407(10)
M5b As 0.682(5) B 0.36549(12) —0.3088(6) -0.0044(3) 0.0486(15)
Asb As A3 0.36103(6) 0.0221(3) 0.11955(11) 0.0454(5)
As7 As J=¢] 0.46747(5) 0.7081(3) 0.01033(12) 0.0481(5)
As8 As A3 0.49761(5) 0.0354(2) 0.13258(11) 0.0421(5)
As9a As 0.67(4) B 0.4085(5) —0.7093(15) 0.0103(5) 0.057(3)
As9b As 0.33(4) B3 0.4224(3) —0.6619(18) 0.0197(4) 0.022(3)
As10 As A3 0.40337(5) 0.5095(3) 0.36345(11) 0.0421(5)
As11 As B 0.30861(5) 0.1850(2) 0.49187(10) 0.0378(5)
As12 As A3 0.28781(8) 0.5218(3) 0.38204(13) 0.0678(8)
M13a Pb 0.218(5) B 0.19864(17) 0.2524(8) 0.5261(3) 0.0376(16)
M13b As 0.782(5) B 0.20500(14) 0.1935(6) 0.5417(3) 0.0515(13)
As14 As A3 0.18075(5) 0.4819(3) 0.36831(11) 0.0391(5)
Asi5 As B 0.07986(5) 0.1697(3) 0.49597(11) 0.0440(5)
As16 As A3 0.07553(6) 0.4960(2) 0.38595(11) 0.0485(6)
As17 As B 0.01729(6) —0.1830(3) 0.47361(12) 0.0542(6)
As18 As A3 0.04364(5) —0.0260(2) 0.13245(10) 0.0367(5)
S1 S 0.05914(12) 0.3548(6) 0.2860(3) 0.0369(11)
S2 S 0.06506(15) —0.0469(6) 0.4188(3) 0.0513(14)
S3 S —0.10464(12) 0.2996(6) 0.4432(3) 0.0413(12)
sS4 S 0.09407(12) 0.1477(6) 0.1533(3) 0.0364(11)
S5 S 0.17148(13) 0.3363(6) 0.2698(3) 0.0446(13)
S6 S 0.19372(13) 0.0068(6) 0.4287(3) 0.0415(12)
s7 S 0.19347(13) —0.3325(7) 0.5384(3) 0.0495(14)
S8 S 0.22449(13) 0.1691(6) 0.1605(3) 0.0440(12)
S9 S 0.28301(13) 0.3747(6) 0.2853(3) 0.0378(11)
S10 S 0.30124(14) —0.0384(6) 0.4208(3) 0.0483(13)
S11 S 0.32402(17) -0.1802(7) 0.0648(3) 0.0640(17)
S12 S 0.31640(13) 0.1724(6) 0.1581(3) 0.0404(12)
S13 S 0.39195(13) 0.3540(6) 0.2686(3) 0.0462(13)
S14 S 0.40903(13) —0.5148(6) —0.0741(3) 0.0431(12)
S15 S 0.42766(15) 0.8592(6) 0.0598(3) 0.0519(14)
S16 S 0.49967(15) 0.8788(7) 0.2270(3) 0.0504(14)
S17 S 0.47646(14) 0.4724(6) 0.0782(3) 0.0477(13)
sS18 S 0.52090(13) 0.8488(6) 0.0661(3) 0.0444(12)
S19 S 0.55163(12) 0.1855(6) 0.1625(3) 0.0409(12)
S20 S 0.38472(13) —0.1184(6) 0.2156(3) 0.0444(13)
S21 S 0.37864(12) ~0.5356(6) 0.0741(3) 0.0413(12)
S22 S 0.34784(13) 0.3424(6) 0.4425(3) 0.0436(12)
S23 S 0.35571(13) 0.6851(6) 0.3407(3) 0.0426(12)
S24 S 0.27767(12) -0.1522(6) 0.2326(3) 0.0402(12)
S25 S 0.25394(12) 0.0133(6) 0.5763(3) 0.0378(11)
S26 S 0.25844(12) 0.3409(6) 0.4415(3) 0.0427(12)
S27 S 0.22385(12) 0.6686(6) 0.3448(3) 0.0388(11)
S28 S —0.16240(12) 0.3520(6) 0.2827(3) 0.0397(12)
S29 S 0.15915(13) 0.0510(6) 0.5842(3) 0.0440(12)
S30 S 0.11955(13) 0.3154(7) 0.4432(3) 0.0439(12)
S31 S —0.13158(13) 0.1553(6) 0.1522(3) 0.0400(11)
S32 S —0.05376(12) 0.3321(6) 0.2670(3) 0.0398(12)
S33 S -0.02922(12) ~0.0020(6) 0.4273(2) 0.0363(11)
S34 S 0.03377(14) 0.3475(7) 0.4558(4) 0.068(2)
S35 S 0.00347(12) 0.1617(6) 0.1550(2) 0.0365(11)
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TABLE 5. Selected interatomic M-S distances (A) for the MSg and MS, coordination polyhedra in sartorite
Pb1 Pb6 As2 As6 As10 As14
S32 3.172(5) S23 2.775(6) S28 2.252(6) S20 2.245(6) S13 2.234(6) S5 2.254(6)
St 3.175(5) S24 2.943(5) S3 2.291(5) S11 2.253(6) S23 2.241(5) S31 2.273(5)
S5 3.180(5) S20 3.034(5) S4 2.343(6) S12 2.321(6) S19 2.335(6) S27 2.315(6)
S4 3.182(6) S13 3.066(5) S7 3.109(6) S15 3.266(7) S22 3.168(6) S26 3.193(5)
S28 3.222(6) S9 3.154(6) S8 3.362(5) S22 3.651(6) S18 3.177(5) S30 3.281(6)
S31 3.312(5) S11 3.312(6) S29 3.735(5) s21 3.706(6) S15 4.000(6) S7 3.660(6)
S30 3.321(6) S12 3.483(5) S30 3.794(6) S14 4.176(6) S6 4.319(6)
S6 3.335(5) S25 3.562(5)
S2 3.355(6) S21 3.662(6)
Pb2 Pb7 As3 As7 As11 As15
S5 2.995(5) S27 2.878(6) S6 2.303(5) S17 2.291(6) S10 2.251(6) S34 2.250(6)
S8 3.054(6) S24 3.028(5) S25 2.318(6) S15 2.300(6) S26 2.308(5) S2 2.299(6)
S6 3.065(6) S28 3.041(5) S7 2.365(6) S18 2.369(5) S22 2.309(6) S30 2.313(6)
S9 3.124(5) S29 3.108(5) S27 3.086(6) S14 3.047(5) S21 3.047(5) S33 3.001(5)
S24 3.185(6) S5 3.108(6) S10 3.274(6) S17 3.352(6) S25 3.229(6) S29 3.281(5)
S10 3.218(5) S9 3.115(5) S11 3.552(6) S19 3.501(6) S12 3.481(6) S4 3.416(6)
S26 3.311(6) S25 3.225(6) S26 4.047(6) S18 3.883(6) S11 4.175(6) S3 4.412(6)
S27 3.373(5) S8 3.408(5)
S28 3.407(5) S7 3.809(6)
Pb3 Pb8 As4 As8 As12 As16
S13 3.025(5) S31 2.867(6) S24 2.247(6) S16 2.254(6) S9 2.240(6) S1 2.269(6)
S14 3.055(5) S28 3.013(5) S8 2.254(6) S18 2.284(6) S26 2.291(6) S30 2.307(5)
S10 3.083(6) S32 3.018(5) S12 2.309(5) S19 2.326(5) S27 2.641(5) S34 2.598(7)
S9 3.110(5) S5 3.091(5) S11 3.126(7) S15 3.071(5) S22 2.733(5) S31 2.704(6)
S12 3.160(6) S1 3.159(6) S7 3.287(5) S17 3.658(5) S22 3.130(6) S35 3.201(5)
S22 3.187(6) S3 3.501(6) S26 4.045(6) S18 4.015(6) S10 3.573(5) S2 3.706(5)
S20 3.273(6) S4 3.514(5) S25 4.063(5) S11 3.853(6) S3 3.748(6)
S24 3.310(5) S29 3.575(6)
S23 3.316(5) S33 3.611(4)
Pb4 Pb9 M5a As9a M13a As17
S16 3.083(6) S35 2.889(4) S11 2.559(8) S14 2.292(13)  S29 2.615(9) S33 2.304(5)
S13 3.089(5) S32 2.973(5) S21 2.741(7) S21 2.323(16) S6 2.735(8) S33 2.436(5)
S14 3.123(6) S1 3.023(5) S15 2.808(6) S22 2.627(16) S8 2.746(8) S2 2.538(7)
S18 3.126(5) S32 3.097(5) S10 2.821(6) S17 3.006(16)  S25 2.839(8) S35 2.822(5)
S17 3.194(5) S2 3.139(5) S23 2.890(7) S18 3.516(18)  S30 3.139(8) S34 2.923(7)
S16 3.213(6) S1 3.165(5) S14 2.937(7) S15 3.582(13)  S26 3.172(9) S3 3.494(5)
S19 3.271(5) S33 3.248(5) S22 3.536(6) S7 3.297(9) S34 3.789(6)
S20 3.368(5) S35 3.462(5)

S34 3.832(7)
Pb5 As1 M5b As9b M13b As18
S20 2.948(5) S7 2.273(5) S21 2.371(7) S14 2.183(11)  S25 2.320(7) S35 2.232(5)
S16 2.969(6) S3 2.306(6) S11 2.514(9) S21 2.380(13)  S29 2.367(8) S32 2.273(6)
S15 2.976(6) S29 2.321(6) S15 2.769(7) S17 2.381(12) S8 2.587(8) S4 2.312(5)
S19 3.072(6) S6 2.928(6) S10 2.842(7) S22 3.246(12) S6 2.668(8) S34 3.243(6)
S17 3.087(6) S2 3.257(6) S14 2.875(8) S18 3.356(13)  S26 3.341(8) S3 3.310(6)
S21 3.123(5) S31 3.387(6) S23 3.211(8) S15 3.864(15)  S30 3.547(7) S34 3.767(8)
S16 3.356(5) S30 4.356(6) S22 3.854(7) S7 3.768(7) S33 4.312(5)
S13 3.523(6)

and our finding of a sartorite superstructure with a' = 9¢ (Table
1) can easily be explained by the fact that Pring et al. (1993,
their Fig. 4) indexed their electron diffraction pattern using the
orthorhombic subcell of Nowacki et al. (1961). With the choice
of a different (monoclinic) subcell the modulation of the
sartorite structure of Pring et al. (1993) occurs along a princi-
pal axis in reciprocal space. From geometry, f = 90° +
tan~'(4.19/19.62) = 102.05° for this monoclinic subcell (Table
1). Pring et al. (1993) suggested that sartorite generally has an
incommensurate lattice. In this respect the superstructure de-
scribed here can be regarded as a so-called “lock-in phase”
with a composition that yields a commensurate lattice.

Cation substitution

The unit-cell contents of pure ideal sartorite (PbAs,S,, Z =
4) are Pb,As;S 6. Accordingly, the unit-cell contents of the nine-

fold superstructure described here would be PbscAs;,S 4.
However, the refined unit-cell content is Pbsg 1,ASg0 465 140 (SIM-
plified Pbs3As;0S,4), having about 2 Pb more and about 2 As
less than expected, and yielding a total excess of 5.86 (simpli-
fied 6) positive charges. Notice that the latter formula is not
charge balanced because our diffraction experiment does not
allow discrimination between isoelectronic Pb** and TI*. As
can be seen from the chemical analyses in Table 2, the sartorite
samples contain variable and significant amounts of T1 but they
are devoid of Ag, the other substituting element common in
sartorite homologues which contain N = 4 slabs. Charge bal-
ance in the structurally investigated sartorite is achieved by
two substitutions: mechanism (1) reduces the total number of
As atoms from 72 to 70 and increases the total number of Pb
atoms from 36 to 38; mechanism (2) replaces 6 Pb atoms with
T1. These substitutions can be coupled and shortened into (3):
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TABLE 6. Estimated bond valences (BE) and selected polyhedral
parameters for individual coordination polyhedra in the
sartorite superstructure

Atom CN BVE /A V \ ECC, SPH,
Pb1 9 1382 69.338 144.128 0.0168 0.1057 0.9747
Pb2 9 1696 65209 135.879 0.0192 0.1255 0.8886
Pb3 9 1.756  63.754 132.492 0.0166 0.1211 0.9308
Pb4 8 1487 55214 134.897 0.0215 0.1155 0.9503
Pb5 8 1.856 53.715 128.728 0.0024 0.2730 0.9154
Pb6 9 1926 67.183 138.886 0.0114 0.3782 0.9377
Pb7 9 1.905 63.811 135.305 0.0362 0.2704 0.8124
Pb8 9 1.687 69.391 144.441 0.0182 0.3646 0.9660
Pb9 9 1.886 64.110 136.239 0.0383 0.2803 0.8002
Ast 7 2980 35.985 104.281 0.0881 0.7236 0.5259
As2 7 2927  35.690 104.454 0.0971 0.7413 0.8833
As3 7 2708 37.585 108.395 0.0837 0.7286 0.8337
As4 7 3102 37.393 111.500 0.1138 0.7667 0.6241
Pb5a 7  3.371 36.291 103.180 0.0705 0.3227 0.7710
Asbb 7 1.984  36.291 103.179  0.0705 0.5699 0.7710
As6 6 3.018 27.586 105.518 0.1787 0.7393 0.9519
As7 7 2781 36.712 104.442  0.0711 0.6898 0.7383
As8 6 2933 26.678 106.969 0.2165 0.7636 0.7768
As9a 6 2.326 28.784 106.644 0.1521 0.6394 0.9366
As9b 6  2.810 28.784 106.644 0.1521 0.7172 0.9366
As10 7 38.127 37.140 112222 0.1254 0.7723 0.6015
As11 7 3.014 36.533 105.147 0.0818 0.7251 0.6259
As12 7 2748 34.984 101.827 0.0921 0.6908 0.8534
Pb13a 7 3.015 36.535 110.052 0.1227 0.3522 0.9094
As13b 7 2446  36.535 110.052 0.1227 0.6901 0.9094
As14 7 3.014 36.018 108.807 0.1252 0.7386 0.4976
As15 7  3.039 36.436 106.364 0.0947 0.7389 0.5142
As16 7 2676 34.733 102.225 0.1021 0.6929 0.8590
As17 7 2418 35.232 104.892 0.1124 0.6563 0.8868
As18 7  3.063 36.773 110.018 0.1167 0.7485 0.5015

Notes.: CN = coordination number; BVE = bond valence estimation;
(A%) = polyhedral volume; V£ (A®) = volume of sphere least-square fitted to
polyhedron with radius 7 and standard deviation o(r;); v (%) volume dis-
tortion =100 (/- V,)/ /where Vis the ideal and I} the real polyhedron
volume. See Makovicky and Bali¢-Zuni¢ (1998) for details on If; ECC,
volume eccentricity = 1 — [(% — A) / #]® where A = distance between cen-
troid and central atom; SPH, = volume sphericity =1 —30(%) / %.

2 Pb> — 2 As* + > (1
6 TI* — 6 Pb** + 38> )
2 Pb* + 6 TI* — 2 As™ + 6 Pb* +4 S> () +2)
6 TI* — 2 As* + 4 PbS 3)

This substitution not only includes cations but also affects
sulfur. In total 4 Pb and 2 As are replaced by 6 Tl, with a con-
current loss of 4 S, and the corresponding structurally refined
(simplified) formula (cell content/Z) is PbgTl, sAs,;5Sss. This
compares well with the empirical formula Pbg,T1, 4As,75Sby 5S35
derived from the EMP analyses (cf., sartorite 1a, Table 2). Small
amounts of Sb substitute for As but could not be located in the
present structure refinement. The involvement of sulfur in the
substitution schemes listed above contrasts with the known
mechanisms, recently reformulated for rathite, where the sub-
stitution Ag* + As** — 2 Pb* seems to be essential compared
to the apparently optional substitution TI* + As* — 2 Pb**
(Berlepsch et al. 2002), and where the number of sulfur atoms
does not change with cation substitution.

Our data can be compared with previously published analy-
ses. Significant deficiency in As compared to the convention-
ally accepted chemical formula PbAs,S, has also been reported
by Ozawa (1993). Minor TI in sartorite has been reported by
Nowacki and Bahezre (1963) as well as by Ozawa (1993). Sig-
nificant amounts of TI, exceeding 4 wt%, were measured by
Laroussi et al. (1989). Similar amounts of Tl were found in a

(AS,Sb)283

PbAs,S,
sartorite

Pb,As,S,

Sartorite 1a, b dufrénoysite

General sartorite homologue formula
allowing for substitution:

2+ 3+ +
MegN.-2« Megix Mey Syna

TS Pb,S,

FIGURE 2. Selected known and hypothetical members N =3 and N
=4, respectively, of the sartorite homologous series in the phase triangle
Pb,S, — (As,Sb),S; — (Ag,S and TL,S). Solid circles indicate known
phases, empty circles hypothetical end members. PbAs,S, is the ideal
sartorite composition, generally accepted in literature. Three isopleths
of equal N values and the sartorite 1 data from Table 2 are added.

(100)g,,s layer

FIGURE 3. The crystal structure of sartorite: projections of (above)
the substructure (litaka and Nowacki 1961) along [001] and of (below)
the superstructure along [100]. The SnS-based slices (301)s,s and
(301)s,s are indicated by ruling (above). The polyhedral labeling scheme
for sartorite homologues, according to Berlepsch et al. (2001), is
indicated and a (100)s,s layer, as displayed in Figure 5 in view normal
to the plane, is outlined (below).
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FIGURE 4. Semi-polyhedral view of the sartorite superstructure
along [010]. The polyhedral “columns” are projections of zigzag (100)
layers of Pb trigonal coordination prisms (Z in Fig. 3). Light gray
polyhedra have coordination number 8 (CN8; the missing cap is easily
visible); dark gray polyhedra have CN9. Large and small spheres
indicate (Pb, T1) and As, respectively, situated in the SnS-like slabs.
The orthorhombic sartorite subcell of Nowacki et al. (1961) is indicated.

“red” sartorite sample originating from the new Lengenbach
quarry (Graeser in Hofmann et al. 1993). It should be noted
that Edenharter (S. Graeser, pers. comm.) observed substitu-
tion of both Pb and As by TI1. As shown in Table 2, Tl concen-
trations in sartorite can be as high as 6.5 wt% (this study).

The cation ratios due to S vacancy are analogous to those
connected with the increase of the homologue order N. There-
fore, they can be evaluated by means of “virtual N,” calculated
from the general formula of the sartorite homologous series:
Me?iy g2 Me?s, Me* S nis. Using the substitution mechanism 2x
Me? <> Me*: + Met, this yields N = [2 (Me* + 2 Me*)/(Me* —
Me*)] + 2. These calculations yield values of N = 3.32 to 3.33
for sartorite 1, and 3.25 to 3.28 for sartorite 2 in Table 2. How-
ever, both have the N = 3 substructure, i.e., the deviations are
fully ascribed to the substitution schemes involving S.

The analyses of “mineral A” of Laroussi et al. (1989) re-
semble those of our sartorite samples and are given in Table 2
for comparison. Laroussi et al. (1989) calculate for this “min-
eral A” a homologue order of N = 3.33, intermediate between
sartorite (N = 3) and dufrénoysite (N = 4), and state that no
such sartorite homologue is known (Fig. 2). They tried to ex-
plain the situation with a small-scale intergrowth of
chabournéite and sartorite, although a combinatorial model with
N, =3,3,4 would yield a simpler explanation. Our calcula-

tions of virtual N indicate N = 3.23 to 3.27 for the data of
Laroussi et al. (1989). Due to the above described substitu-
tions, the data points are shifted away from the isopleth with N
= 3 toward a higher N value (Fig. 2). Pure (T], Ag) + As <> 2
Pb substitution, not affecting S, e.g., as in rathite, would not
have this effect but would shift the data points along the corre-
sponding isopleth with constant N. Obviously, “mineral A” of
Laroussi et al. (1989) is sartorite as well.

The role of “large” monovalent cations

Considering the importance of T1* and Ag* substitution for
sartorite and rathite and baumhauerite polytypes, respectively,
we note that most of the natural sartorite homologues studied
in the past occur only at the type locality (Lengenbach, Binntal,
Ct. Valais, Switzerland). This dolomite hosted Fe-Zn ore de-
posit is enriched in T1-As-(Sb) and significant variations of the
bulk rock chemistry are observed on a meter scale (e.g.,
Hofmann et al. 1993; Hofmann and Knill 1996). Minerals origi-
nating from the new mine (opened in 1988), topologically situ-
ated about 30 m above the old mine (closed in 1987), are
characterized by high contents of Tl, As, and Sb compared to
the material from the old mine. This fact is reflected in the
various new Tl-sulfosalts from Lengenbach reported in the past
15 years (e.g., edenharterite, jentschite, erniggliite, stalderite,
bernardite, sicherite). Knowing this, it is understandable why
the above mentioned importance of Tl and Ag becomes much
more pronounced in recently found material originating from
the new mine, e.g., baumhauerite-2a and baumhauerite-\yO3abc
(Pring and Graeser 1994), rathite (Berlepsch et al. 2002), and
sartorite (this study).

The substructure of sartorite

The substructure of sartorite is shown in Figure 3; some
structural aspects have been marked. Zigzag walls composed
of columns of “standing” tricapped trigonal coordination prisms
of Pb (CN9) alternate with slabs composed of “lying”
monocapped trigonal coordination prisms of As and Pb (CN
7); these slabs are based on the SnS-archetype. The substruc-
ture of sartorite is visualized as being composed of slices of
SnS-like structure cut parallel to the (301)g,s and (301)s,s planes
(Fig. 3, top). Note that these slices include polyhedra from both
the walls and the slab and that they are N = 3 polyhedra thick.

According to the labeling scheme for coordination polyhe-
dra in sartorite homologues introduced by Berlepsch et al.
(2001) Z denotes “standing” tricapped trigonal coordination
prisms in the zigzag walls whereas AN, BN, and CN denote
“lying” monocapped trigonal coordination prisms within the
slabs (with N = 3 or 4). Sartorite is an N, , = 3,3 member of the
sartorite homologous series (Fig. 3, below) with Z hosting Pb
and A4/B4 hosting As and Pb (details are discussed below).
Other N, , = 3,3 sartorite homologues are twinnite Pb(Sb,As),S,
(Jambor 1967; not observed in the Lengenbach deposit), and
synthetic BaSb,Se, (Cordier and Schifer 1979) and BaSb,S,
(Cordier et al. 1984).

The ninefold superstructure of sartorite

The projections in Figure 3 show that the studied structure
isan N, , = 3,3 sartorite homologue. A semi-polyhedral view of
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the sartorite superstructure along [010] is shown in Figure 4.
However, the differences between the (average) substructure
(Iitaka and Nowacki 1961) and the superstructure are not no-
ticeable in this view. They can be best appreciated when look-
ing at the projections perpendicular to the (100)s,s type layers
(Fig. 5). litaka and Nowacki (1961) mentioned that the infinite
S-As-S chains along [001] in the sartorite substructure cannot
exist due to the misfit in size between PbS, and AsS, coordina-
tion polyhedra and the resulting unusually long As-S distances.
The importance of the so-called crankshaft chains as a feature
that allows an ideal adjustment to the requirements of the vari-
ous large cations (e.g., Pb, T, Ba) incorporated in the crystal
structures of the sartorite homologues sensu largo was pointed
out by Makovicky (1985).

In Figure 5 the idealized (100)s,s type layers of the sartorite
substructure (left, subcell x 9) are compared with the experi-
mentally derived layers from the superstructure (right). The
dashed lines in Figure 5 indicate the arrangement of S atoms
around the cations in the (100)s,s layers. This arrangement is
purely rectangular in the substructure but is trapezoidal in the
real structure, especially for the S coordination around As. In
case of Z-type cations (Pb/TI) this arrangement tends toward
rectangular (e.g., S around Pb3 in Fig. 5). Inside the trapezoids
the As atoms are bound to S ligands via short bonds either in a
“sideways” (e.g., Asl and As4) or in a “top/bottom” (e.g., As2
and As3) manner. In this way the crankshaft chains are formed;
they are drawn with bold lines in Figure 5. All known sartorite
homologues sensu largo are two coordination polyhedra
“thick,” i.e., they have one lattice parameter of about 8.4 A in
common. In contrast, the superstructure described here is nine
polyhedra “thick,” the (100)s,s layer in Figure 5 shows why.

The 9¢ modular array (periodicity of the superstructure along
a) is composed of five complete or fragmented crankshaft
chains, oriented in two different directions, perpendicular to
each other. The array contains two approximate mirror planes
perpendicular to a, at the level of S13-S14-S15 and As14-M13b-
Pb7, respectively. The former one projects the crankshaft chain
As4-As6-M5b into As7-As8-As10 and As18-As2-As1-As3 into
As14-As12-Asl1-As9a. The latter projects a fragmented
“chain” As14-As16-As15-As17 into a similar one, As14-As12-
Asl11-As9a, and the As18-As2-As1-As3 chain into As10-As8-
As7-M5b. The fragmentary character of two chains that
tentatively start from Asl14, stems from a statistical combina-
tion of a typical crankshaft configuration with another con-
figuration that consists of separate As,S, groups (Asl15-Asl6
and Asl1-As12) combined with isolated AsS; units (As9b,
M13b, As14, As18). This is caused by the splitting of the As9,
As12, As16, and As17 positions into two competing configu-
rations (described in detail below). Both reflection operations,
and the fragmentation, are apparently connected with the sta-
tistical occupation of the M5 and M 13 positions. The distribu-
tion of (statistical) As,S, groups vs. well defined crankshaft
chains in the 9¢ column leads to another type of division: the
former configuration occurs in a stack of five subcells parallel
to a, from As9 to As17, the latter in the stack of remaining four
subcells, from Asl to As7. The former stack is similar to con-
figurations in similar Ba-Sb sulfosalts (e.g., BaSb,S,; Cordier
et al. 1984), the latter is similar to configurations observed in

FIGURE 5. (100)s,s type layers in the sartorite substructure (left,
x9) and in the superstructure (right). The dashed fine lines indicate the
arrangements of S atoms: rectangular in the substructure vs. trapezoidal
in the superstructure. Short As-S bonds (bold lines) form finite,
diagonally oriented crankshaft chains in the real structure whereas they
average to the infinite (and non-existing) S-As-S chains in the
substructure. Half way between S12 and S19 is the place of the missing
S atom in this layer.

N = 4 sartorite homologues. The missing S position lies in the
continuation of the S13 to S15 string of anions and the large
lone-electron pair micelle contains electron pairs of As6, As8,
and As9.

The crankshaft chains and intermediate space are underlain
by similar elements on the other side of the tightly bonded SnS-
like slab, i.e., the chains on the two sides are generally parallel.
The respective mirror planes of the two faces of the SnS-like
slabs project via symmetry centres. The two pseudo-mirror
planes are not distributed evenly in the 9c array: instead they
are 3.5 subcells and 5.5. subcells apart. In other words, they
are separated by sets of two and three parallel crankshaft chains,
respectively. Extension of the former set to 5.5 subcells (i.e.,
three parallel, partly fragmented crankshaft chains) apparently
is the clue to the 11c¢ superperiod observed by litaka and
Nowacki (1961). Statistical mixture of sets of 3.5 and 5.5
subcells would then lead to a sartorite sample with an incom-
mensurate superlattice.

Borrowing a term from the textile/basket industry, this “pat-
terning” of SnS-like slabs can be called a rwill pattern. Another
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compound for which a similar twill pattern is developed is
“senandorite” (andorite VI), ideally PbAgSb;S, (Sawada et al.
1987). In this lillianite homologue N = 4, the sixfold sequence
of 4 A subcells has a distinct pattern of crankshaft chains As;S,,
pairs As,S,, and marginal AsS; groups (Fig. 6). The twill pat-
tern is based on one chain along one diagonal and a pair of
parallel chains along the opposite diagonal leading one imme-
diately to think of the fourfold structure of “quatrandorite”
(andorite IV, Moélo et al. 1984). Details of such derivations
are in Moélo et al. (1984). Distribution of arsenic configura-
tions utilizes the entire four trapezoids broad (100)pys strip and
is closely connected with the distribution of silver in this strip.

The twill pattern in sartorite is based on crankshaft chains
meeting on the pseudo-mirror planes (Fig. 5). The pattern in
andorite is different, the crankshaft chains abutting head-to-
tail sideways, in a c-glide scheme, broken only by a doubling
of crankshaft chains in one direction. In “senandorite,” only
two configurational types of 4 A tiers exist, in a regular, albeit
not simply, periodic alternation. In sartorite there are four dif-
ferent types of 4 A tiers in the 9¢ stacking sequence.

FIGURE 6. Twill pattern of crankshaft chains in “senandorite”
(andorite VI), ideally PbAgSb;Ss (Sawada et al. 1987). The sixfold
sequence of 4 A subcells has a distinct pattern of crankshaft chains
As;S7, pairs As,S,, and marginal AsS; groups. The twill pattern is based
on one crankshaft chain along one diagonal and a pair of parallel
crankshaft chains along the opposite diagonal. Circles in order of
decreasing size represent: S, Pb, Ag, Sb.
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Coordination polyhedra

Two different kinds of coordination polyhedra in sartorite
homologues have been introduced above: the “standing”
tricapped trigonal prisms with coordination number 9 (CN9)
and the “lying” monocapped trigonal prisms with CN7 (= the
SnS based coordination). Our refinement of the sartorite su-
perstructure revealed several coordination polyhedra with CN6
and CN8. Due to the loss of one S atom pfu during element
substitution (see above) As6, As8, and As9a,b have only six
and Pb4 and Pb5 only eight S ligands [the use of CN9 (CNS)
and CN7 (CN6) is related to the full coordination sphere around
cations and does not contradict the fact that As and its three
closest ligands form the “usual” trigonal AsS; pyramids]. Al-
though isoelectronic T1*, Pb**, and Bi** cannot be distinguished
with the X-ray diffraction set-up used here, it is possible to
distinguish between them in the BV estimation approach, be-
cause the r, values (fitted bond valence constants) used in this
procedure are almost identical (o= 2.543 A) for the three cat-
ions (Hummel and Armbruster 1987). Bond valence estima-
tions according to Brown and Altermatt (1985), BV = X exp
([ro—r31/0.37), where r;; = individual metal to sulfur distance,
revealed no direct link between CN8 and bond valence sums
of about 1, indicative of a pure TI* position. One cation (Pb1)
with a low estimated BV of 1.38 (Table 6) has CN9. The Tl
distribution over the other Z-type sites is believed to be ran-
dom. Pb4 (CN8) has an intermediate estimated BV of 1.49 and
the remaining Z-type cations yield BV values in the range 1.69—
1.93 (Table 6). For the A3- and B3-type cations the BV esti-
mates range from 2.42 (Asl7) to 3.13 (As10). The
corresponding values for the split positions (MS5a,b; As9a,b;
M13a,b) are controversial due to unresolved S disorder around
these positions. The somewhat low BV estimates of 2.42 (As17)
and 2.67 (As16) can be explained with the help of the element
specific bond-length hyperbolae (see below) as coming from
unresolved split positions as well.

The CN8 polyhedral volumes (V) of 55.2 and 53.7 A3 for
Pb4 and Pb5, respectively, obviously differ from those for CN9,
which range from 63.2 to 69.3 A3 (Table 6). The latter values
agree well with V, = 64.6 + 1.6 A* for Pb with CN9 in sartorite
homologues given by Berlepsch et al. (2001). The somewhat
higher V,, values for Pbl and Pb8 are still significantly lower
than the V,=76.06 £ 2.0 A3 for TI with CN9 in sartorite homo-
logues (Berlepsch et al. 2001) and thus not indicative of pre-
dominantly TI* positions. The situation for CN6 and CN7 is
comparable (Table 6): the polyhedral volumes V, for As with
CNG6 are significantly lower (26.7 to 28.8 A than those for
As(/Pb) with CN7 (34.7 to 37.6 A%). Again, the latter values
agree well with V, = 37.3 + 1.4 A® for As with CN7 in sartorite
homologues given by Berlepsch et al. (2001).

The method of bond-length hyperbolae (Berlepsch et al.
2001) allows us to distinguish, with good reliability, between
“true” relationships between different As-S (and other) bond
lengths in a coordination polyhedron and the “apparent” bond-
ing schemes from unresolved split cation and/or ligand posi-
tions. This concept [originally defined by Tromel (1981) for
Sb**, Te**, and I’* bonds with O atoms] is based on the fact that
bond pairs x,y, of opposing short and long bonds of a single
coordination polyhedron of a given cation conform to the hy-
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perbolic correlation (x, — a)(y,—a) = ¢ (¢ > 0). However, some-
times other bond pairs lying on a linear join (perpendicular to
the line y = x) between the two branches of a hyperbola are
observed. The latter set is interpreted as the result of superim-
posed and not fully resolved atomic positions indicating that
the observed coordination is an average of at least two distinct
situations. For the resolved split cation positions, deviations
from the hyperbolic trend are due to the unresolved nature of
the averaged ligand positions. Note that Z-type cations are not
to be used in this approach because the bond pairs do not con-
sist of opposing bonds, i.e., they are not defined.

Figure 7 shows the calculated hyperbolae for the sartorite
homologues with the bond-pairs As-S and M-S for the sartorite
superstructure (this study) added. Normal and manifestly split
cation positions are referred to by filled circles and empty
squares, respectively. As can be seen in Figure 7, most of the
As-S bond-pairs lay on, or close to, the corresponding hyper-
bola, whereas the values for the split positions are displaced.
As shown by Berlepsch et al. (2001) it is usual that at least one
bond-pair formed by (unresolved) ligands around a split cation
position is displaced significantly from the corresponding hy-
perbola (e.g., As5b, As9a, As13b). The positions of four bond-
pairs (As12, As16, 2 X As17) on the above mentioned linear
join indicate an additional three, unresolved split cation posi-
tions. Inspection of the refinement output shows that As12 has
one principal mean square atomic displacement about 2—3 times
larger (0.1340 A?) than the other values for As (0.0392-0.0862
A?). As shown in Figure 8, the thermal ellipsoid of As12 is
strongly elongated in the direction S22-As12-S27. The Pb-S
bond-pairs (of Pb5a and Pb13a) show bond distances signifi-
cantly longer compared to As-S but falling short of the Pb-S
hyperbola in Figure 7, indicating the average nature of the sul-
fur ligand positions involved.

Different hypothetical sartorite superstructures

From a topological point of view, the (100)s,s layers of the
sartorite substructure (x9) and of the sartorite superstructure
(Fig. 5) are identical in about two thirds of all polyhedra (i.e.,
all Z-type polyhedra and all polyhedra with As in the trapezoids
attached “sideways”). The missing S position and the “top/bot-
tom” attachment of S via short As-S bonds are the most promi-
nent differences. The latter is needed for the crankshaft
formation and it is interesting to see that, with the exception of
As2 and As3, the positions M5, As9, As12, M13, As16, and
Asl17 are all somehow “disturbed,” i.e., they are either split
and/or substituted (M5, As9, M13) or the position of the As-S
bond pairs in Figure 5 suggests split but unresolved As posi-
tions (As12, As16, As17; cf. discussion above).

Although sartorite usually has an incommensurate structure
and any “lock-in phase” is rather incidental, we believe that
other commensurate superstructures of sartorite, differing from
ninefold, can exist. The array of crankshaft chains could prob-
ably be both shortened and enlarged. In the first case a seven-
fold superstructure can be imagined in which the (100)g,s type
layer has 2 fewer PbS and 2 fewer As,S; units, compared to the
(100)s,s type layer in Figure 5 (e.g., removal of Pb8, Pb9, As15—
As18, and S28-S35). Similarly, units of 2 PbS and 2 As,S; could
be added to the (100)s,s type layer and 11-fold, 13-fold etc.
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FIGURE 7. Calculated element specific bond-length hyperbolae for
pairs of opposing bonds, taken from Berlepsch et al. (2001), with
individual bond-length data of sartorite added. Each pair of bond-
lengths consists of a short (x,) and an opposing long (y,) M-S bond
distance (where x, <y, and n=1, 2, 3). The bond pairs (x,y;) and (x,y,)
lay in the (100)s,s planes and the bond pair (ys;x3) is normal to it. D, =
X1, X2, y3 and D, = yy, y,, x3 defining the points P, (x;y;) and P, (x,y,)
above and P; (y;x;) below the median line for each coordination
polyhedra. Filled circles indicate As-S; empty squares indicate split
positions (M5, As9, M13; see text for details).

FIGURE 8. As12S; semi-polyhedron (“square” pyramid with a
trapezoidal basis; cf. Fig. 5 right side). The thermal ellipsoid of As is
elongated in the direction S27-As12-S22, indicating superimposed but
unresolved As positions. Distances are given in angstroms. See text
for details.
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superstructures constructed. To which degree cation (and even-
tually S) substitution would have to accompany such super-
structure formation remains unclear at this time.
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