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SCHWEIZ. MINERAL. PETROGR. MITT. 67, 213-218. 1987

Tl+, Pb2+, and Bi3+ bonding and ordering
in sulfides and sulfosalts*

by Wolfgang Hummel1 and Thomas Armbruster1

Abstract

The inorganic crystal structure database (ICSD) was employed to study Tl, Pb, and Bi bonding and ordering

relations in sulfosalts. A bond valence model with one common parameter for Tl, Pb, and Bi is successfully

used to separate these elements on the basis of their Me-S distances. Application of this concept on
(Tl,Pb)-bearing sulfosalts indicates preferred Tl,Pb ordering, in contrast to (Bi,Pb)-bearing sulfosalts, where
Pb,Bi order and disorder is observed. Isotropic displacement equivalents (Beq values), compiled from the data
base, yield mean values of 2.8 for Tl+, 2.3 for Pb2+, and 1.4 for Bi3+. The differences in mean Beq values are
discussed in terms of increasing Me-S bond strengths from Tl+ to Bi3+.

Keywords: Sulfosalts, Lengenbach, Crystal structure database, isoelectronic series, displacement parameters.

Introduction

Sulfosalt structures may simultaneously
contain Bi3+, Pb2+, and T1+ or combinations
of two of these elements, which cannot be
distinguished by their scattering behavior of
X-rays because they are isoelectronic (80
electrons). In addition, the application of mean
Me(Tl,Pb,Bi)-S bond lengths is restricted
because MeSx coordination polyhedra are often
strongly distorted due to the influence of the
lone electron pair. In a previous study (Arm-
bruster and Hummel, 1987) a simple diagram
was developed where the mean value of the
three shortest Me-S distances is plotted versus
the mean value of the next two shortest ones.
This diagram was successfully applied to
distinguish Bi and Pb in sulfosalts.

In the present study special emphasis is put
on bonding and ordering of Pb and Tl. Crystal
structure data of sulfides and sulfosalts are sta¬

tistically analyzed using the above distance
scheme and the bond valence approach
recently reviewed by Brown and Altermatt
(1985). In addition, the isotropic displacement
parameters (temperature factors: Beq of B) will
be compared for the isoelectronic series: T1+,
Pb2+, and Bi3+.

Experimental

All structural data analyzed were extracted
from the inorganic crystal structure database,
version 1986 (ICSD) (Bergerhoff et al., 1983).
For construction of reference diagrams only
following structures were considered:
(a) Crystal structures at room temperature with
sulfur and Tl or Pb or Bi but not with combinations

of Bi, Pb, Tl or any two of these elements.
(b) Structures containing oxygen (SO42-),
carbon, (SCN-), nitrogen, selenium, tellurium or
halogen were excluded.

* Dedicated to the "Arbeitsgemeinschaft Lengenbach" for 30 years of continuous cooperation on sulfosalt
research.

1 Laboratorium für chemische und mineralogische Kristallographie, Universität Bern, Freiestr. 3,
CH-3012 Bern.
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(c) Structures with R-values > 9% or without
R-values were excluded.
(d) Tl, Pb, Bi positions with mixed or partial
occupancy < 90% were excluded.

The resulting database contained 40 Tl,
25 Pb, and 14 Bi sulfosalt- or sulflde-structures
(Table 1). To exclude errors either in the data
base or in the original literature, the bond
valence model of Brown and Altermatt (1985)
was applied:

V ISy Zexp (^),
0.37

where ry are the individual Me-S distances.
Me-S distances < 3.8 Â for Tl, < 3.6 Â for Pb,
and < 3.5 Â for Bi were calculated. For all
bond valence calculations a fixed r0 parameter
of 2.543 was employed, independently of
whether T1+, Pb2+, or Bi3+ was studied.

Atomic positions yielding valence sums (V)
outside the range 0.7-1.3 (Tl), 1.7-2.3 (Pb), and
2.7-3.3 (Bi) were checked with the original
reference and, if necessary, deleted or corrected*.
The final database contained 84 Tl positions,

70 Pb positions, and 30 Bi positions. If
displacement parameters for T1+, Pb2+, and Bi3+,
either as ßy, Uy, By or as isotropic B or U, were
given in ICSD (Table 1), the displacement
parameters were transformed into Beq (Hamilton,

1959) or B values. At this instance
additional obvious errors were detected in ICSD
which were corrected in our files by comparison

with the original literature*.

Results

The final bond distance diagram and bond
valence histogram are displayed in Fig. 1 and
2a, respectively. Both models yield trimodal
distributions which can be applied to distinguish

Tl, Pb, and Bi in sulfosalts. Surprisingly,
the bond valence diagram (Fig. 2a) separates
the isoelectronic elements even better than the
bond distance plot (Fig. 1) proposed by Arm-
bruster and Hummel (1987).

* All errors detected in ICSD were reported to the
ICSD senior author Bergerhoff for subsequent
correction.

Tab. 1 Collection codes of selected sulfides and sulfosalts in ICSD (Bergerhoff et al., 1983).

Tl Tl Pb Pb Bi Tl.Pb Pb,Bi

640 36368 67 36348* 1132* 14112 167
1911 36369 2221 36473 1942 26785 2737
2240 38255 2222 38293* 2839 26804 9120
2647 38363 2439 100688* 14305 27304 14245

14187 48133 8166 200601 15230 27481 15229
15231 49542 8167 23315 31364 23905
15240 49681 8168 23663 100315 24462
15494 61057 14303 30775 30776
17035 100161 14304 32585 30780
17058 100291 15143 34936 31382
17065 100292 16272 38364 35596
23290 100374 16317 47131 60156
23634* 100438 16978 200794 60159
25354* 100849 18097 201066 100335
25355* 201026 18123 200113
31358 201062 23264
32607 201422 23462
33531 201423 23661
35041 201889 27183
35498 201892 31254*

* no temperature parameters in ICSD
Note: References corresponding to collection codes may be obtained from the authors.
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In addition, some peculiar observations were
made during the compilation of the reference
diagrams. Tl3+ is reported in the structure of
TI4S3 (Leclerc and Bailly, 1973), where Tl3+
exhibits tetrahedral coordination by S with
Tl-S distances ranging between 2.51 and
2.59 Â. Strongly distorted 4-fold coordinated
T1+ is observed in TlMnAS2S5 (Gostojic et al.,
1982), Tl2Sn2S3 (Del Bucchia et al., 1982), and
Tl4SnS3 (Del Bucchia et al., 1981) with Tl-S
distances between 2.8 and 3.5 Â. In wittichen-
ite, Cu3BiS3, (Kocman and Nuffield, 1973) a
BiS3 trigonal pyramid exhibits three short Bi-S
distances (2.569, 2.600, 2.608 À) and additional
long ones. Because a cutoff value of 3.5 Â was
chosen for Bi-S distances, only one additional
distance at 3.43 Â was considered in our
compilations. Coordination numbers < 5 are not
included in Fig. 1, but corresponding
coordinations are marked by open symbols in Fig. 2a.

During the compilation of distances it was
observed that in several cases Me-As or even
Me-Me distances were shorter than some long
Me-S distances. However, the sums of bond

Q
+

2.7 2.9 3.1 3.3 3.5

(D1 + D2 + D3) / 3 [Â]

Fig. 1 The mean value of the three shortest Me-S
distances is plotted versus the mean value of the next
two shortest ones. All data are obtained from
published structures (Table 1). For selection criteria see

text. Dotted lines confine various distribution clouds
which are slightly different to the ones outlined by
Armbruster and Hummel (1987) because in this
paper a much larger number of T1 structures was
included. The solid line indicates undistorted coordination

where (Dl + D2+D3)/3 (D4+D5)/2.

valences yielded reasonable values even if
neglecting additional Me-As or Me-Me
interactions.

Applying the Me-S distance limits given
above, following average coordination numbers

of Me by sulfur were observed (standard
deviations in parentheses), T1+: 6.8(1.5), Pb2+:
7.7(1.0), Bi3+: 6.3(1.0). The coordination num-

Bi

1.5 2 2.5 3 3.5

Valence sum (V)

Fig. 2a Histogram of calculated valence sums (V)
for Tl, Pb, and Bi. Me-S distances were used to calculate

valence sums for Me positions according to the
empirical bond strength model proposed by Brown
and Altermatt (1985) with a common parameter for
Tl+, Pb2+, and Bi3+. Open symbols indicate 4-coor-
dinated positions. No overlap between Tl, Pb, and Bi
is observed. Thus, the diagram can be used to distinguish

these cations in sulfosalt structures.

Tl.Pb

Pb.Bi

ilk
0.5 1 1.5 2 2.5 3 3.5

Valence sum (V)

Fig. 2b Data from (Tl,Pb)-bearing structures (black
bars) and of (Pb,Bi)-bearing structures (open bars)
are plotted according to Fig. 2a. (Pb,Bi)-bearing sulf-
osalts show ordered and disordered Pb,Bi distributions,

whereas only Pb,Tl ordering is observed for
(Pb,Tl)-sulfosalts (Table 2).
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2.7 2.9 3.1 3.3 3.5

(Dl + D2 + D3) / 3 [Â]

Fig. 3 The mean value of the three shortest Me-S
distances of (Pb,Tl)-bearing sulfosalts is plotted versus

the mean value of the next two shortest Me-S
distances. Dotted and solid lines were adopted from
Fig. 1. The striking separation of the data into two
groups, one in the T1 field and the other in the Pb

field, indicates preferred Pb,Tl ordering.

(France). The observed (Pb,Tl)-S distances
were plotted in the distance reference diagram
(Fig. 3) also showing the characteristic fields
for Tl-S and Pb-S bonds, as derived from
Fig. 1. The calculated valences, using the above
formula by Brown and Altermatt (1985), for
(Pb,Tl) sulfosalts are plotted in Fig. 2b. Both
diagrams (Fig. 2b and Fig. 3) indicate that all
structures analyzed show preferred T1 and Pb
ordering. For rathite-I (Marumo and
Nowacki, 1965) no precise microprobe
analyses are given for the sample used for structure
refinement. Thus, according to our diagrams it
seems probable that the rathite-I investigated
contains only very low T1 concentrations.
Other rathites-I, analyzed by Nowacki and
Bahezre (1963), yielded Tl/ (Tl+Pb) ratios of
about 0.1. In contrast to the preferred ordering
between Pb2+ and T1+, Pb2+ and Bi3+ exhibit
also disordered arrangements as discussed by
Armbruster and Hummel (1987) and
displayed according to the valence method in
Fig. 2b.

ber of Bi3+ by S ranges between 4 and 8, of
Pb2+ between 6 and 9, and the one of Tl+
between 4 and 10.

(Pb,Tl)-BEARING SULFOSALTS

The inorganic structure database contains
seven sulfosalts with Tl and Pb in significant
concentrations (Table 2). Two are synthetic,
four originate from the Lengenbach sulfosalt
quarry in the Binna valley (Wallis, Switzerland),

and one sample comes from Jas Roux

DISPLACEMENT PARAMETERS OF
T1+, Pb2+, AND Bi3+

In the previous section, order/disorder
relations between different ions on different
structural positions were discussed, whereas
this section refers to order/disorder relations
of one ion about one "average position". The
displacement parameters (Be<^ or B) in the iso-
electronic series: T1+, Pb2+, Bi3+ should reflect
the static and /or dynamic disorder of the
metal within its distorted S coordination.

The reader is reminded that Tl+, Pb2+, and
Bi3+ belong to the heaviest stable isotopes

Tab. 2 (Pb,Tl) containing sulfosalts.

Composition mineral name (origin) Reference

(Tl,Pb)2As5S9 hutchinsonite (Lengenbach) Takéuchi et al. (1965)

(Pb,Tl)3As4(As,Ag)S10 rathite-I (Lengenbach) Marumo and Nowacki (1965)

PbTlAgAs2S5 hatchite (Lengenbach) Marumo and Nowacki (1967)

PbTlCuAs2S5 wallisite (Lengenbach) Takéuchi et al. (1968)

Tl8Pb4Sb21As19S68 unnamed (Jas Roux) Nagl (1979)

Tl2PbGeS4 synthetic Eulenberger (1980)

PbTlAs3S6 synthetic Balic-Zunic and Engel (1983)
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within the periodic table. Thus, especially
experimental neglects in X-ray intensity collection

or data handling systematically influence
the displacement parameters: insufficient
absorption and/or extinction correction, neglect
of anomalous dispersion effects etc. Fig. 4
shows a plot of Me valences, according to the
bond strength concept, versus isotropic
displacement parameters (Beq or B). Despite their
strong dependence from experimental procedures,

mean Beq values calculated without the
outlying points (open symbols in Fig. 4) for
T1+, Pb2+, and Bi3+ yield 2.8(5) for T1+, 2.3(6)
for Pb2+, and 1.4(3) for Bi3+ (standard deviations

in parentheses). The stronger the interaction

or bonding between Me(Tl+,Pb2+,Bi3+)
and coordinating S, the weaker the dynamic
Me disorder (thermal motion); thus, leading to
displacement parameters which are the highest
ones for T1+ and lowest ones for Bi3+
(provided that the Beq values are not dominated by
effects related to static [positional] disorder).

Some outlying points (open symbols in
Fig. 4) can be discussed on the basis of special
structural features. The T1 positions in the
layer-structure of TlInSiS4 (Nakamura et al.,
1984) with Beq values of 6.6 and 7.3, respectively,

are located between two sheet units with
Tl-S distances between 3.293 À and 3.957 Â.
These large Tl-S distances are also the longest

„
I * » T1

1 I

- Pb
6 I

Bi
5 - A

I
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1
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0 ^ :
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i
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0 12 3

Valence sum (V)

Fig. 4 Isotropic displacement parameters Beq

(Hamilton, 1959) or B values are plotted versus the
calculated valence sums (Brown and Altermatt, 1985).

Open symbols indicate outliers which were not
employed for the calculation of mean values. The mean
value of isotropic displacement parameters decreases
from Tl+ to Bi3 +

in Fig. 1 and the weak Tl-S interaction is
reflected in the low calculated valence sums for
T1 of 0.48 and 0.61 (Fig. 4). The other T1 outlier
(Beq 4.8) results from the structure of
Tl2Sn2S3 (Del Bucchia et al., 1982) refined to
R. 8.6%. In Cu3 2iBi479S9 Ohmasa (1973)
found two Bi positions to be only partially
occupied but one position (Bi3) with Beq 3.7 is
assumed to be fully occupied. In general,
unusually large displacement parameters can be
caused by static (positional) disorder. In addition,

Nöda et al. (1983) noticed that in galena
(PbS), the thermal parameter of Pb is larger
than the one of S (as in most other sulfosalts)
and determined significant enharmonic
contributions of the Pb thermal motion.
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