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Auszug

Die Kristallstruktur von Cosalit, PbsBiaSs, wurde mit Hilfe von Diffrakto-
meterdaten neu bestimmt, um die Koordinationen von Pb und Bi zu erhalten
und sie mit denjenigen anderer Pb-Bi-Sulfide zu vergleichen. Die Gitterkon-
stanten und die Raumgruppe sind a = 19,098 4 0,004 A, b = 23,890 + 0,0054,
¢ = 4,057 - 0,001 A und D —Pbnm, mit 8 Formeleinheiten in der Elementar-
zelle (zwei in der asymmetrischen Einheit). Mittels Ausgleichsmethoden wurde
die Struktur bis zu einem R-Wert von 10,89/, fur alle 1432 Reflexe (9,60/, fiir die
beobachteten 1217 Reflexe) verfeinert.

Alle Atome liegen in den Spiegelebenen der Raumgruppe bei z = 1/4 und 3/4.
Die Bi-Atome konnten von den Pb-Atomen durch Vergleich ihrer Koordinatio-
nen unterschieden werden. Bi(1) hat eine quadratisch-pyramidale Koordination
von finf S in Abstinden von 2,57 bis 2,83 A, dazu ein zusitzliches S im Abstand
von 3,21 A. Die anderen drei Bi-Atome weisen eine deformiert-oktaedrische
Sechserkoordination auf, mit Bi—S = 2,57 bis 3,45 A (mittlere Standard-
abweichung = 0,01 A), ebenso Pb(1) und Pb(2). Die beiden anderen Pb-Atome,
Pb(3) und Pb(4), haben eine Achter-Koordination (trigonal-prismatisch plus
zwei). Die (Pb—S)-Absténde liegen im Bereich von 2,72 his 3,47 A. AuBerdem
befindet sich in der Struktur ein ,,statistisches Kupferatom*‘, dessen Koordina-
tion ein deformiertes Tetraeder ist (Cu—S = 2,21 bis 2,61 AD).

Die Strukturformel von Cosalit kann als [BiaS4[S[PbYIPbVII] geschrieben
werden, Typus IIl.az entsprechend der Klassifikation der Sulfosalze von
NowackI (1969).

* Contribution No. 236b; part 71 on sulfides and sulfosalts. This work was
presented at the Annual meeting of the Swiss Society for Crystallography held
at Luzern on 15th October 1972, Abstract in Verh. Schweiz. Naturf. Gesellsch.
Wiss. Teil, 1972, 265—266 (no 236a).

** Present address: Organic Chemistry Laboratory, Swiss Federal Institute
of Technology, Ziirich, Switzerland.

#x* CH-—3012 Bern, SahlistraB3e 6, Switzerland.
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Abstract

The crystal structure of cosalite, PbsBisSs, has been redetermined with the
help of diffractometric data, with a view to study the coordinations of Pb and
Bi atoms in the structure and to compare them with that found in other lead-
bismuth sulfides. The cell dimensions and space group are a = 19.098 -+ 0.004,
b= 23.890 + 0.005, ¢ = 4.057 4- 0.001 A and D¢ Pbnm. There are eight
formula units in the unit cell and two in the asymmetric unit. The structure was
refined by the method of least squares, to a final R value of 10.8¢/y for all the
1432 reflections (9.69/o for the observed 1217 reflections).

All the atoms lie on the mirror planes of the space group at z = 1/4 and 3/4.
Bismuth atoms could be distinguished from the lead atoms by a comparison of
their coordination. Bi(1) has a coordination of five sulfur atoms in the range of
2.57 to 2.83 A, which could be described as a square pyramid, plus an additional
sulfur atom at a distance of 3.21 A, The other three independent Bi atoms in the
structure have a coordination of six, making up a distorted octahedron in each.
These Bi—S distances are in the range 2.57 to 3.45 A and the average standard
deviation in them is 0.01 A. Six sulfur atoms around Pb(1) and Pb(2) form a
distorted octahedron. The other two lead atoms, Pb(3) and Pb(4), have a coordi-
nation of eight (in the corners of a trigonal prism plus two). The Pb—S distances
are in the range of 2.72 to 3.47 A ; the mean standard deviation is 0.01 A. There
is, in addition, a ‘“‘statistical copper’ atom in the structurc. The coordination
around the copper atom is a distorted tetrahedron and the Cu—S8 distances are
in the range of 2.21 to 2.61 A.

The structural formula of cosalite could be written as [BiaS4|S|PbYIPbVIU]
and belongs to the type IIl.ag, in the classification of sulfosalts by Nowackz
(1969).

Introduction

Cosalite is a lead bismuth sulfide and derives its name from its
occurence at the Cosala mines, Sinaloa, Mexico. It is not an uncommon
mineral, formed at moderate temperatures, in contact metamorphic
deposits (Vasko, Rézbanya, Fahlun and Nordmark) and in pegmatites.
It occurs at the Cosala mines, Mexico, at the Bjelke mine, Nordmark,
Sweden, at the Forno glacier, Switzerland and at a number of other
places in the world (Dana, 1944). It has a chemical composition of
PbyBixSs, but contains small amounts of Cu, Ag, and Fe, which is
depending on its source.

Cosalite was first investigated by BErry (1939), during the course
of his studies of complex sulfosalts and he gave the cell dimensions and
the possible space group and chemical composition (Table 2). WErTz
and HELLNER (1960) carried out the crystal-structure investigation of
cosalite by three-dimensional Patterson and Fourier methods. Their
analysis was not based on complete three-dimensional diffraction data
and distinction between the lead and bismuth atoms was impossible,
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because of the small differences in their scattering factors and also
because of the relatively inaccurate coordinates of the sulfur atoms.

Quite recently accurate analyses of some of the lead-bismuth sul-
fides are undertaken in this laboratory (Ittaxa and Nowacki, 1962;
Onmasa and Nowacki, 1970) and a distinction between lead and
bismuth atoms has been made from a comparison of their coordination.
We have undertaken this redetermination, so as to get an accurately
refined structure, with the help of diffractometric data and hence
distinguish between lead and bismuth atoms by a comparison of their
coordination.

Experimental

Crystals of cosalite are opaque, lead-gray to steel-gray in colour and
have a metallic luster. They are most frequently found elongated as
needles, the needle axis being the ¢ axis, as capillary forms and also as
feathery or fibrous aggregates. Because of the fibrous nature of these
crystals, some of the reflections have an inherent small faint streak
associated with them. Also the existence of a perfect cleavage in the
(001) direction rendered the problem of selecting a good crystal
rather difficult.

The crystal used for the present study was prepared from a sample
of cosalite from the Cariboo gold mines at Wells in British Columbia,
Canada. It was a thin and fibrous needle, with dimensions 0.674 X
0.126 x 0.085 mm, with approximately cylindrical cross section. An
electron-probe analysis of the sample yielded the values given in
Table 1. The chemical composition of cosalite is essentially PbaBisSs,
although there are some minor traces of Cu and Ag. We shall discuss
about the presence of Cu in a later section.

Table 1. Microprobe analysis of cosalite sample

Analysis No. 438 ’ Theoretical
Pb 39.50/, ‘ 41.75%,
Bi 39.9 : 42.10
S 18.3 16.15
Cu 1.3 —
Ag 0.8 —
99.80/y 1000/

Analysis No. 438: Cosalite sample from Cariboo gold mine, British Columbia,
Canada (found with gold and quartz).
Theoretical: Pb:BisSs.
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Table 2. Crystallographic data of cosalite

BERRY WEeITz and HELLNER P ¢ stud
(1939) (1960) resent study
Cosalite a = 19.07 A 19.101 A 19.098 -~ 0.004 &
PbsBisSs b = 23.87 23.913 23.890 -+ 0.005
c = 4.055 4.061 4.057 + 0.001

Space group DIS—Pbnm, Z = 8, dx = 7.17 g em3, V = 1851 A3,
F(000) = 3309.

The lattice constants were determined with the help of back-
reflection Weissenberg photographs, on which the diffraction pattern
of silicon have been superposed to calibrate the effect of film shrinkage.
The precise lattice constants determined from a least-square best fit
of 24 k0 and 10 A0 reflections are given in Table 2, together with the
values of BERRY (1939) and WEITZ and HELLNER (1960). The calcula-
tions were done with the aid of a program written by N. D. JoNES
(unpublished).

The crystal belongs to the orthorhombic system. The possible space
groups, as deduced from the systematic absences in Weissenberg photo-
graphs, are D33—Pbnm or 3 —Pbn2,. But the former space group has
been assumed for the following two reasons. Firstly an examination of
the Weissenberg photographs taken about the ¢ axis revealed that the
intensity distribution in the zero, second, fourth layers are alike as well
as in the first and third. This is possible only in the space group Pbnm,
in the fourfold special positions (on the mirror planes at z = 0.25 and
0.75). Secondly, an analysis of the distribution of the normalized
structure amplitudes also indicated in favour of the centric space group
rather than the acentric one (see Table 3). There are eight formula
units in the unit cell and two in the asymmetric quarter.

Table 3. Distribution of normalized structure factors for cosalite

’ R Theoretical

Experimental ) )
Centric \ Acentric

< |E| > 0.740 0.798 I 0.886
< |E?[> 1.005 1.000 1.000
< E?—1 > 1.103 0.968 0.736
[E] > 3.0 1.29 0.30/9 0.010/y
|Z| > 2.0 6.49/9 5.00/y 1.89/

|E| > 1.0 26.69/ 32.00/, | 37.09/
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Three-dimensional intensity data were collected by a Weissenberg
counter diffractometer (Supper-Pace Autodiffractometer) using Cuk «
radiation. The intensities were corrected for Lorentz and polarization
factors. Correction for absorption was made with the help of an ICR-10
program (JoHNSON, 1963), because of the high linear absorption coef-
ficient of the material (4 = 1460 cm~! for Cuk « radiation).

Structure determination and refinement

The coordinates of the heavy atoms were located from the Patterson
synthesis. Because of the fact that the atoms lie on the mirror planes
at z = 1/4 and 3/4, the Patterson interactions are confined to the sec-
tions at w = 0 and 1/2. This confirmed the coordinates of the metal
atoms in WEITz and HELLNER’s model.

A structure-factor calculation was attempted with the coordinates
of the heavy atoms, with the scattering factor of bismuth. The R factor
for all the 1432 reflections was 25%. A three-dimensional Fourier
synthesis was computed with the coordinates of the heavy atoms. The
sulfur atoms were found from the above Fourier map and this con-
firmed the sulfur coordinates of Wrrtz and HELLNER’s model.

Three-dimensional least-squares refinement was started with the
coordinates of all atoms. The initial R factor was 220/,. After a series
of isotropic refinements, the R factor dropped to 159/5. At this stage, the
interatomic distances were calculated and marked difference was
observed in the coordination of the Pb and Bi atoms. Based on their
coordination, Pb atoms were distinguished from Bi atoms and further
refinements were made with the individual atomic scattering factors
for Pb and Bi. Neutral-atom form factors as given by THomMas, UMEDA
and Kixne were used for the Pb and Bi atoms, and those given by
Dawsox were employed for S atoms!.

Also, from a study of the difference Fourier at this stage, a vacant
site was found at = 0.40, y = 0.06, z = 0.75. Considerations of the
dispositions of the sulfur atoms in the neighbourhood, and also the fact
that there is a trace of Cu content in the sample (as evidenced by micro-
probe analysis), suggested that this could be the site of the Cu atom in
the structure. From the percentage of content from microprobe and
the peak height in the Fourier map, the occupancy factor for Cu was
estimated to be not more than 0.12 (this was also verified by the least-
squares refinement). The Cu atom was refined, at first isotropically

1 International tables for x-ray crystallography, vol. ITI. Kynoch Press, Bir-
mingham, 1962, p. 201212,
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and later anisotropically. There was no other peak in the difference
Fourier, which was almost flat.

The final R value at the end of the anisotropic refinement for all the
atoms was 9.69/y for the observed 1217 reflections (10.8%/y for all the
1432 reflections). Reflections with I < 2.33 ¢ (I) were assigned as
unobserved reflections.

In the course of these calculations, individual weights were calcu-
lated by the modified formula of GABE (1966) and these were assigned

for the reflections
4

1 dF 2 \2

where g1 = peak count, ¢z = background count, g3 = (LP)! and
g4 = transmission. The effect of anomalous dispersion was taken into
consideration, but no significant difference was found between the
enantiomorphs.

A block-diagonal least-squares program written by ENGEL (1968)
for the BullGamma30S was used in the earlier stages of the analysis
and in the later stages, a program of the same author for IBM 370/155
was used (ENGEL, 1972).

A list of the final observed and calculated structure amplitudes is
given in Table 4.

Description of the structure

The final atomic coordinates are given in Table 5(a) and the aniso-
tropic temperature factors in Table 5(b). The root-mean-square dis-
placement of the atoms along the principal axes of the vibration
ellipsoids are given in Table 6. The atomic arrangement projected
down the ¢ axis is shown in Fig. 1. The structure proposed by WE1TZ and
HELLNER is essentially correct, as can be seen from Table 5(a). The
average shift in the coordinates of the heavy atoms from the model of
Werrz and HELLNER is 0.012 A (0.008 A in the a direction and 0.017
in the b direction), and in that of the sulfur atoms is 0.024 A (0.021 in
the a direction and 0.026 A in the b direction). The largest shift in a
heavy-atom coordinate is 0.03 A and in that of a sulfur atom is 0.05 A.
Werrz and HELLNER did not find any statistical copper in their struc-
ture.

The interatomic distances and angles are tabulated in Tables 7a
and 7b. A distinction of Pb from Bi is impossible by x-ray measure-
ments, as the difference in their atomic scattering amplitudes is only
unity. However, a study of their coordinations permits one to make a
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distinction between them. As can be seen from Table 7a, four metal
atoms [Pb(1), Pb(2), Bi(1), Bi(2)] have three nearest sulfur atoms in the
range of 2.57 to 2.84 A, whereas the remaining four metal atoms have no
sulfur atom at a distance shorter than 2.72 A. The former are therefore
regarded as bismuth atoms and the latter as lead atoms. These values
are in good agreement with those found in other bismuth-lead sulfides,
as aikinite and galenobismutite, as can be seen from Table 8.
Cosalite has four independent lead and bismuth atoms in the struc-
ture. Six sulfur atoms around Pb(1) make a distorted octahedron. The
octahedron is built up by S(3'), S(8), S(8), S(5'), S(5”) and S(7). Pb(2)
also has a distorted octahedral configuration with S(3%), S(3”), S(3""),
S(4), S(1’) and S(1”"). The octahedron around Pb(1) is a little more
distorted than the one around Pb(2). These octahedra are arranged
parallel to the ¢ axis. These Pb—S distances are in the range 2.72 to
3.02 :DX and are in good agreement with the value found in galena
(2.97 A). The mean standard deviation in Pb—S distances is 0.01 A.
Similar coordination for the lead atom is also found in marrite

Table 5a. The final atomic coordinates of cosalite, their standard deviations and
occupancy factors. In brackets: atomic coordinates given by WEITz and HELLNER
(1960)

Occupancy

At
om ¥ Y “ factor

Bi(1) | 0.98212(9) [—0.018] | 0.15503(9
Bi(2) | 0.09276(10) [0.093] | 0.30330(1
Pb(1) | 0.27415(10) [0.274] | 0.04064(1
Pb(2) | 0.03437(15
Bi(3) | 0.08994(11
Bi(4) | 0.18547(10
13
11
)
)

)} [0.155] | 0.25 [0.25]
) 0) [0.302] | 0.25 [0.25]
) 0) [0.040] | 0.25 [0.25]
) [0.035] | 0.43512(13) [0.433] | 0.75 [0.75]
) [0.091] | 0.01082(10) [0.011] | 0.75 [0.75]
) [0.186] | 0.17157(9) [0.171] | 0.75 [0.75]
) [0.383] | 0.20591(12) [0.206] | 0.25 [0.25]
) [0.293] | 0.37318(12) [0.374] | 0.25 [0.25] 0.50
[0.476] | 0.1384(6)  [0.138] | 0.75 [0.75]

Ph(3) | 0.38270(
Pb(4) | 0.29262(
S(1) | 0.4766(6

S(2) | 0.0292(6 [0.029] | 0.2286(8)  [0.230] | 0.75 [0.75]
S(3) | 0.4141(8) [0.413] | 0.9987(8)  [0.002] | 0.25 [0.25]
S(4) | 0.1518(7) [0.152] | 0.3623(6) [0.364] | 0.75 [0.75]
S(5) | 0.2823(7) [0.285] | 0.4646(8)  [0.465] | 0.75 [0.75]
S(6) | 0.2279(6) [0.228] | 0.2376(6)  [0.235] | 0.25 [0.25]
S(7) | 0.1278(6) [0.181] | 0.0884(6)  [0.088] | 0.25 [0.25]
S(8) | 0.3066(6) [0.306] | 0.1244(7)  [0.125] | 0.75 [0.75]
S(9) | 0.3622(8) [0.360] | 0.2959(7)  [0.296] | 0.75 [0.75] 0.50
)

S(10) | 0.4346(7 [0.434] | 0.4152(7) [0.418] | 0.25 [0.25] 0.50
Cu(l) | 0.386(3) 0.057(3) 0.75 | 0.12
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Table 5b. The final anisotropic temperature-factor coefficients for cosalite
The values are the coefficients in the expression

exp [— (h%f11 + k2flea + 12fs3 + hkfia - Rif1s + Kifas)]

Atom ot Paz Pas I Pz [ﬁm 1 Pa3
|

Bi(1) 0.00055(4) | 0.00105(3) ‘ 0.025(2) l 0.00000(5) J

Bi(2) 68(4) 105(3) l 30(2) | 0(5)

Ph(1) 89(4) 126(4) 27(3) | 7(6) J

Ph(2) : 184(7) 154(5) 45(3) } - 13(8) | |

Bi(3) | 91(4) 121(4) 23(2) | — 206) | |

Bi(4) | 64(4) 112(3) 32(2) | 76) | |

Ph(3) 134(5) | 140(4) 33(3) J 3(7) ;‘

Ph4) 93(5) 162(5) 34(3) | — 1(7) ‘

s(1) 0.0004(2) | 0.0009(2) ' 0.024(14) ‘40.0003(3) |

8(2) ! 4(3) | 17(3) | 14(14) | — 2(4) 0 0

8(3) | 11(3) | 13(3) . 28(16) { 13(4) ]

S(4) g 8(3) 9(2) 41(17) | — 1(4) ]

8(5) [ 9(3) 16(3) J 18(16) ‘ — 0(4) ‘

S6) 2(2) 11(2) 35(15) | — 3(3) {

S(7) 4(3) 92) | 48(16) | 9(4)

S8(8) ’ 4(3) 13(2) 8(13) [ 1(3) | '

S(9) | 13(3) | 13(3) 9(14) | — 4(4) J

8(10) ! 7(3) f 12(2) 11(13) ! 3(4) ‘

Cu(l) | 27(12) | 22(10) | 0.08(7) J 12(17) |

Table 6. The root-mean-squared displacement of the atoms of cosalite along the
principal axes of the vibration ellipsoids and direction cosines of these axes with
respect to the crystallographic axes

Atom Bisotrop Axes B ! v a? cos x1 1 COos &g 1 COS &3
Bi(1) | 1.62 A2 1 0.80 A2 | 0.101 A 1 0 0
2 2.40 0.174 0 1 0
3 1.67 0.145 0 0 1
Bi(2) | 1.79 1 0.99 0.112 1 0 0
2 2.40 0.174 1 0
| 3 1.97 0.158 0 0 1
|
Pb(1) 1.98 1 1.30 0.128 0.999 | — 0.040 0
2 2.88 0.191 0.040 0.999 0
3 1.78 0.150 0 0 1
Pb(2) 3.05 1 2.67 0.184 0.990 0.139 0
2 3.53 0.212 — 0.139 0.990 0
| 3 2.95 0.193 0 0 1
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Table 6. (Continued)

Atom Bisotrop | Axes B ]/ a2 COoS %1 COS 2 COS &3
Bi(3) | 1.87 A2 1 1.33 A2 | 0.130 4 1 0.013 0
2 2.76 0.187 | —0.013 1 0
3 1.53 0.139 0 0 1
Bi(4) | 1.87 1 0.93 0.109 0.999 | —0.039 0
2 2.56 0.180 0.039 0.999 0
3 2.11 0.164 0 0 1
Pb(3) | 2.45 1 1.95 0.157 1 —0.022 0
2 3.20 0.201 0.022 1 0
3 2.19 0.167 0 0 1
Ph{4) | 2.43 1 1.36 0.131 1 0.004 0
2 3.70 0.216 | — 0.004 1.000 0
3 2.23 0.168 0 0 1
S(1) 1.36 1 0.48 0.078 0.989 0.149 0
2 2.02 0.160 | —0.149 0.989 0
3 1.58 0.142 0 0 1
S(2) 1.81 1 0.61 0.088 0.998 0.066 0
2 3.92 0.223 | —0.066 0.998 0
3 0.91 0.107 0 0 1
S(3) 2.14 1 0.89 0.106 0.862 | — 0.507 0
2 3.69 0.216 0.507 0.862 0
3 1.85 0.153 0 0 1
S(4) 2.00 1 1.19 0.123 0.996 0.088 0
2 2.13 0.164 | —0.088 0.996 0
3 2.68 0.184 0 0 1
S(5) 2.03 1 1.36 0.131 1 0.012 0
2 3.56 0.212 | —0.012 1 0
3 1.18 0.122 0 0 1
S(6) 1.69 1 0.25 0.056 0.994 | 0.109 0
2 2.52 0.178 | —0.109 0.994 0
3 2.30 0.171 0 0 1
S(7) 1.92 1 0.25 0.056 0.901 | — 0.433 0
2 2.33 0.172 0.433 0.901 0
3 3.17 0.200 0 0 1
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Table 6. (Continued)

Atom | Bigtrop | Axes B Vad COs &1 COS X2 cos &g
8(8) 1.33 A2 1 0.56 A2 | 0.085 A 0.999 | — 0.044 0
2.86 0.190 0.044 0.999 0
3 0.55 0.084 0 0 1
$(9) 1.80 1 1.77 0.150 0.996 0.257 0
3.05 0.197 | —0.257 0.996
3 0.59 0.087 0 0 1
S(10) | 1.53 1 1.01 0.113 0.988 | — 0.153 0
2.87 0.191 0.153 0.988 0
3 0.70 0.094 0 0 1
Cu(l) | 4.83 1 3.25 0.203 0.852 | — 0.524 0
2 5.82 0.272 0.524 | 0.852 0
3 5.42 0.262 0 0 1
S(10")

Z=1/4 3/4

o o Cu
o @ bi
O @ m

O Os

5(3%)

Fig.1. A projection of the structure of cosalite || ¢
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Table 7a. Interatomic distances in cosalite

Pb(1)—-S(3")
5(8)
S(5%)
8(7)
Mean

Pb(2)—S(3")
S(37)
S(4)
8(17)

Q2
=

2.854(15) A

2.915(11) (2x]
2.929(13) [2x1]
3.020(12)
2.927
2.719(12) A [2x ]
2.789(16)
2.838(14)
2.902(9) [2x]
2.812
2.982(13) A [2x ]
3.051(11)
3.451(10) [2x]
3.166(11) [2x]
3.205(14)
3.107
2.891(13) A
2.987(14) [2x]
3.047(12) [2x%]
3.379(10)  [2x]
3.466(14)
3.148

3.265(16) A
3.88(2)

3.900(19) [2x]
3.913(15) [2x]
4.085(19) [2x]
4.35(2)
3.825(17) A [2x ]
3.88(2)
3.96(2)
4.309(14) [2x]
4.346(19) [2x]
3.859(1T) A [2x ]
4.039(20)
4.04(6)
4.165(19) [2x]
4.341(18) [2x]
3.49(2) A
3.886(17) [2x]
4.32(2)

S(5)—S(10)
Cu(1")
S(7)
S5(8%)
S5(9)

8(6)—S(9)
8(8)
S(7)

S(7)—8(8)
S(107)

Bi(3)—S(5")
S(7)
S(107)
S(10777)
Mean

3.737(17) A[2x]
3.89(6)
3.976(19) [2x]
4.18(2)
4.31(3)

3.554(16) A [2x]
3.700(17)  [2x]
4.046(19)

4.084(14) A12x]
4.211(15)
4.31(2) [2x]

4.23(2) A
3.761(19) A [2x]

2.572(16) A
2.785(11) [2x]
2.831(12) [2x]
3.205(12)

2.835

o

2.619(12) A
2.715(10) [2x]
2.962(12)
3.021(12)

2.832

[2x]

o

2.678(15) A
2.841(10) [2x]
3.090(12)

(14)

3.453

2.999

2y [2x]
4

2.573(12) A
2.695(9)  [2x]
3.046(10) [2x]
3.281(13)

2.889

2.92(6) A
2.52(4) [2x]
2.61(6)

2.464
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Table 7b. Bond angles in cosalite
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8(3’)—Pb(1)—S(5")
S(7)
S(8)

8(5")—Pb(1)—S(5")
S(7)

S(8)—Phb(1)—S8(5)
S(57)
S(7)
S(8%)

S(1)—Ph(2)-S(17)
8(3)—Ph(2)—8(1")

S<1N)
S(37)

S(3///) !

S(4)

$(3'")—Pb(2)—S(1)
S(4)

S(4)—Pb(2)—S8(1’)

S(1)—Pb(3)—S(1")
B
)

(
{

1
2

(8
S(8

)

S(6)—Ph(3)—S(1)
S(2)
S(8)

S(8)—Ph(3)—8(2)
S(8)

S(9)—Pb(3)—

TN e

N~

mwmnRrLrpn

P NN
W o o S DD e

<
~

07.3(4)°*
178.4(5)
92.4(3)*

87.7(3)
83.9(4)*

79.7(2)

S(5)—Pb(4)—S(4)
S(4)
5(5)
5(6)
S(9)
597

S(9)—Ph(4)—8(4)
8(4)

S(10)—Pb(4)—

S(10)—Bi(1)—8(2)
8(27)
8(7)
S(107)

S(1)—Bi(2)—S(4)
S(2)
S(6)

$(2)—Bi(2)—8(2)
S(6)

S(4)-Bi(2)—8(2)
(2)
(47)
S(6)

wwm

S(5')—Bi(3)—S(T)
S(10%)
S(10°7)

66.2(4) °*
114.3(3)*
85.5(4)
131.3(3)*
91.1(3)*
157.5(4)*

04.4(4)*
88.4(3)*
179.2(4)

86.5(3)
92.2(3)*
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Table 7b. (Continued)

(10°7)

8(8)—Cu(1)—S(1)
S(3")

—8(1)—Bi(2")
Ph(2')
Ph(3)

Cu(1)

Bi(2)—S(1)—Pb(2")
Pb(3)

Pb(2)—8(1)—Pb(2")
Pb(3)

Bi(1)—8(2)—-Bi(1”)
B1(2)
Bi(2')
Bi(4)
Pb(3’)
Bi(2)—S(2)—Bi(2)
Bi(4)
Ph(3)

Pb(1')—S(3)—Ph(2")

Pb(2)—S(3)—Ph(1")
Ph(2')

Ph(2")

Bi(2)—8(4)- Bi(2’

S(4)

Ph(4)—S(5)—Ph(4)

S(4)

Bi(2)—S(6)—Ph(3)
Ph(4)
S(9)

Bi(4)—S(6)—Bi(2)
Bi(4")
Ph(3)
Pb(4)
S(9)

Bi(4)—S(6)—S(9)

Ph(3)—S(6)—Pb(4)
S(9)
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Table Tb. (Continued)
Pb(4)—S(6)—S(9) 51.4(3)° Bi(1)—S(9)—Pb(3) |102.2(4)°*
. i Ph(4) 96.5(4)*%
Bi(3)—8(7)—Bi(1") 95.9(3)* ,
Bi®) | 91404 S(67) | 145.2(2)
Bi(4) 92.40(0.05)* Pb(3)—S(9)—Pb(3") | 85.7(4)
Bi(4) |173.2(4)* Pb(4) | 92.35(0.11)*
Pb(1) 89.4(3)* Ph(4’) |161.2(6)*
Bi(4)—S(7)—Bi(4') 83.5(3) S 101.6(5)
Bi(4)—S(T)—Bi(1’) | 89.4(3)* Ph(3)=5(9)—8(6) 54.8(3)
Ph(1)—S(7)—Bi(1’) |172.4(5) PhE)=S(9)-8(6") 1 107.6(3)
Bi(4) 84.9(3)* Ph(4’)—S(9)—Pb(4) 83.5(4)
Cu(1)—S(8)—Bi(4) [159.1(1.7) () 6283)
Ph(1) 69.2(1.1)* Bi(1)—8(10)-Bi(1") | 93.5(5)
Ph(3) 97.8(1.2)* Bi(3) 90.95(0.09)*
_ Bi(3) |166.6(5)*
Bi(4)—8(8)—Pb(1) 96.3(3)* Bi(3”) | 91.6(3)*
Ph(3) 98.2(4)* Pb(4) 95.5(4)*
Pb(1)—S(8)—Pb(1’) | 88.2(4) Bi(3)—S(10)—Bi(3’) 82.1(4)
Ph(3) 94.23(0.08)* Bi(3”) | 75.7(3)*
Ph(3) |164.9(4)* .
Ph(4)—S(10)—Bi(3) 96.6(3)*
Pb(3)—S(8)—Pb(3’) | 79.7(3) Bi(3”) |169.6(6)

*=[2X]

(WuexscH and Nowacki, 1967) and dufrenoysite (RiB4r, Nicca and
NowaCKI, 1969).

The Ph(3) and Pb(4) atoms have a coordination of eight, which
could be described as a trigonal prism || ¢, and additional two S atoms.
For Ph(3), the trigonal prism is formed by S(9), S(9°), S(1), 8(1), S(8)
and S(8’). Almost perpendicular to the face formed by S(8), S(8’), S(9),
S(9’) lies the S(6) at a distance of 3.05 A and almost perpendicular to
the face formed by S(1), S(1’), S(9), S(9’) lies S(2') at a distance of
3.21 A. The atoms S(5), S(57), S(9), S(9"), S(4) and S(4’) form the trigonal
prism around Pb(4) and almost normal to the faces formed by S(9),
S(9), S(4), S(4') and S(9), S(9"), S(5), S(5') lie S(6) and S(10) at
distances of 3.47 and 2.89 A respectively. These Pb—S distances are in
the range 2.89 to 3.47 A and have a mean standard deviation of 0.01 A
Similar coordination for the lead atom is also found in bournonite and
seligmannite (EDENHARTER, Nowackiand TAKEUCHI, 1970), in hatchite

7. Kristallogr. Bd. 140, 1/2 9
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Table 8. Coordination of By and Pb in cosalite, aikinite and galenobismutite

Bi—S8 Pb—S Bi—S§ Pb—S
Cosalite Galenobismutite
2.57TA (1) 2854 (1) 263X (1) 2.85A (1)
2.79 (2) 2.92 (2) 2.73 (2) 2.98 (2)
2.83 (2) 2.93 2) 2.99 2) 3.01 (2)
3.21 (1) 3.02 ) 3.12 (1) 3.21 (2)
2.62 ) 2.72 (2) 2.78 (2)
2.72 (2) 2.79 (1) 2.79 1)
2.96 2) 2.84 (1) 3.00 1)
3.02 (1) 2.90 (2) 3.02 2)
3.10 (1)

2.68 1) 2.98 (2)
2.84 (2) 3.05 (1) Aikinite
3.09 (2) 3.15 (2)
545 ) 317 2) 2.66 (1) 2.89 (1)

591 ) 2.76 (2) 2.99 (2)
o.57 n 2.95 (2) 2.99 (2
2.70 @) 2.5 (1) 3.16 (1) 3.26 (2)
3.05 (2) 2.99 (2)
3.28 (1) 3.05 (2)

3.38 (2)

3.47 (1)

Number in parenthesis indicate the number of vectors of this length.

(MaruMo and Nowackr, 1967) and wallisite (TAkEvcHI, OHMASA and
Nowacki, 1968).

There are four independent bismuth atoms in the structure. Five
sulfur atoms, S(10), S(107), S(2%), S(2’) and S(9) around the Bi(1) at
distances of 2.79 (X 2), 2.83 (< 2) and 2.57 A form a square pyramid
and in addition there is another S atom, S(7'), at a distance of 3.21 A
from the Bi. Such square pyramidal coordination has also been
observed in CuBisSg (OEMASA and Nowackr, 1972). The other three Bi
atoms have a coordination of six, forming a distorted octahedron. The
octahedron around Bi(3) is a little more distorted than that around
Bi(2) and Bi(4). The shorter of these Bi—S distances are in the range
2.57 to 2.84 A and the longer three are in the range 2.96 to 3.45 A. The
mean standard deviation in the Bi—S distances is 0.01 A. Similar coor-
dination for bismuth atom are also observed in galenobismutite
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Table 9. Metal—metal distances in cosalite
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Pb{1)—Cu(l)
Bi(4)
Bi(3)
Ph(4’)
Ph(3)
Ph(2')

Pb(2)—Cu(l’)
Cu(1”)
Bi(2)
Ph(29)
Ph(3’)
Ph(l’)

Ph(3)—Cu(1)
Bi(1’)
Ph(4)
Bi(4)
Ph(2)
Ph(1)
Bi(2')

Ph(4)—Bi(2)
Pb(1’)
Bi(l')
Ph(3)
Bi(3")

Bi(1)—Bi(2)
Bi(3)
Ph(¢)
Ph(3)
Bi(4")
Bi(3")

2.97(4) Af2x]
4.095(3) [2x]
4.123(2) [2x]
4.199(4)
4.459(4)
4.883(3)
3.28(6)
3.49(5) [2x]
3.908(3) [2x]
3.931(4) [2x]
4.443(4)
4.883(3) [2x]
4.10(6)  [2X]
4.331(3) [2X]
4.351(4)
4.356(4) [2x]
4.443(4)
4.459(4)
4.501(3) [2x]
4.166(3)
4.199(4)
4.203(2) [2x]
4.351(4)
4.468(3) [2x]
4.125(3)
4.194(3)
4.203(2) [2x]
4.331(3) [2x]
4.399(2) [2x]
4.497(3) [2x]

Bi(2)—Pb(2)
Bi(1’)
Bi(4)
Pb(4)
Ph(3’)

Bi(3)—Bi(3)
Pb(1")
Bi(1")
Bi(4)
Ph(4)
Bi(1”)

Bi(4)—Ph(1)
Bi(2)
Bi(3)
Pb(3)
Bi(1)
Cu(1)

Cu(1)—Pb(1)
Ph(2)
Ph(2”)

Ph(3)

Bi(4)

4.023(2)
4.123(2)
4.194(3)
4.252(3)
4.468(3)
4.497(3)

4.095
4.142
4.252

3

Sums of metallic radii:

Pb—Pb 3.408 A

Pb—Cu 2.980
Bi—Bi 3.552

Arzx]

[2x]
[2x]
f2x]
{2x]
[Z2x]

[2x]

[2x]
[2x]

[2x]
f2x]
[2x]

[2x]
[2x]

Pb—Bi 3.480 A
Bi—Cu 3.052
Cu—Cu 2.552

(Iraxa and Nowacki, 1962), CuBisSg (Onmasa and NowAcCKI, 1972)
and hodrushite (Kupdix and MAXKOVICKY, 1968).

There is a statistical copper atom in the structure. Four sulfur
atoms S(8), S(3"), S(3”) and S(1) surround the copper tetrahedrally at
distances of 2.22, 2.52 (x 2), and 2.61 A respectively. This tetrahedron
is a little distorted in the a direction. The copper has an occupancy
factor of 0.12 and the mean standard deviation in Cu—S distance is
0.05 A, very much larger than the Pb—S and Bi—S distances in the
structure. Similar tetrahedral coordination for copper is also found in
aikinite (OmMasa and NowAcKT, 1970), CuBisSg (OEMAsA and NOWACKT,

g*
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Fig.2a. Coordination of Pb, Bi and Cu atoms in cosalite

1972) and also in bournonite and seligmanite (EDENHARTER, NOWACKI
and TakfvucHI, 1970).

The coordination around the metal atoms and that around the
sulfur atoms are shown in Fig.2a and Fig.2b, projected down the
b axis. The coordination polyhedra of the sulfur atoms S(1), S(2), S(3),
S(7), S(8), and S(10) have the form of a distorted octahedron, with six
metal atoms around them. The remaining sulfur atoms S(4), S(5), S(6)
and S(9) have five metal atoms surrounding them.

The metal-metal distances are given in Table 9. All the distances
are generally much larger than the sum of the metallic radii of the
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Fig.2b. Coordination of the sulfur atoms in cosalite

corresponding metal atoms. There is only one exception. It is a
Pb(1)—Cu(1) distance of 2.97 A, which is of the same order of magnitude
as the sum of the metallic radii, 2.98 A. But the standard deviation in
this bond length, which involves the statistical copper, is rather higher
(0.04 A) and hence this deviation is well within the limits of the stand-
ard deviation. The S—S distances are given in Table 7b. A projection
of the structure down the ¢ axis is given in Fig. 3. The ¢ axis of cosalite
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Fig.3. Structure of cosalite projected | [001]

is the di10 of galena. Hence the structure of cosalite could be described
as a deformed galena-like structure.

In cosalite, the factor ¢, the metal-to-sulfur ratio is 2.5 and hence
it comes under the Type III in the classification of Nowackr (1969).
A schematic diagram of the Bi—S linkages down (001) is given in Fig. 4.
If we consider the three short Bi—S bonds, we can see, that each bis-
muth shares one sulfur with its translated one and thus forms an
infinite chain of the composition BiSz»S = BiS;. All the four chains of
bismuth run parallel to (001). There are two additional sulfur atoms
which are not connected by short bonds to bismuth, S(2) and S(3). The
Pb atoms are introduced in the interstices and are connected to the
main chains by bonds through the sulfur atoms. Thus the composition
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X S S8 ' 18
——

S(7)
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c
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Fig.4. A schematic representation of the Bi—S bonds within single sheets
running along the ¢ axis. Kach sheet is linked to the neighbouring ones through
the Pb atoms;

—— Bi—S bonds of length 2.57 to 2.84 A

—— Bi—S bonds of length 2.83 to 3.21 A

of cosalite could be written as (BiS2)482Pbs = PhyBiySi¢. The structur-
al formula could be written as [BiSz|S[PbVIPbVIII] and it belongs to the
type Ill.a3 in the classification of NowAcCKI (1969).
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