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ABSTRACT

Crystal-structure refinements done on six samples of cosalite with different types and degrees of copper and silver
substitutions, as well as electron-microprobe studies of 33 different samples of cosalite, both enlarged and clarified the spectrum
of cation substitutions and the crystal chemistry of this species. The Ag + Bi + 2Pb scheme of substitution acts at the structural
site Mel. The 2(Cu + Ag) < Pb scheme is a result of two combined mechanisms: creation of vacancies in the Bi-containing
octahedral site Me2 accompanied by a progressive occupancy of two triangular faces of this octahedron by Cu + Ag [i.e., Bi +
2(Cu + Ag)], which is combined with progressive replacement of Pb in the adjacent Mel octahedron by Bi; their combination
gives the resulting closely followed chemical relationship. The structural mechanism of the 3Cu « Bi substitution observed
in thin zones in cosalite from Felbertal remains unknown. Cosalite offers a unique case of solid solution based on a combined
omission — interstitial insertion substitution.

Keywords: cosalite, sulfosalt, crystal structure, crystal chemistry, mechanisms of substitution.

SOMMAIRE

Nous avons effectué des affinements de la structure cristalline de six échantillons de cosalite montrant des diftérents
types et degrés de substitution impliquant le cuivre et I’argent, ainsi que des analyses avec une microsonde électronique de
33 échantillons différents de cosalite, ce qui a considérablement élargi et éclairci le spectre de substitutions cationiques et la
cristallochimie de cette espece. Le schéma de substitution Ag + Bi < 2Pb affecte le site structural Mel. Le schéma 2(Cu + Ag)
+ Pb est le résultat de deux mécanismes combinés: création de lacunes au site octaédrique Me2 contenant le Bi, accompagné
de I’occupation progressive de deux faces triangulaires de cet octaédre par Cu + Ag [i.e., Bi + 2(Cu + Ag)], qui 4 son tour
est associée au remplacement progressif de Pb dans 1’octaedre adjacent Mel par le Bi. Leur combinaison mene & une relation
chimique serrée. Le mécanisme structural de la substitution structurale 3Cu + Bi observée dans les liserés de grains de cosalite
a Felbertal demeure méconnu. La cosalite offre un cas unique de solution solide fondée sur une substitution combinant une
omission et une insertion interstitielle.

(Traduit par la Rédaction)

Mots-clés: cosalite, sulfosel, structure cristalline, cristallochimie, mécanismes de substitution.
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INTRODUCTION AND PREVIOUS INVESTIGATIONS

Cosalite belongs to the long-known “classical” lead—
bismuth sulfosalts. It was analyzed and described by
Genth (1885) from the Cosala mine, Sinaloa, Mexico,
but it is now known from a large number of occurrences.
Its composition is usually quoted as PboBizSs, although
“minor amounts” of Cu, Ag and Fe (Palache et al.1966)
have been known in cosalite since the first analyses of
this mineral were made. Antimony-containing cosalite
has been described by Lee er al. (1993), Lee & Park
(1995), and Cook (1997); selenium-rich cosalite has
been reported by Mozgova er al. (1992). Ciobanu et
al. (2009) studied trace gold contents in cosalite by
ICP-MS.

Berry (1939) determined the unit cell and space
group of the mineral, and Weitz & Hellner (1960)
performed the first determination of its structure.
Their results were refined substantially by Srikrishnan
& Nowacki (1974) using, as a novelty at that time,
data obtained on a single-crystal diffractometer. They
determined the unit-cell parameters to be a 23.890(5),
b 4057(1), ¢ 19.098(4) A, space group Pnma, on the
basis of systematic extinctions and intensity statistics.
They defined four independent Bi positions, four Pb
sites (one of which, a trigonal-prismatic site, has an
occupancy of only 0.5, at variance with the chemical
formula) and ten different sulfur sites (two of which
have an occupancy of 0.5 as well). They also found a
distorted-tetrahedral Cu site with an occupancy of only
0.12. The final R value was 9.6%, and no comments
were made on the half-occupied sites. Cosalite belongs
to the group of sulfosalts based on rod-type building
blocks (Makovicky 1981, 1989, 1993).

Macicek (1986) addressed the question of Cu and
Ag substitution in cosalite by structural analysis of a
specimen from the Strandza Mountains, Bulgaria, with
the empirical formula given as Agp 12Cug.sPbs 54Bi4S10.
He re-interpreted some of the Pb and Bi site assign-
ments, especially the position Pb2 of Srikrishnan &
Nowacki (1974), which he described as an approxi-
mately three-quarter-occupied (Bi + Ag) site Me3. He
also found about one-third-occupied Cu sites in the
triangular walls of the Me3 octahedra. The unit-cell
parameters of his specimen are a 23.860, b 4.055, ¢
19.072 A; the resulting R value was 3%. Wulf (1988,
1995) investigated cosalite of unspecified composition
from Bergell, Switzerland by means of A synthesis and
bichromatic least-squares refinement, using a combina-
tion of X-ray wavelengths, 0.953 A (the Pb-LIII absorp-
tion edge) and 0.988 A (a reference wavelength). He
reassigned the lead site Pb2 of Srikrishnan & Nowacki
(1974) as bismuth, and their Bi3 site as lead. There is
a full correspondence between Wulf’s and Macicek’s
site assignment. However, Wulf did not seem to be
aware of the partial occupancy of the “Pb2”site and of
the Cu,Ag atoms surrounding it; this may have caused
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problems in interpretation, especially in his results of
the bichromatic least-squares refinement.

An electron-diffraction and HRTEM investigation
of (Cu,Ag)-rich cosalite from Ivigtut, Greenland, with
a chemical formula Cu;AgoPbe7Big2S20, originally
described by Karup-Mgller (1977), was performed by
Pring & Etschmann (2002). In the strong-intensity areas
of the (hk0) plane of the reciprocal lattice, they found
pairs of satellites deviating by several degrees from the
[010]* direction (in Srikrishnan’s & Nowacki’s orien-
tation) and, in the HRTEM photograph down the 4 A
zone, a wavy modulation along the corresponding direc-
tion. They ascribed these phenomena to a combined
compositional and displacive modulation coupled with
the ordering of (Ag.Pb.Bi) and Cu and an associated
structural relaxation.

Skowron & Brown (1990) determined the structure
of PbySbySeyp, which is isotypic with (ideal) cosalite.
By using bond-valence calculations, they determined
mixed (Pb,Sb) occupancy for all cation sites with the
exception of the trigonal-prismatic Pb3 and Pb4 sites.

Karup-Mgller (1977) dealt with substitutions
in cosalite. From his electron-microprobe data, he
found an inverse correlation of (Ag + Cu) with Pb, an
absent-to-positive correlation between (Ag + Cu) and
Bi, and a very weak increase in Cu accompanying a
sizable increase in Ag. On the basis of these results,
he proposed the Pb>* « 2(Ag,Cu) * substitution as
the probable mechanism, with one monovalent atom
substituting for Pb and the other, Cu* , assumed to be
tetrahedrally coordinated and interstitial to the parent
structure. He postulated that silver-rich cosalite requires
Cu for stabilization and that a substitution 2Bi** + []
— 3Pb%" might play a role as well. Moglo et al. (2008)
suggested Bi** + [] « Pb?* + Cu* as another possible
mechanism present in cosalite.

Sugaki et al. (1982) synthesized cosalite in the
dry system Cu-Pb-Bi-S at 400°C and also under
hydrothermal conditions. They gave its composition
as CuPb;BigS,g, with unit-cell parameters a 19.134, b
23.804, ¢ 4.059 A, space group Pbnm. In their formula,
they assumed Cu?* instead of monovalent copper.

On the one hand, these investigations defined the
fundamental scheme for the crystal structure of cosalite
but, on the other, they revealed a complexity of substitu-
tion mechanisms in this mineral, both from the compo-
sitional and the structural point of view. Most of them
were performed in a single sample or on a small number
of them. Thus, a study of a broad spectrum of chemical
compositions of cosalite was desirable, connected with
the maximum possible number of precise determination
of the structure. One purpose of this study is to do just
that and, if possible, to come up with a final answer on
the compositional limits, mechanisms of substitution
and structural details on this fairly common, composi-
tionally complex sulfosalt.
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EXPERIMENTAL
Chemical analysis

Quantitative chemical analyses were performed with
a JEOL JXA-8600 electron microprobe controlled by
LINK—eXL system, WDS mode, operated at 25 kV, and
30 nA, 20 s counting time for peaks and 7 s for back-
ground, at the University of Salzburg. The following
natural and synthetic standards and X-ray lines were
used: chalcopyrite (CuKa, FeKa), galena (PbLa),
stibnite (SbLa), BixS; (BiLa, SK«), BisSes (SeKa),
CdTe (CdLB, TeLa), and pure metal for AgLo. Beside
Pb, Bi and S as major constituent components, Cu and
Ag are invariably present in various amounts. The raw
data were corrected with the on-line ZAF—4 procedure.
Standard deviations (error in wt.%) of elements sought
in cosalite are: Bi and Pb 0.16, Ag 0.08, Sb 0.07, Cd
and S 0.06, Cu and Fe 0.02. Three to five point-analyses
obtained from a homogeneous grain or an individual
phase in an aggregate were averaged. Chemical data for
the cosalite occurrences studied and for the materials
structurally investigated are compiled in Tables 1 and
2, respectively.

Single-crystal X-ray diffraction

Fragments of cosalite of irregular shape from (1)
Felbertal, (2) Habachtal, (3) Altenberg, (4) Ocna de
Fier (Romania), (5) Erzwiess, and (6) Schareck [all
localities, except no. 4, are situated in the Hohe Tauern
(Tawuern Window), Salzburg Province, Austria] were
measured on a Bruker AXS diffractometer (at the
University of Salzburg, except for specimen no. 1,
measured at the University of Copenhagen), equipped
with a CCD area detector using graphite-monochro-
mated MoK radiation. Experimental settings for the
cosalite materials studied are listed in Tables 3 and 4.
The SMART (Bruker AXS, 1998a) system of programs
was used for unit-cell determination and data collec-
tion, SAINT + (Bruker AXS, 1998b) for the calculation
of integrated intensities, and XPREP (Bruker AXS,
1998c¢) for the empirical absorption-correction based
on pseudo-¥ scans. The centrosymmetric space-group
Pnma, proposed by the XPREP program, was chosen
and is consistent with the orthorhombic symmetry of
the lattices and intensity statistics. The structure model
of cosalite was verified using direct methods (the
program SHELXS of Sheldrick 1997a), which revealed
most of the cation positions. In subsequent cycles of
the refinement (the program SHELXL of Sheldrick
1997b), the additional atom-positions were verified by
means of difference-Fourier syntheses. The structures
were refined (the program SHELXL of Sheldrick
1997b) using the choice of asymmetric unit and atom
labeling published by Srikrishnan & Nowacki (1974) as
a starting input. Final fractional coordinates of atoms,
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as well as their isotropic and anisotropic displacement
parameters in the refined structures, are listed in Table
5. Details of the assignment of the partly occupied posi-
tions and mixed cation sites will be given in the section
on the description of the structure.

Selected Me—S bond distances are presented in Table
6, and selected geometrical parameters for individual
coordination polyhedra, calculated with the IVTON
program (Balié-Zuni¢ & Vickovié 1996), are given
in Table 7. The tables of structure factors for the six
cosalite specimens investigated may be obtained from
the Depository of Unpublished Data, on the MAC
website [document Cosalite CM48_1081]. With substi-
tutions at some positions, vacancies at other positions,
and occupancy of two different positions by a potential
mixture of Cu and Ag in distinct proportions, it is practi-
cally impossible to achieve a full agreement between
the microprobe data and structure refinement, especially
where the contents of Ag or Cu, or of both cations, are
low. A comparison of the models derived from, or used
in, the structure refinement with electron-microprobe
data is presented in Table 8.

THE COMPOSITION OF COSALITE

The large body of new electron-microprobe data
on cosalite (Tables 1, 2) comprises the following
categories: (1) material from the relatively Cu-rich
samples from two ore deposits in Argentina (Id;: Al to
A4 in Table 1, Fig.1a), (2) material from two deposits
(Radhausberg and Goldzeche) in the Tauern Window
of the Austrian Alps, Salzburg Province, Austria (Id;:
TW1 to TW9 in Table 1, Fig. 1a), concentrated along
the line with 50 mol.% of (Bi + Sb), with very variable
Cu contents, (3) material from various orebodies (K1—
K7) in the Felbertal scheelite deposit, Tauern Window,
Salzburg Province, Austria (Id;: F1 to F11 in Table
1, Fig. 1b), that shows an extensive range of Ag and
especially Cu substitution, (4) rims highly enriched in
copper along fractures in cosalite from the K3 orebody
of the Felbertal deposit (Id;: F12 to F14 in Table 1,
Fig. 1b), and (5) data from the six structurally analyzed
specimens with a broad range of Cu and Ag substitution
(no. 1 to no. 6 in Table 2, Fig. 1c).

In the structurally analyzed sample no. 1 from
Felbertal, cosalite is associated with Ag-poor lillianite
as well as galenobismutite. The Habachtal sample (no.
2) contains nuffieldite, galenobismutite and eclarite,
i.e., a (Cu,Ag)-poor association as well. No other
sulfosalt accompanies free cosalite crystals in the vugs
of carbonate gangue from Altenberg. Sample no. 4 from
Ocna de Fier consists of massive cosalite in quartz. In
the Erzwiess material (no. 5), cosalite coexists with
the members of the pavonite and lillianite homologous
series, whereas the Schareck sample (no. 6) is composed
of (Cu.Ag)-containing galena that encloses aikinite,
cosalite and (Cu,Ag)-rich neyite. Detailed information
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TABLE 1. AVERAGE RESULTS OF ELECTRON-MICROPROBE ANALYSES OF COSALITE FROM VARIOUS OCCURRENCES

No. NA  Cu Ag Fe Pb cd Bi Sb Te s Total ch  ev Pb* CuAg" Me™ Id, Id,
1 13 082(3) 049(4) - 39.75(30) - 42.68(25) 0.112(1) 0.14(2) 16.24(9) 100.23(62) 0.12 0.11 7.72 0.61 0.33 A1 g1
2 4 1.38(12) 1.88(7) 0.03(1) 36.78(39) - 41.87(15) 1.10(8) - 16.47(6) 99.51(46) -0.43 -040 7.23 138 061 A2 gl
3 13 208(7) 2.29(14) - 34.67(26) - 44.49(15) - 0.09(7) 16.41(7) 100.03(33) 026 024 7.15 180 095 A3 g1
4 3 239(11) 1.67(3) 0.09(1) 37.35(39) - 39.78(15) 1.66(8) - 16.61(6) 99.51(17) -0.75 -0.70 - - 095 A4 gt
5 58 022(5) 046(9) 0.15(3) 40.62(30) 0.23(11) 40.93(45) 1.21(22) 0.09(6) 16.44(7) 100.34(42) -0.05 -0.04 7.86 029 0.13 TW1 g2
6 8 0.70(4) 1.34(14) - 38.54(56) - 43.05(17) 0.38(2) - 16.37(5) 100.37(32) 0.18 0.17 7.67 0.72 040 TW2 g2
7 8 044(2) 2.86(12) 0.06(1) 36.46(23) 0.23(3) 35.30(40) 7.04(35) 0.24(6) 17.23(7) 99.86(43) -0.69 -0.62 7.46 0.83 029 TW3 g2
8 11 1.04(2) 0.894) - 38.87(20) 0.23(4) 41.75(16) 0.42(5) - 16.32(7) 99.52(21) -0.50 -0.46 7.45 0.96 0.40 TW4 g2
9 7 1.07(3) 1463) - 38.26(21) 0.11(10) 42.87(28) - - 16.37(2) 100.14(15) -0.43 -0.39 7.33 1.16 049 TW5 g2
10 15 1.34(5) 1.42(14) - 37.61(28) - 43.34(21) - 0.09(5) 16.37(8) 100.17(14) -0.25 -0.23 7.33 1.23 056 TW6 g2
11 6 1.02(8) 3.43(21) 0.08(2) 34.47(32) 0.33(7) 37.10(57) 6.23(55) 0.15(2) 17.20(9) 100.02(38) 0.02 0.02 7.37 127 064 TW7 g2
12 24 136(3) 1.73(5) - 36.49(21) - 43.38(15) - - 16.27(7) 99.26(22) -0.32 -029 7.29 129 059 TW8 g2
137 1794} 1.94(10) - 36.53(16) - 43.38(35) - - 16.42(5) 100.06(20) -0.27 -0.25 7.10 169 080 TW9 g2
14 8 022(5) 0.40(5) 0.14(5) 40.90(17) - 40.54(28) 1.30(18) - 16.36(4) 99.86(22) 005 005 7.89 025 014 F1 g3
15 15 0.20(4) 0.46(4) 0.11(1) 40.26(14) 0.35(6) 42.36(21) 0.36(1) - 16.42(5) 100.52(27) -0.11 -0.10 7.86 026 011 F2 g3
16 8 025(3) 0.74(7) 0.11(1) 39.34(23) 0.22(4) 42.43(26) 0.26(6) - 16.27(5) 99.62(28) -0.07 -0.06 7.82 0.34 016 F3 g3
17 5 045(12) 0.76(3) 0.11(1) 38.89(51) 0.34(7) 43.44(10) 0.10(8) - 16.45(3) 100.54(33) -0.10 -0.09 7.78 042 020 F4 g3
18 11 026(2) 1.22(7) 0.07(1) 38.47(10) - 43.52(27) - - 16.31(4) 99.84(18) -0.37 -0.33 7.73 042 014 F5 g3
19 3 028(1) 1.48(4) 0.06(1) 37.45(10) 0.56(5) 44.08(8) 0.13(1) - 16.45(2) 100.48(5) 0.17 0.15 7.79 044 024 F6 g3
20 3 05%(5) 1.56(5) 0.07(5)36.87(33) 0.33(3) 44.08(19) 0.19(2) 16.39(7) 100.02(7) 0.14 0.13 7.74 057 031 F7 g3

21 1 114 1.27 - 36.45 0.61 43.60 0.12 0.22 16.34 99.76 -0.19 -0.17 749 096 045 F8 g3

22 36 1.09(6) 1.56(15) - 37.91(23) - 43.37(42) 0.20(12) - 16.41(6) 100.53(47) 022 021 751 105 0.57 F9 g3
23 118 1.49(23) 1.30(13) - 36.34(34) 0.70(7) 43.41(39) 0.09(6) 0.17(5) 16.32(13) 99.81(58) 0.37 0.3¢ 7.45 1.22 0.68 F10 g3
24 32 2.26(20) 1.24(14) - 36.39(26) 0.59(12) 42.80(40) 0.10(5) 0.13(6) 16.36(13) 99.87(49) 0.34 0.31 7.17 179 0.96 F11 g3
25 7 400(5) 092(6) - 36.42(19) 0.17(21) 41.13(23) 0.13(3) 0.12(5) 16.27(11) 99.16(31) 037 035 - - 158 F12 g4
26 24 4.62(18) 0.91(13) - 36.35(25) - 40.43(30) 0.13(6) 0.11(6) 16.35(10) 99.10(34) -0.15 -0.14 - - 175 F13 g4
27 20 542(12) 0.88(7) - 36.21(24) - 4058(18) 0.12(3) 0.11(4) 16.53(9) 099.91(43) 029 -027 - - 198 Fi4 g4
1) (CUysiAGy 1s)s 060 (F€0.00PD7 55 Cg 09)s 7.56 (Bl 00806 04)s 8 08 T€0 048185 or, after Ag; + Bi"*** - 2Pb (CUy 51AG 10)s 0.61 P77, Big S35
2)  {(ClggsAGoss)s 153 (F00oPbe o1 Clgao)s .03 (Bir 50Sb0.35)s 5.15 T€0.00S20.00 (CUq65AGo 55)s 1.58 Py 25 Big Sy
3) (Cutr oA emrle s (FoneaPres Co ) ses (Bia SDone)e s s TeomSraen (Cu AGs )r 100 P12 Biy Soy
4) (G 45AGo 6o)s 2.05 (F€0.06PDs 05 Cdy ap)s 7 02 (Bl 35500 535 7 a5 T€0 0682000 (G 45AGo0 60)s 2.05 P g5 By g5 Sog
5) (Cuy 14AYs 175 0.31 {(F0.10PD7 55 Cy ) 7.52 (Blr6sSDo.50)r .02 T€0.05S .07 (CUg 14AGs 155 0.20 P07 66 Biz Sz
6)  (CugisAlo0)s 0.2 (F0.00Pby7 29 Clg go)s 7.26 (Bl 07Sbo.12)s 6.1 T€0.00S20.00 (CUq.45AGo 30)s 0.72 Pbr.e7 Big Sy
7) (Cug26AG00s)s 124 (F80.0aPDs 53 Oy 5z 665 (Bls 275D, 1)s 5.61 T€0.07S 1005 (CUy 26AG0 57)s 0.83 Pb7 47 Big S35
8) (Cuq04Ag, 32): 008 {F€0.00PD7 57 Cdlg 08z 7.45 (Biz 655D0 15)x 7.05 T€0.00S20.00 (Cug64AY0 52)z 0.95 P07 45 Bis Szp
9)  (CUg6AGos3)s 1.1 (Fe0.00PD; 53 Oy 04z 727 (Bls 03D 00)s .03 T€0.00S20 00 (Cg 66Ao 50)s 1.15 P 33 Big S0
10)  (CUogsAGos1)s 1.5 {FE0.00PD; 11 Cy o)z 711 (Bl 11SBo.00)s .41 T€0.03S 1997 (CUg 554Gy 40)s 1.23 Pby g6 Bi Sy
1) (CuoaAg: 0 110 (FousPDy 12 Cel s s (BiewrSr sl TonosSronn (CoAGs e 100 P13y Biy Sor
12) (Cuy 54AY0 53)s 1.67 (F0.00PD6 05 Cy.00)z 5.94 (Bis1aSD0.00)z 518 T€0.00S20.00 (CUg £4AGs a5)s 1.20 P07 25 Bis S
13)  (CU1 16AGo70)s 1.60 (F80.00PDs 59 Ci00)s 5.8 (Bl 11505.00)z .41 T80.00S20.00 (CU, 16AGo 5); 1.6 P10 Big S
14)  (CUg4AGo 1a)s 025 {F€5.10PD; 75 Cds 00)s 7 64 (Bl 61800 42)s .03 T€0.00S 2000 (CUy 14AGo 11)s 0.25 P o5 Big S35
15) (CUq 1 2As17)z 0.20 (F€0.08PD7 55 Cly 12)z 7 70 (Blr61SD0 12)x .03 T€0.00S20.00 (Cuq.12AG0 14)z 0.25 P75 Biz Szp
16)  (CUg 16AGo27)s 043 (F€0.05PD; 49 Cy 5)s 7 65 (Bl 01SD0 08)x .00 T€6.00S 2000 (Cg 16AGo 16)s 0.34 Pbs 52 Big S0
17)  (CUg26AG0.26)s 0.5 (FE0.05P07 52 Cdy 125 7,50 (Bls.10SD0.04)s 514 T80.00S 2000 (CUq26AGg.14)s 0.42 Pbr 76 Big Spo
18)  (CUg16ATo.as)s 061 (F€005PD; 50 Cldy og)s 735 (Bls 155D0 00)s 6 19 T€0.60S20.00 (Cg 16AGo 26 )s 0.2 Pbs 75 Big S0
19) (CUy 17AG0 53 )s 070 (F0.0aPD7 05 Cp 16)z 7 26 (Bl 225D0.04)z 5 26 T€0.00S20.00 (CUy 17AG0 27z 0.4 P07 76 Biz S
20)  (Cug51Aos7)s 0.8 (F€005PDg 05 Clo11)s 7.12 (Bl szbc o)z 831 1€5.0052000 (CUo 51Dy 26); 0.57 Pbr74 Bl Sy
21)  (CUo20AGo.e)s 116 (Fe0.00PDa s Clloat)z 7.00 (Bla 16SDo.04)s 820 TE0.07 51000 (CUs 26AGo 26)s .06 PD7.40 Bls Sa
22)  (CuoerAg, 56)2 125 {(F€0,00Pby 15 Cdg 60)s 715 (Big 11Sb0.07)s 5.1 T€0.00S20.00 (CUo67AGo 35)s 1.05 Pb7.51 By Sy
23)  (Clge:ATo er)s 130 (F€0 00PDg 87 Clg 20)5 7 11 (Bl 148D5 03)s 5147 T€0 058 1005 (CUy 6240 30)s 1.22 Pb7 45 Big S5
24) (Cuy 36AGo.45)z 1,66 (F€0.00PPs 57 Cy 20): 7 07 (Bl 01D 04)s 6.05 T€0.04S 1606 (CUy 56Ao.40): 1.70 Py 17 Big Spp
25)  (Cu, 4sAGo.3)s 281 (F €0 00PDg 02 Cdg g6)s 5 98 (Bir 7656 04)s 7.70 T€0.04S 1006 (CU 4AG0.33)s 201 PDs g Bir 79 S
26) (Cuz 45”0 53)s 515 (F0 00PD6 57 Clly 00); 6 95 (Blr 58B0 00)s 758 T€003S 16 7 (Cu, 570 a3)s 5 15 PDs 05 Bir 62 S0
27)  (Cuy50AG052)s 562 (F€0.00PDg 17 Clooo)s 577 (Blr525Do04)s 7,56 T€0.05S 10,07 (CUs.50AGo 52)s 5.62 PPs.77 Blr g5 Seo

The compositions are expressed in wt.%. NA: number of analyses. Standard deviation in terms of the last digit is shown in parentheses. ch and ev express the
absolute and relative error in the charge balance based on the sum of cation and anion charges. Me*® = Me****, represents “interstitial metal”, i.e., surplus above
16 Me apfu (PbyBi,S,,). Pb” and (Cu+Ag’) are explained in text. Id, is an identification label used in Figures 1a and 1b, and Id, is an identification label used in
Figures 1c, 2, 4 and 5. Samples: 1: Argentina 1, 2: Argentina 2, 3: Argentina 3, 4: Argentina 4, 5: Tauern Window 1, 6: Tauern Window 2, 7: Tauern Window 3,
8: Tauern Window 4, 9: Tauern Window 5, 10: Tauern Window 6, 11: Tauern Window 7, 12: Tauern Window 8, 13: Tauern Window 9, 14: Felbertal 1, 15: Felbertal
2, 16: Felbertal 3, 17: Felbertal 4, 18: Felbertal 5, 19: Felbertal 6, 20: Felbertal 7, 21: Felbertal 8, 22: Felbertal 9, 23: Felbertal 10, 24: Felbertal 11, 25: Felbertal
12, 26: Felbertal 13, 27: Felbertal 14. Occurrences: 1, 3: Mina La Buena Esperanza, Cerro Aspero; 2, 4: Julio Verne, Salta; 5: Bdrenbad, Hollersbachtal; 6, 8, 9,
10, 12, 13: Radhausberg, Gasteinertal; 7, 11: Goldzeche, Raurisertal; 14, 17, 20: K1 orebody; 15, 16, 22, 23-27: K3 orebody; 18: K4 orebody; 19, 21: K7 orebody.
The samples are listed in order of the increasing value of (Cu + Ag*) in each of the four groups of analyses (g1-g4). The empirical formulae were calculated on
the basis of Te + S = 20 apfu. In the formulae, Bi****** is shown in bold; no. 4, 25, 26 and 27 remain unaffected by the Ag, + Bi***** - 2Pb mechanism of
substitution.
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TABLE 2. AVERAGE RESULTS OF ELECTRON-MICROPROBE ANALYSES OF COSALITE FROM SIX OCCURRENCES,
USED FOR SINGLE-CRYSTAL STRUCTURAL INVESTIGATIONS

No.NA Cu Ag Fe Pb Cd Bi Sb Se Te S Total ch ev Pb* CuAg* Me*®
1 20 0.20(2) 0.72(5) 0.13(3) 39.60(15) 0.23(5) 43.38(17) 0.28(12) 0.08(1) - 16.47(6) 101.09(22) 0.13 0.12 7.92 0.22 0.13
2 21 0.58(6) 0.15(4) 0.03(1) 40.71(35) 0.22(3) 42.76(14) - 0.07(2) - 16.33(6) 100.85(34) 0.21 0.19 7.84 0.40 0.23

3a 9 0.64(2) 2.43(6) 0.05(1) 35.67(15) 0.09(3) 42.4(3) 2.37(4) 0.46(4) - 16.61(8) 100.72(42) 0.05 0.04 7.62 0.75 0.37

3b 8 0.56(2) 3.01(7) 0.05(1) 35.43(19) 0.14(4) 41.24(26) 3.40(6) 0.44(5) - 16.74(3) 101.02(33) 0.36 0.33 7.64 0.86 0.49
4 19 1.86(10) 0.35(11) - 38.81(29) 0.32(5) 42.87(18) 0.05(3) 0.07(3) - 16.51(4) 100.82(28)-0.21 -0.19 7.38 1.26 0.61
5 28 1.50(10) 1.27(12) - 37.52(20) 0.14(3) 43.07(29) 0.30(15) 0.11(2) 0.11(3)16.36(7) 100.37(26) 0.11 0.10 7.40 1.24 0.64
6 29 1.58(3) 3.07(15)0.05(3) 35.95(32) 0.19(5) 43.20(22) - 0.11(2) 0.08(1)16.39(5) 100.62(5) -0.01-0.01 6.99 2.02 1.01
1) (CUD 12A90 26)2038 (Feﬂ DQPb'/ 43 Cdﬂ 08)2760 (BIB D7Sb0 09)2816Te0 Oﬂseo OAS’\Q 981 or7 after Ags + Biexcess - 2Pb’ (CUD WZAgD 10)2022 Pb7 QQBiBSZO
2) (CUD 36AgD 05)2042 (FeU 02pb7 70 CdO 08)2780 (BIB 02 000)2802 TeD Ooseﬁ 03519 97 (CUD 36Ag0 DA)ZO40 Pb7 SABiBSZQ
a) (CUD 38A90 85)2 124 (Feﬂ DGPbE 57 CdO 03)2663 (BI7 75Sb0 74)2849 TeU Ooseﬂ 22319 78 (CUO QBAgD 37)2075 Pb7 EQBiBS2Q

3b) (CUD 34Ag1 05)2 1.40 (Fe0 03Pb5 48 CdO 05)2655 (BI7 4SSb1 05)2554 Teﬂ Ooseﬂ 21819 79 (CUD 3AAgD 52)2086 Pb7 54BiBSZO
4) (Cu1 14Ago 12)2125 (Feﬂ DOPb7 27 Cd011)z7ﬂﬁ (BI7 QCSb002)2797 Teoooseﬁ 03819 97 (Cu1 14Agﬁ12)51 26 Pb7BGBi7 97820
5) (Cu092A9046)21 38 (Feﬂoﬁpb'/ o7 Cdﬂ 05)2712 (BIB DASbD 10)2814Te00:iseﬂ 05819 91 (CUD QZAgD 32)21 24 Pb7 ADBiBSZO
6) (CUysrAG1 1)z 2.08 (FE0.0aPPe 77 Clyo7)s 667 (Bls.0sSbo.00)z 5.06 T€0.025€0.055 1065 (Co.67AT; 05)s 202 Pbg oBisS1o

Samples listed: 1: Felbertal, K1 orebody, Felbertal, Pinzgau; 2: Habachtal, Pinzgau; 3a: Altenberg 1, Lungau; 3b: Altenberg 2, Lungau; 4:
Ocna de Fier, Romania; 5 Erzwiess, Gasteinertal; 6: Schareck, Schareck-Siglitz, Gasteinertal. Sample 3a (Altenberg 1) was studied

structurally. Samples are ordered according to the increasing Cu + Ag* value. Meg™®

TABLE 3. GENERAL INFORMATION ABOUT THE COLLECTION
OF SINGLE-CRYSTAL X-RAY DATA AND
THE STRUCTURE REFINEMENTS OF COSALITE

Diffractometer
X-ray radiation source

Bruker AXS CCD system
fine-focus sealed tube, MoKa

X-ray radiation monochromator graphite
X-ray power 50 kV, 30 mA
Temperature 298 K
Rotation width 0.3°

Frame size (in pixels) 512 * 512 pixels
Resolution (A) 0.75

Crystal form irregular
Crystal color metallic
Crystal system orthorhombic
Space group Pnma

z 2

Absorption method empirical
Refinement onF,?

Source of atomic scattering factors

Structure solution
Structure refinement

International Tables for
Crystallography (1992, Vol.

C, Tables 4.2.6.8 and 6.1.1.4)
SHELXS97 (Sheldrick 1997a)
SHELXL97 (Sheldrick 1997b)

Ry = Z|F,? - F}(mean)|/Z F? Goof = {(£ w[F,? - F.?] / [n-p]) }*
R =3 o(F2) /3 F? w=1/(c?F]+ [0.2* PP)
R, =Z|IF|-IFJl/ZIF] P = (max(F} 0)+2F?)/3

wR, = {{Z W[F,” —

FIF IS WFT) Y

on the sulfosalt associations at the Felbertal deposit can
be found in Topa (2001), Topa et al. (2001), and Topa

et al. (2003Db).

Selected compositions of cosalite taken from

literature, considered to be of good quality, are summa-
rized in Figure 1d. With the exception of a presumed
cosalite—galena intergrowth after heyrovskyite from

1 Me®*****. The symbols used are as defined in Table 1.

Moaralm (Paar et al. 1980), all these cosalite composi-
tions (Fig. 1d) follow closely the trend found in our
analyses (Fig. 1c).

As a consequence of the monovalent character of
the metals (Cu and Ag) substituting for Pb, as inferred
already by Karup-Mgller (1977) and confirmed by our
data, the amount of cations in pfu is not constant. There-
fore, the formulae used in this contribution are based on
20 sulfur apfu (i.e., contents of two asymmetric units or
one half of the unit cell of cosalite, idealized for large
cations as the PbgBigSyo formula, giving Z =2, Tables 1,
2). The reliability of the analytical data can be evaluated
from the absolute (ck) and relative (ev) error in charge
balance based on the sum of cation and anion charges,
calculated with normalized atomic % data (Moélo et
al. 1987). Analyses with the values of ch outside the
range [-2, 2] were discarded. The scatter of regres-
sion trends in the subsequent composition diagrams
(Figs. 2a—g) is primarily due to the scatter of analytical
estimates of sulfur contents. In order to eliminate the
influence of instrumental differences on the derivations,
only the presently obtained data, on the same electron-
microprobe apparatus, under the same conditions and
employing the same set of standards, will be used (i.e.,
no literature data are used).

The balance of large cations in an “ideal” (non-
existent) cosalite [i.e., the model used by Weitz &
Hellner (1960), with four independent sites of Bi, four
independent sites of Pb, and ten independent sites of
S] gives the formula PbgBigSsg, Z = 2. In the empirical
formulae obtained from our analyses, based on 20 S
apfu, the contents of Bi (+ antimony) vary between 7.98
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TABLE 4. CRYSTAL DATA AND RESULTS OF THE STRUCTURE REFINEMENTS FOR COSALITE

1. Felbertal 2. Habachtal 3. Altenberg 1 4. Ocna de Fier 5. Erzwiess 6. Schareck
FormUla CuO |2AgO 26 CUO 35Ago.oe CuO.3BA90v86 CUW MAgO.WZ CUO 92Ago 46 Cu0.96Ag1 11
Pb, 63Bls 1655 P, 3Bi5 1,5, PDg ¢;Bi5 46520 Pb, 5B, 5:S;, Pb, 1,Bi; 1,5, P 57Bi5 0S5
Formula weight 3977.51 3962.65 3828.54 3921.21 3910.94 3930.34
a(A) 23.870(4) 23.894(5) 23.652(1) 23.816(2) 23.846(4) 23.879(2)
b (A) 4.0647(6) 4.0616(9) 4.0539(3) 4.0408(3) 4.0559(8) 4.0453(5)
c(A) 19.130(3) 19.143(4) 19.095(1) 19.057(1) 19.066(4) 19.017(7)
V(A% 1856.1(5) 1857.8(7) 1830.8(2) 1833.9(2) 1844.0(6) 1837.0(3)
D, (Mg m™) 7117 7.084 6.945 7.108 7.169 7.116
Crystal size 0.12 x 0.09 0.12 x 0.05 0.12 x 0.06 0.10 x 0.07 0.15 x 0.09 0.06 x 0.04
(mmy} x 0.05 x (.03 x 0.04 x 0.04 x 0.06 % 0.02
g (mm™) 74.62 74.38 68.49 73.66 74.38 72.16
Time per frame (s) 30 40 30 30 15 90
Total # of frames 1940 3400 2485 2485 3400 2485
Tvins Tmax 0.0567,0.2881 0.0373,0.1761  0.0171, 0.0757 0.0007,0.0139 0.1478,0.6028 0.1478, 0.6028
Maximum 28(°) 53.34 56.84 61.06 61.11 56.60 61.11
Measured reflections 11003 15973 25683 25825 26129 24493
Index range —29<h=<29 -31<h<27 -33<h<33 -34<h<34 -31<h<31 -34<h<34
S<k<4 S5<k<b -3<kz5 S<k<4 S5<k<5 S<k<4
-21</<22 —25</<24 =27 <1< 27 —27 <1< 26 —25<1<25 —26 <1<27
Unique reflections 2065 2537 3034 3097 2574 3102
Reflections > 2a(/) 1598 1785 2262 2097 2229 2130
Ry ( %) 7.83 17.99 11.40 13.97 12.45 12.45
R, (%) 4.60 9.45 523 6.79 6.64 6.64
Number of least-. 126 125 128 125 128 126
squares parameters
GooF 1.007 0.889 1.032 0.898 1.038 0.898
R, F, >4 0(F) (%) 3.62 5.31 4.30 6.63 2.80 4.74
R,, all data { %) 4.85 8.28 6.33 9.32 3.40 7.77
WR, (on F.?) ( %) 9.33 11.47 10.80 16.55 6.62 10.95
Final diff. Fourier —1.747 to —2.640 to -3.65t0 -2.917 to —2.056 to —4.196 to
map (A®%) +2.146 +6.698 +4.71 +5.600 +3.363 +4.385

and 8.51 apfu, with the exception of the copper-rich
substitutional rims in cosalite from Felbertal, where
they can drop as low as 7.56 apfu. Lead (+ cadmium +
iron) varies between 6.35 and 7.84 apfu, Cu between
0.12 and 145 apfu, with the exception of the copper-
rich substitutional rims in cosalite from Felbertal, where
they can reach 3.3 apfu, whereas Ag varies between
0.06 and 1.18 apfu (Tables 1, 2). The sum of cations in
the triangular diagrams (Fig. 1) is constrained to 100,
i.e., the effects of variations in Pb/Bi in them combine
with those of cation excess above 16 apfu, displacing
the points on the principal compositional line (subhori-
zontal in Figs. 1b, 1c) away from the Bi vertex.
Plotting individual compositions in the correlation
diagrams based on the formula with 20 S apfu reveals,
first of all, that Cu and Ag can be considered uncor-
related, with Cu at two or even three distinct levels
of concentration (Fig. 2a). The (Cu + Ag) versus Pb
and (Cu + Ag) versus Bi plots (Figs. 2b and 2c) are
practically antithetic: in “normal” cosalite (the bulk of
the samples), 2(Cu + Ag) enters at the expense of Pb
(Fig. 2b), whereas the contents of Bi remain broadly
constant (Fig. 2c). Only the silver-rich material from

Altenberg lies outside the main body of data, revealing
that its combined high contents of Ag and Bi occur at
the additional expense of Pb (compare Figs. 2a, b and
c). The anomalous, Cu-rich replacement rims from
Felbertal show that the “excess” (Cu + Ag) portion in
them is incorporated primarily at the expense of bismuth
(Figs. 2b, 2c). Back-scattered electron photographs and
the elemental X-ray maps (Fig. 3) show extreme enrich-
ment in Cu, without distinct boundaries, and connected
with depletion in Cd and slight depletion in Ag and Bi
within the first ~20 pm along the fissures that are filled
by native bismuth or bismuthinite (or both), galena and
other, unresolved phases rich in Cd and Ag.

The combination of the above mechanisms results
in a nearly linear replacement trend of 2(Cu + Ag)
for 1(Pb + Bi) apfu (Fig. 2d). The same trend loses
its scatter if atomic % are used instead of atoms pfu,
underlining the importance of the errors introduced by
variation in the S values (not illustrated, but deposited).
The presence of excess Bi, above 8 apfit, especially in
the sample 3 (Altenberg 3a) is explained by the Ag +
Bi < 2 Pb substitution in at least one of the Pb sites.
As explained later, this was confirmed by the structure
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TABLE 5. COORDINATES, SITE OCCUPANCY, EQUIVALENT AND ANISOTROPIC DISPLACEMENT PARAMETERS
OF ATOMS IN COSALITE FROM SIX LOCALITIES

ATOM X y z sof U, Uy, U, Uy, U,
1 Felbertal
Bi1 0.15479(3) 0.75 0.98271(4) 0.0366(2) 0.0368(4)  0.0390(5)  0.0339(5) -0.0009(3)
Bi2 0.30228(3) 0.75 0.09385(5) 0.0391(2) 0.0382(4)  0.0418(5)  0.0371(5) -0.0001(3)
Me3  0.01046(3) 0.25 0.09059(5) 0.0404(2) 0.0405(5)  0.0407(5) 0.0399(5) -0.0013(4)
Bi4 0.17144(3) 0.25 0.18658(4) 0.0381(2) 0.0387(4)  0.0405(5) 0.0352(5)  0.0009(3)
Me1 0.04032(4) 0.75 0.27444(5) 0.986(5) 0.0417(4) 0.0407(5)  0.0430(6) 0.0414(6)  0.0002(4)
Ag1 0.04032(4) 0.75 0.27444(5) 0.014(5) 0.0417(4) 0.0407(5)  0.0430(6) 0.0414(6)  0.0002(4)
Me2  0.43393(4) 0.25 0.03475(6) 0.918(3) 0.0447(4) 0.0415(6)  0.0458(6)  0.0467(9) -0.0018(5)
Pb3 0.20582(4) 0.75 0.38343(5) 0.0477(3) 0.0476(5)  0.0452(5) 0.0504(6)  0.0005(4)
Pb4 0.37334(4) 0.75 0.29318(5) 0.0471(3) 0.0507(5)  0.0482(5) 0.0424(5)  0.0007(4)
Cut 0.419(3) 0.25 0.978(3) 0.057(13) 0.05(2) 0.08(4) 0.04(3) 0.04(4) 0.02(3)
Cu2 0.452(2) 0.25 0.110(4) 0.075(17) 0.09(3) 0.05(3) 0.07(4) 0.16(8) 0.03(4)
S1 0.1389(2) 0.25 0.4776(3) 0.041(1) 0.042(3) 0.043(3) 0.037(3) -0.001(2)
S2 0.2293(2) 0.25 0.0296(3)} 0.039(1) 0.037(3) 0.039(3) 0.042(3) -0.005(2)
S3 0.9983(3) 0.75 0.4140(3) 0.046(1) 0.048(3) 0.045(3) 0.045(4) 0.004(3)
S4 0.3636(2) 0.25 0.1524(3) 0.040(1) 0.040(3) 0.044(3) 0.036(3) -0.003(2)
S5 0.4642(2) 0.25 0.2819(3) 0.039(1) 0.038(3) 0.037(3) 0.041(3) -0.005(2)
S6 0.2380(2) 0.75 0.2287(3) 0.036(1) 0.035(3) 0.034(3) 0.038(3) -0.001(2)
s7 0.0877(2) 0.75 0.1295(3) 0.039(1) 0.040(3) 0.038(3) 0.039(3) -0.001(2)
S8 0.1247(2) 0.25 0.3075(3) 0.037(1) 0.038(3) 0.040(3) 0.033(3) 0.002(2)
S9 0.2956(2) 0.25 0.3616(3) 0.037(1) 0.034(2) 0.041(3) 0.035(3) -0.001(2)
S10 0.4165(2) 0.75 0.4343(3) 0.040(1) 0.037(3) 0.043(3) 0.041(3) -0.001(2)
2 Habachtal
Bi1 0.15501(4) 0.75 0.98209(5) 0.0185(2) 0.0153(5)  0.0159(5)  0.0242(5) -0.0003(4)
Bi2 0.30262(4) 0.75 0.09318(5) 0.0190(2) 0.0138(5)  0.0175(4)  0.0257(5) -0.0002(4)
Me3  0.01051(4) 0.25 0.08977(5) 0.0214(3) 0.0173(5)  0.0184(5)  0.0285(6) -0.0014(4)
Bi4 0.17134(4) 0.25 0.18559(5) 0.0191(2) 0.0168(5)  0.0173(5)  0.0231(5)  0.0004(4)
Me1 0.04038(4) 0.75 0.27356(5) 0.0226(3) 0.0193(6)  0.0188(5) 0.0296(6)  0.0008(4)
Me2  0.43418(5) 0.25 0.03430(3) 0.867(7) 0.0234(6) 0.0164(7)  0.0206(6)  0.0330(9) -0.0005(6)
Pb3 0.20592(5) 0.75 0.38200(6) 0.0290(3) 0.0237(6)  0.0221(5)  0.0412(7)  0.0001(5)
Pb4 0.37356(6) 0.75 0.29288(6) 0.0288(3) 0.0295(6)  0.0245(5)  0.0324(6)  0.0010(5)
Cut 0.423(2) 0.25 0.978(3) 0.13(2) 0.07(3) 0.07(4) 0.02(2) 0.11(5) 0.09(4)
Cu2 0.447(1) 0.25 0.104(3) 0.13(2) 0.07(2) 0.02(2) 0.03(2) 0.15(6) 0.07(3)
S1 0.1385(3) 0.25 0.4764(3) 0.023(1) 0.022(4) 0.025(3) 0.021(3) -0.003(3)
S2 0.2297(3) 0.25 0.0296(4) 0.021(1) 0.015(3) 0.019(3) 0.029(3) -0.003(3)
S3 0.9996(3) 0.75 0.4135(4) 0.027(1) 0.020(4) 0.029(3) 0.031(4) 0.004(3)
sS4 0.3635(3) 0.25 0.1524(3) 0.021(1) 0.018(3) 0.021(3) 0.025(3) -0.004(3)
S5 0.4640(3) 0.25 0.2828(3) 0.021(1) 0.020(3) 0.019(3) 0.024(3) -0.002(3)
S6 0.2382(3) 0.75 0.2280(3) 0.020(1) 0.017(3) 0.016(3) 0.025(3) -0.001(3)
S7 0.0884(3) 0.75 0.1286(4) 0.022(1) 0.020(3) 0.015(3) 0.032(4) -0.002(3)
S8 0.1251(3) 0.25 0.3070(3) 0.020(1) 0.019(3) 0.019(3) 0.023(3) 0.004(3)
S9 0.2961(3) 0.25 0.3609(3) 0.018(1) 0.018(3) 0.012(3) 0.023(3) -0.002(3)
S10 0.4156(3) 0.75 0.4338(3) 0.019(1) 0.0120(3)  0.014(3) 0.030(3) 0.001(3)
3 Altenberg 1

Bi1 0.15300(2) 0.75 0.98546(3) 0.0246(2) 0.0259(3)  0.0289(5)  0.0192(3) -0.0010(2)
Bi2 0.30155(3) 0.75 0.09556(4) 0.72(1) 0.0240(3) 0.0236(4)  0.0284(5)  0.0201(4) -0.0002(2)
Sb2 0.30155(3) 0.75 0.09556(4) 0.28(1) 0.0240(3) 0.0236(4) 0.0285(5)  0.0201(4) -0.0002(2)
Me3  0.01034(3) 0.25 0.09519(4) 0.0281(2) 0.0294(3)  0.0297(5)  0.0252(3) -0.0016(2)
Bi4 0.17259(3) 0.25 0.18970(4) 0.833(10) 0.0237(3) 0.0253(4)  0.0271(5)  0.0189(4)  0.0005(2)
Sh4 0.17259(3) 0.25 0.18970(4) 0.167(10) 0.0237(3) 0.0253(4)  0.0271(5)  0.0189(4)  0.0005(2)
Me1 0.04200(3) 0.75 0.27776(4) 0.808(9) 0.0287(5) 0.0286(4)  0.0330(6)  0.0244(5)  0.0011(3)
Ag1 0.04200(3) 0.75 0.27776(4) 0.192(9) 0.0287(5) 0.027(1) 0.0331(6)  0.0244(5)  0.0011(3)
Me2  0.43385(3) 0.25 0.03752(5) 0.834(5) 0.0330(3) 0.0315(5)  0.0356(7) 0.0318(5) -0.0035(3)
Pb3 0.20675(3) 0.75 0.38825(4) 0.0350(2) 0.0366(4) 0.0318(5)  0.0366(4) -0.0014(3)
Pb4 0.37231(3) 0.75 0.29367(4) 0.0346(2) 0.0413(4)  0.0345(5)  0.0279(4)  0.0010(3)
Ag2 0.4200(5) 0.25 0.9739(7) 0.139(8) 0.043(5) 0.042(7) 0.039(9) 0.047(8) 0.017(5)
Cu2 0.4510(7) 0.25 0.115(1) 0.203(16) 0.064(8) 0.053(9) 0.05(1) 0.09(2) -0.007(8)
S1 0.1411(2) 0.25 0.4799(2) 0.0267(9) 0.032(2) 0.031(3) 0.017(2) 0.003(1)
S2 0.2272(2) 0.25 0.0304(2 ) 0.0261(9) 0.026(2) 0.032(3) 0.021(2) -0.003(1)
S3 0.9993(2) 0.75 0.4110(3) 0.034(1) 0.034(2) 0.035(3) 0.032(2) 0.007(2)
S4 0.3625(2) 0.25 0.1545(2) 0.031(1) 0.028(2) 0.046(4) 0.017(2) -0.005(1)
S5 0.4664(2) 0.25 0.2789(2) 0.0236(9) 0.022(2) 0.025(3) 0.024(2) -0.003(1)
S6 0.2386(2) 0.75 0.2317(2) 0.0261(9) 0.021(2) 0.036(3) 0.021(2) -0.001(1)
s7 0.0874(2) 0.75 0.1327(2) 0.0276(9) 0.029(2) 0.032(3) 0.021(2) 0.001(2)
S8 0.1239(2) 0.25 0.3098(2) 0.0239(9) 0.029(2) 0.031(3) 0.012(2) 0.001(1)
S9 0.2981(2) 0.25 0.3634(2) 0.0205(8) 0.023(2) 0.023(3) 0.015(2) -0.001(1)
S10 0.4220(2) 0.75 0.4355(3) 0.030(1) 0.030(2) 0.034(3) 0.025(2) 0.006(2)

1087
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TABLE 5 (contd). COORDINATES, SITE OCCUPANCY, EQUIVALENT AND ANISOTROPIC DISPLACEMENT PARAMETERS

OF ATOMS IN COSALITE FROM SIX LOCALITIES

ATOM X y z sof U, U, Uy, U, U,
4 Ocna de Fier
Bi1 0.15500(4) 0.75 0.98212(4) 0.0335(3) 0.0322(4)  0.0399(6)  0.0284(4) -0.0006(2)
Bi2 0.30494(4) 0.75 0.09192(5) 0.0352(3) 0.0332(4)  0.0429(6)  0.0295(4) -0.0006(3)
Me3  0.01088(4) 0.25 0.08944(5) 0.0370(3) 0.0360(4)  0.0422(7)  0.0328(5) -0.0015(3)
Bi4 0.17215(4) 0.25 0.18459(4) 0.0339(3) 0.0330(4) 0.0404(6) 0.0284(4)  0.0004(3)
Me1 0.04037(4) 0.75 0.27450(5) 0.0378(3) 0.0354(4)  0.0432(7)  0.0349(5)  0.0007(3)
Me2  0.43712(7) 0.25 0.03262(9) 0.695(8) 0.0480(7) 0.0398(9) 0.0540(9) 0.0500(9) -0.0054(6)
Pb3 0.20576(5) 0.75 0.38268(6) 0.0455(3) 0.0430(5)  0.0470(8)  0.0470(6) -0.0011(4)
Pb4 0.37236(5) 0.75 0.29199(6) 0.0454(3) 0.0490(6)  0.0499(8)  0.0372(5)  0.0015(4)
Cut 0.4134(5) 0.25 0.9710(6) 0.34(2) 0.046(4) 0.052(7) 0.035(7) 0.050(7) 0.011(4)
Cu2 0.4512(5) 0.25 0.1115(8) 0.39(3) 0.085(6) 0.047(6) 0.07(1) 0.080(9) -0.008(5)
S1 0.1371(3) 0.25 0.4761(3) 0.036(1) 0.037(4) 0.045(4) 0.028(3) -0.004(2)
S2 0.2304(3) 0.25 0.0284(3) 0.035(1) 0.032(3) 0.040(4) 0.033(3) -0.004(2)
S3 0.9994(3) 0.75 0.4118(4) 0.047(2) 0.046(3) 0.046(5) 0.049(4) 0.012(3)
S4 0.3643(3) 0.25 0.1519(4) 0.039(1) 0.034(3) 0.040(4) 0.043(3) -0.008(2)
S5 0.4652(3) 0.25 0.2811(3) 0.034(1) 0.031(3) 0.037(4) 0.036(3) -0.0014(2)
S6 0.2381(3) 0.75 0.2275(3) 0.036(1) 0.032(3) 0.042(4) 0.032(3) -0.003(2)
S7 0.0888(3) 0.75 0.1273(3) 0.035(1) 0.035(3) 0.031(4) 0.040(3) 0.001(2)
S8 0.1245(3) 0.25 0.3062(3) 0.035(1) 0.033(3) 0.040(4) 0.033(3) 0.001(2)
S9 0.2961(2) 0.25 0.3600(3) 0.032(1) 0.030(2) 0.037(4) 0.028(2) 0.001(2)
S10 0.4162(3) 0.75 0.4330(3) 0.037(1) 0.035(3) 0.045(4) 0.032(3) 0.004(2)
5 Erzwiess
Bi1 0.15453(2)  0.75 0.98219(2) 0.0144(1) 0.0117(2)  0.0176(2)  0.0139(2) -0.0004(2)
Bi2 0.30367(2) 0.75 0.09249(2) 0.0161(1) 0.0130(2)  0.0196(2)  0.0155(2) -0.0009(2)
Me3  0.01079(2) 0.25 0.09038(2) 0.0179(1) 0.0160(2)  0.0196(2)  0.0181(2) -0.0014(2)
Bi4 0.17164(2) 0.25 0.18539(2) 0.0154(1) 0.0135(2) 0.0185(2)  0.0142(2)  0.0008(2)
Me1 0.04031(5) 0.75 0.27519(5) 0.944(5) 0.0195(2) 0.0160(5)  0.0227(3)  0.0199(5)  0.0015(3)
Ag1 0.048(2) 0.75 0.264(5) 0.056(5) 0.0195(2) 0.0160(5)  0.0227(3)  0.0199(5)  0.0015(3)
Me2  0.43582(3) 0.25 0.0343(4) 0.699(2) 0.0266(3) 0.0185(4)  0.0285(4)  0.0328(5) -0.0040(3)
Pb3 0.20579(2) 0.75 0.3833(3) 0.0270(1) 0.0247(3)  0.0248(3)  0.0315(3)  -0.0003(2)
Pb4 0.37240(2) 0.75 0.2921(3) 0.0265(1) 0.0310(3)  0.0268(3)  0.0218(3)  0.0008(2)
Ag2 0.4160(2) 0.25 0.9726(3) 0.252(4) 0.043(2) 0.040(3) 0.040(2) 0.047(3) 0.007(2)
Cu2 0.4503(2) 0.25 0.1141(3) 0.358(7) 0.046(2) 0.029(3) 0.046(2) 0.064(4) -0.011(3)
S1 0.1383(1) 0.25 0.4765(2) 0.0187(6) 0.019(2) 0.024(2) 0.013(1) -0.001(1)
S2 0.2292(1) 0.25 0.0292(2) 0.0178(6) 0.016(2) 0.021(2) 0.017(1) -0.004(1)
S3 0.9988(2) 0.75 0.4099(2) 0.0276(7) 0.023(2) 0.027(2) 0.033(2) 0.005(1)
S4 0.3633(1) 0.25 0.1531(2) 0.0192(6) 0.017(2) 0.024(2) 0.017(1) -0.007(1)
S5 0.4655(1) 0.25 0.2807(2) 0.0184(6) 0.015(2) 0.021(2) 0.019(2) -0.003(1)
S6 0.2378(1) 0.75 0.2281(1) 0.0155(5) 0.012(1) 0.019(1) 0.015(1) -0.001(2)
S7 0.0883(1) 0.75 0.1285(2) 0.0171(6) 0.014(1) 0.021(2) 0.017(1) -0.002(2)
S8 0.1236(1) 0.25 0.3066(1) 0.0172(2) 0.019(2) 0.022(2) 0.011(1) 0.003(2)
S9 0.2961(1) 0.25 0.3606(1) 0.0147(5) 0.016(1) 0.016(1) 0.012(1) -0.001(2)
S10 0.4165(2) 0.75 0.4335(2) 0.0168(5) 0.014(1) 0.018(1) 0.018(1) 0.001(2)
6 Schareck

Bi1 0.15379(3) 0.75 0.98238(3) 0.0150(2) 0.0161(4)  0.0130(4) 0.0158(3) -0.0008(2)
Bi2 0.30314(3) 0.75 0.09282(4) 0.0158(2) 0.0159(4)  0.0143(4)  0.0172(3) -0.0012(2)
Me3  0.01100(3) 0.25 0.09054(4) 0.0180(2) 0.0191(4)  0.0145(4)  0.0204(3) -0.0016(3)
Bi4 0.17111(3) 0.25 0.18588(3) 0.0155(2) 0.0170(4)  0.0138(4)  0.0158(3)  0.0009(3)
Me1 0.03981(4) 0.75 0.27589(4) 0.922(10) 0.0201(3) 0.0196(5)  0.0182(5)  0.0226(4)  0.0009(3)
Ag1 0.03981(4) 0.75 0.27589(4) 0.078(10) 0.0201(3) 0.0196(5)  0.0182(5)  0.0226(4)  0.0009(3)
Me2  0.43564(7) 0.25 0.03615(8) 0.524(5) 0.0236(6) 0.0161(8)  0.024(1) 0.0304(9) -0.0016(6)
Pb3 0.20572(4) 0.75 0.38512(5) 0.0281(2) 0.0284(5)  0.0209(5) 0.0351(4) -0.0005(3)
Pb4 0.37095(4) 0.75 0.29190(4) 0.0276(2) 0.0363(5) 0.0222(5) 0.0243(4) 0.0014(3)
Ag2 0.4218(2) 0.25 0.9757(3) 0.432(10) 0.042(2) 0.033(3) 0.035(3) 0.058(3) 0.012(2)
Cu2  0.4499(3) 0.25 0.1195(4) 0.463(10) 0.037(3) 0.023(4) 0.039(5) 0.050(5) 0.001(3)
S1 0.1392(2) 0.25 0.4775(2) 0.021(1) 0.024(3) 0.023(3) 0.015(2) -0.004(2)
S2 0.2285(3) 0.25 0.0296(3) 0.019(1) 0.019(3) 0.013(3) 0.025(2) -0.004(2)
S3 0.9962(3) 0.75 0.4078(3) 0.034(4) 0.027(3) 0.038(4) 0.036(3) 0.008(2)
S4 0.3615(2) 0.25 0.1542(3) 0.020(1) 0.020(3) 0.022(3) 0.018(2) -0.009(2)
S5 0.4665(2) 0.25 0.2790(3) 0.020(1) 0.014(2) 0.020(3) 0.025(2) -0.003(2)
S6 0.2371(2) 0.75 0.2285(2) 0.016(1) 0.017(2) 0.017(3) 0.014(2) -0.002(2)
S7 0.0887(2) 0.75 0.1281(2) 0.017(1) 0.019(3) 0.014(3) 0.019(2) -0.001(2)
S8 0.1221(2) 0.25 0.3071(2) 0.016(1) 0.019(2) 0.015(3) 0.014(2) -0.001(2)
S9 0.2965(2) 0.25 0.3604(2) 0.015(1) 0.018(2) 0.009(2) 0.019(2) -0.005(2)
S10 0.4168(2) 0.75 0.4331(2) 0.017(1) 0.018(2) 0.015(3) 0.019(2) 0.004(2)
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TABLE 6. SELECTED CATION-ANION DISTANCES (A) IN COSALITE
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Bi1
S9 2.602(6)

$10 2.808(4)

S7 3.233(6)

Bi1
S9 2.597(6)

$10 2.797(5)

S7 3.226(8)

Bi1
S9 2.602(4)

82 2.815(3)
x2

S$10 2.857(3)
x2

S7 3.209(4)

Bi1
S9 2.602(6)

$10 2.799(5)
2

$2 2.843(4)
x2

S7 3.184(6)

Bi1

S9  2.600(3)

$10 2.800(2)
x2

S2 2.844(2)
x2

S7 3.205(3)

Bi1

S9 2.606(4)

$10 2.795(3)
x2

S2 2.843(4)
x2

S7 3.177(4)

Bi2 Me3
S1 2.630(6) S5 2.678(6)

S4 2.744(4) ST 2.843(4)
x2 x2

S2 2.945(4) S10 3.064(4)
x2 x2

S6 3.001(6) S103.461(6)

Bi2 Me3
S1 2.641(6) S5 2.681(6)

5S4 2.743(5) S7 2.852(5)
x2 x2

82 2.940(5) S103.077(5)
x2 x2

S6 3.005(6) S10 3.469(6)

Bi2 Me3
St 2.592(4) S5 2.620(4)

S4 2.730(3) S7 2.818(3)
x2 x2

$2 2.958(3) $102.970(3)
x2 x2

S6 2.995(4) S10 3.444(4)

Bi2 Me3
S1 2.603(6) S5 2.696(6)

2.837(5)

x2

S$2 2.949(4) $103.058(5)
x2 x2

S6 3.035(6) S103.450(6)

S4 2718(5) S7
x2

Bi2 Me3
S1 2.608(3) S5 2.685(3)

84 2.733(2) S7 2.838(2)
x2 x2

$2 2.953(2) S103.063(2)
2 x2

SB 3.026(3) S103.458(3)

Bi2 Me3
S1 2.589(4) S5 2.699(6)

S4 2719(3) S7 2.836(3)
x2 x2

$2 2.952(4) S103.058(4)
x2 x2

S6 3.024(4) S103.455(4)

Bi4
S8 2.568(6)

S6 2.701(3)
x2

S7 3.053(4)
x2

82 3.305(6)

Bi4
S8 2.573(6)

S6 2.708(5)
x2

S7 3.042(5)
x2

S2 3.296(6)

Bi4
S8 2.566(4)

S6 2.682(3)
x2

S7 3.059(3)
*2

S2 3.305(4)

Bi4
S8 2.580(6)

S6 2.687(5)
x2

S7 3.036(5)
x2

S2 3.284(6)

Bi4
S8 2.579(3)

S6 2.698(2)
x2

S7 3.040(2)
x2

82 3.279(3)

Bi4
S8 2.585(4)

S6 2.689(3)
x2

3.028(3)
x2

S2 3.273(6)

s7

1 Felbertal

Me1 Me2
83 2.852(6) S3 2.730(5)
x2

Pb3

S9 2.983(4
x2

S6 3.059(6

Pb4 Cu1
$102.890(4) S3 2.343(68)

S8 2.930(4) S4 2.808(6)
x2

S5 2.932(4) S3 2.820(6)
x2

S5 2.980(4) S1 2.444(40)
x2 x2

S1 3.151(4) SO 3.047(4) S3 3.475(52)
x2 x2 x2

S8 3.161(4
x2

S2 3.196(6)

S7 2.995(6) S1 2.889(4)
x2

S4 3.382(5) S4 3.580(60)
x2
S6 3.461(5)

2 Habachtal

Pb3

S9 2.988(5
x2

S6 3.047(6)

Pb4 cut
$102.879(8) S3 2.225(51)

Me1 Me2

S3 2.849(8) S3 2.751(5)
S5 2.936(5) S3 X§.804(8)
S8 ><2.938(5) S4 2.822(7)
s7 xg.OOZ(S) S1 2.893(5)

S5 2.972(5) S1 2.507(28)
x2 x2

S9 3.041(5) S3 3.435(44)
x2 x2

S4 3.378(5) S4 3.560(50)
x2

S6 3.465(7)

S8 3.149(5)
x2

S1 3.160(5
x2

S2 3.217(6)

3 Altenberg 1

Pb3

S9 3.000(3
x2

S6 3.083(4)

Pb4

Me1 Ag2
S102.952(4) S3 2.255(13)

Me2
S3 2.737(8) S3 2.733(3)
x2
S8 2.869(4) S4 2.799(4)
x2
S5 2.912(4) S3 2.887(6) S1 3.096(3)
x2 x2
S7 2.973(7) S1 2.909(3) S2 3.132(4)
x2

S9 2.994(3) S1 2.492(7)
x2 x2

S5 3.023(3) S3 3.529(11)
x2 x2

S4 3.350(3) S4 3.707(14)
x2

S8 3.193(3)
x2

S6 3.376(4)

4 Ocna de Fier

Pb4 Cu1
$102.883(6) S1 2.353(7)
x2

Me1 Me2 Pb3

S3 2.793(8) S3 2.721(5) S9 2.983(4
x2

x2

S5 2.900(5) S3 2.754(8) S6 3.056(6)
*2

S5 3.002(5) S3 2.363(14)
x2

S9 3.010(4) S4 3.640(14)
x2

S4 3.354(6) S3 3.842(12)
x2 x2

S6 3.426(7)

$8 2.909(5) S4 2.859(8) S1 3.150(5)
x2 x2

S7 3.033(6) S1 2.893(5) S8 3.155(5)
x2 x2

S2 3.166(6)

5 Erzwiess

Me1 Me2 Pb3
S3 2.752(4) S3 2.739(2) S9
x2

Pb4 Ag2

2.990(2) $102.894(3) S3 2.358(6)

x2
S8 2.900(2) S3 2.840(4) S6 3.055(3)
x2
S5 2.904(2)
x2
S7 3.022(3) S1 2.908(2) S8
x2

2.408(3)
x2
3.610(5)
2

S5 3.015(2) $1
x2

S4 2.849(3) S1 3.140(2) S9 3.021(2) S3
x2 %2 x|
3.177(2)

x2

$2 3.185(3)

S4 3.344(2) S4 3.663(6)
x2

S6 3.433(3)

6 Schareck

Me1 Me2 Pb3 Pb4 Ag2
83 2.715(6) S3 2.707(5) S9 3.002(4)S10 2.900(4) S3 2.344(8)
x2 x2
S5 2.871(4) S4 2.859(5) S6 3.071(4) S9 2.991(3) S1 2.493(4)
x2 x2 x2
S8 2.882(3) S1 2.920(3) S1 3.115(3) S5 3.059(4) S3 3.488(7)
x2 x2 x2 %x2 x2

S7 3.043(4) S3 2.932(6) S2 3.165(6) S4 3.316(3) S4 3.687(7)
x2

S8 3.206(4) S6 3.416(5)
x2

Cu2
S4 2.261(53)

S3 2.359(27)
x2
S5 3.301(77)

Cu2
S4  2.195(39)

S3 2.414(20)
x2
S5 3.447(57)

Cu2
S4 2.223(18)

S3 2.380(10)
x2
S5 3.147(23)

Cu2
S4 2.208(14)

S3 2.366(7)
x2
S5 3.249(16)

Cu2
S4 2.204(6)

S3 2.378(3)
x2
S5 3.197(7)

Cu2
S4 2.214(9)

S3 2.363(5)
x2
S5 3.059(10)
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CutAg Pb+Cd+Fe

Fic. 1. Cation proportions in the cosalite samples analyzed. All data points were plotted
for each sample. Provenance of material: (a—c): Argentina: A; the Alpine deposits: TW:
Tauern Window, F: Felbertal deposit, Ff: anomalous Cu-rich rims on grains from the
Felbertal deposit. Detailed assignments are in Table 1. (d) Principal averaged data from
the literature. The lead-rich cluster was interpreted as a cosalite—galena intergrowth
after heyrovskyite.
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determinations. Using this “excess Bi” also as a measure
of substitutional Ag replacing Pb according the above
equation (Tables 1, 2, formulae), it becomes obvious
that a fair amount of silver in cosalite does not follow
the Ag + Bi < 2Pb scheme, but takes part in the 2(Cu
+ Ag*) — Pb" scheme (asterisk denotes the Ag and Pb
values “back-corrected” by mathematically eliminating
the 2Pb < Ag + Bi substitution; this recalculation is
indicated on the diagram as Cu + Ag — Bi®***** and

Ph+Cd+Fe

Pb + 2Bi®***** in Fig. 2e). In the formula unit, one half
of the (Cu + Ag*) sum “compensates” for the lost Pb
values pfu, so that the total metal excess over 16 cations
pfu lags behind the sum of (Cu + Ag*) by a factor of
2 (Fig. 2f).

A linear regression performed on the averaged
analytical data (Fig. 4) proves that the incorporation of
(Cu + Ag*) proceeds at the expense of Pb*. The regres-
sion equation is (Cu + Ag*) apfu = 15.58(50) — 1.95(7)
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FiG. 2. Correlation diagrams for cations in cosalite, based on a formula unit with 20 anions (i.e., PbgBigSa). Individual data-
points from Tables 1 and 2 are plotted. Colored symbols (1-6) denote the structurally analyzed samples from Figure 1c and
Table 2. Grey symbols (gl—g4) represent the chemically analyzed samples from Figures 1a and 1b and Table 1. Explanations
of the type A versus B relate to elements on the ordinate versus the abscissa. Complex element combinations Bi®*%, Me®*¢®ss,

Ag; and Ag; are explained in the text.

Pb* apfu. The standard errors in brackets are given in
terms of the last digit, and R? is equal to 0.968. For
8 Pb* apfu, the calculated value is below 0.02 (Cu +
Ag*) apfu, whereas for 7 atoms of Pb*, it is 1.96 (Cu +
Ag*) apfu, with the standard error equal to ~0.03 apfu.
Therefore, within one standard deviation, the above
equation reads y = 16 — 2x.

Examination of the distribution of Ag between the
portion of silver that participates in the Ag + Bi < 2Pb
substitution (“substitutional Ag”) and that participating
in the 2(Cu + Ag)-for-1Pb substitution (all of which we
denote here as “interstitial Ag” in allusion to its position
outside the original cation site, as described further in
the structural section) is made difficult by the spread
of S values used as a basis of structural formula. This
spread projects as a series of negative 1:1 trends over-
lain on the correlation between the two types of silver
in Figures 2g and 2h. It also is visible in, e.g., Figure 2f.

The conservative estimates give silver trends Ag,/
Ag; between 0:1 and 3:2, i.e., a wide variation, with
the samples low in Ag having all kinds of Ag; values,
from the lowest to the highest observed (Fig. 2g). The
region above the ratio 2:1 is devoid of samples enriched
in Agg; they cannot be low in Ag;. The bulk of the Ag;
values are limited to 0.6 apfu, with additional scattered
points at 0.7-0.8 apfu, with a notable exception of a
structurally analyzed sample from Schareck, with Ag;
between 1.0 and 1.1 Ag apfu (Fig. 2g).

In order to investigate whether the copper and silver
concentration in the parent fluids had any influence on
the distribution of silver between the Ag, and Ag; sites,
plots with Ags with respect to Ag; as abscissa, and
Agi/(Cu + Ag;) as ordinate were prepared (the former
illustrated in Fig. 2h).They show that up to 70%, but
with certainty 60% of the interstitial positions can be
occupied by silver. This happens both in cosalite with
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a low total replacement by monovalent cations, i.e.,
with modest Ags and Ag; values (e.g., no. 1, Felbertal),
and in the samples rich in Ag; (e.g., no. 3a, Altenberg)
as well as in the ones with very high values of Ag;
contrasted with very low values of Ag, (e.g., no. 6,
Schareck) (Fig. 2h). For the low to modest values of
Ags, the entire spectrum of Agi/(Cu + Ag;) values are
present. Quite low values of Agi/(Cu + Ag;), however,
were not observed in the presence of higher values of
Ag;. Thus, the answer to the above question is negative
for most compositions. Are then the high values of Bi or
other factors in the mineral association deciding about
the part that Ag, plays in the double role of silver? Data
on individual associations are not sufficient to answer
this question.

The three substitutional trends for cosalite are
summarized in Figure 5. The presence of the Ag + Bi
« 2Pb substitution alone is not typical for this mineral.
On the contrary, the line of the 2(Cu + Ag) < 1Pb
substitution in its (nearly) pure form is occupied and
is flanked by an occupied zone with a mixed character
that is parallel to this line. Figure 1 shows that the latter
zone consists mostly of individual occurrences that start
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close to the 2(Cu + Ag) < 1Pb line and branch off in
the direction of the Ag + Bi < Pb trend. The Bi-rich
boundary for most samples of cosalite is a line running
approximately through the Felbertal and Altenberg
samples.

As shown in Figure 5, the absolute and relative
amount of substitutions can be estimated by defining
three (hypothetical) end members: (a) the unsubstituted”
PbgBigS+o composition, i.e., PbsgBisg in the plot, (b) the
hypothetical end-member composition for the Ag + Bi
« 2Pb substitution, with four octahedral Pb-containing
sites in the above formula fully substituted, i.e.,
Agsz4Bi1()Sz(), which plOtS as Ag12A5Pb25Bi625 in the
diagram (outside the area represented), and (c) the
hypothetical end-member for the 2(Cu + Ag) < 1Pb
substitution, again with four octahedral Pb-containing
sites fully substituted, i.e., (Cu,Ag)sPbsBigSso, making
(Cu.Ag)yoPbyoBiyg in the plot (outside Fig. 5). Molar
fractions of these three hypothetical end-members
defining a pseudoternary system are m, n and s, respec-
tively, so thatm + n + s = 1. For a given (Cu,Ag),Pb,Bi,
composition in Figure 5 (p + g + r = 100), p = 12.5n
+ 40s, g = 50m + 25n + 20s, and r = 50m + 62.5n +
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TABLE 7. CHARACTERISTICS OF COORDINATION POLYHEDRA OF CATIONS IN COSALITE FROM SIX LOCALITIES

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

1 Felbertal 4 Ocna de Fier
Bi1 2.872 0.017 0.300 0.962 99.191 31.047 2.921 Bi1 2.859 0.016 0.281 0.971 97.896 30.667 2.975
Bi2 2.839 0.009 0.238 0.987 95.812 30.216 2.973 Bi2 2.831 0.009 0271 0995 95.058 30.000 3.087
Me3 3.037 0.069 0.391 0.960117.354 34.769 2.197 Me3 3.034 0.073 0.383 0.953117.002 34.537 2.189
Bi4 2.908 0.017 0.387 0.971102.992 32.238 2.926 Bi4 2.895 0.016 0.377 0.965101.676 31.841 2.979
Met 2925 0.005 0072 0.999104.823 33.196 2.171 Me1 2.802 0.003 0.119 0.991102.355 32.476 2.324
Ag1 3.048 0.397 0426 0.310118.601 22.759 2.068 Me2 2805 0.002 0.135 1.000 92.419 29.375 3.061
Me2 2.810 0.003 0.119 0.997 92.988 29.498 3.010 Pb3 3.101 0.029 0.104 0.961124.904 52591 1.850
Pb3 3.107 0.029 0.104 0.953125.649 52.897 1.825 Pb4 3.123 0.031 0.281 0.949127.551 53.575 1.894
Pb4 3.137 0.031 0.285 0.950129.265 54.312 1.843 Cut 2.804 0.225 0.822 1.000 92.388 14.802 0.801
Cu1 2.808 0.227 0.754 1.000 92.788 14.828 0.709 Cu2 2.470 0.056 0.724 1.000 63.083 7.300 0.923
Cu2 2495 0.063 0.731 1.000 65.036 7.463 0.718

5 Erzwiess
2 Habachtal
Bi1 2.863 0.016 0.290 0.967 98.281 30.787 2.965

Bi1 2.868 0.017 0.301 0.964 98.856 30.945 2.952 Bi2 2.836 0.009 0262 0.989 95581 30.165 3.024
Bi2 2.838 0.009 0233 0.993 95.779 30.223 2.958 Me3 3.036 0.070 0.389 0.956117.202 34.682 2.198
Me3 3.049 0.075 0.394 0.963118.675 34.961 2.151 Bi4 2.899 0.015 0.375 0.971102.006 31.968 2.944
Bi4 2906 0.016 0.377 0.971102.779 32.189 2.907 Me1 2.891 0.003 0.134 0.997101.229 32.140 2403
Met 2929 0.005 0077 0.997105.3068 33.345 2.146 Ag1 2.891 0.003 0.155 0.997101.229 32.140 0.836
Me2 2.818 0.002 0.105 0.995 93.761 29.782 2.936 Me2 2.829 0.002 0.124 0.988 94.808 30.132 2.862
Pb3 3.108 0.029 0.107 0.953125.888 52.996 1.819 Pb3 3.108 0.028 0.101 0.953125.765 52.966 1.817
Pb4 3.131 0.031 0.300 0.949128.608 54.010 1.879 Pb4 3.128 0.031 0.271 0.950128.220 53.858 1.850
Cut 2.821 0236 0752 1.000 94.061 14.867 0.749 Ag2 2.822 0.211 0795 1.000 94.149 15367 1.605
Cu2 2502 0.062 0.807 1.000 65.641 7.543 0.866 Cu2 2.464 0.050 0.699 1.000 62.634 7.291 0.915

3 Altenberg 1 6 Schareck
Bi1 2873 0.015 0.290 0.973 99.301 31.131 2.887 Bi1 2856 0.015 0277 0.970 97.563 30.601 2.981
Bi2 2.832 0.013 0.263 0976 95.153 29.911 3.087 Bi2 2828 0.009 0274 0989 94689 29879 3.119
Me3 2975 0.047 0.380 0.948110.320 33.480 2.526 Me3 3.034 0.069 0.383 0.950116.978 34.677 2.185
Bi4 2902 0.017 0394 0971102335 32.030 2.993 Bi4 2.891 0.014 0.371 0.966101.187 31.757 2.975
Me1 2.874 0.004 0.121 00985 99.404 31.533 2.518 Me1 2.871 0.001 0.162 0.993 99.137 31.520 2.559
Ag1 2.874 0.004 0.121 0.985 99.404 31.533 0.854 Ag1 2871 0.001 0.162 0993 99.137 31.520 0.868
Me2 2827 0.003 0.137 0988 94.675 30.060 2.890 Me2 2.840 0.003 0.159 0.956 95.921 30.431 2.834
Pb3 3.099 0.028 0.087 0.954124.700 52.546 1.846 Pb3 3111 0.028 0.093 0.948126.063 53.109 1.798
Pb4 3.126 0.031 0.249 0.940127.912 53.745 1.843 Pb4 3.125 0.032 0.254 0.943127.820 53.650 1.850
Ag2 2.827 0.003 0.785 0.988 94.670 30.060 1.610 Ag2 2.817 0.183 0.732 0.999 93.630 15.819 1.437
Cu2 2.462 0.051 0.669 1.000 62.530 7.267 0.896 Cu2 2438 0.040 08624 1.000 60.719 7.144 0.937

Coordination numbers are: 6 for Bi1, Bi2, Me3, Bi4, Me1, Ag1, Me2 and Culor Ag2, 8 for Pb3, Pb4, and 4 for Cu2. Columns: 1) site label,
2) radius r, of a circumscribed sphere, least-squares-fitted to the coordination polyhedron, 3) “volume-based” distortion u = [V(ideal
polyhedron) — V(real polyhedron)] / V(ideal polyhedron); the ideal polyhedron has the same number of ligands, 4) “volume-based”
eccentricity ECC, = 1 —[(r, — A)/r,]’; Ais the distance between the center of the sphere and the central atom in the polyhedron, 5)
“volume-based” sphericity SPH, = 1 —30,r,; 0, is the standard deviation of the radius r,, 6) volume of the circumscribed sphere, 7) volume
of the coordination polyhedron, 8) bond-valence sum (Bali¢-Zunié & Makovicky 1996).

405, which results in n = (r — g — p/2)/3125, s = (p —
12.51)/40, and m = (g — 251 — 20s)/50.

For example, the composition (Cu,Ag)oPbs75Bisy 5,
through which the line defining the upper limit of
common compositions of cosalite runs in Figure 5, has
p=100,¢g=375,and r = 52.5, which gives n = 0.32,
s =0.15, and m = 0.53 molar fraction of the three end-
members defined above, i.e., it is cosalite with almost
50% substitution. In the plot, the points denoted by a,
b, ¢, and d represent the composition Agg sPb;BigsS20
(containing 75% of the unsubstituted component),
AgPbgBigSsy, CusPbsBigSyg (containing 70.6% of
the unsubstituted component) and CuyPbgBigSsg,
respectively.

The substitution trend of the copper-rich, oversubsti-
tuted cosalite from Felbertal in Figure 5 coincides fully
with the substitution line 3Cu™ < Bi*". Remarkably, it
is not positioned on the PbsyBisy as the origin, but it
starts from the point ¢ on the 2(Cu + Ag) < 1Pb line,
at which one Pb atom pfis has been replaced by two (Cu
+ Ag) apfu. It was not possible to separate the narrow
zones of substitution developed along fractures in
cosalite (Fig. 3) for a structure analysis. The location of
the extra Cu coming from the 3Cu* < Bi** mechanism
of substitution in the structure thus remains unknown.
A similar mechanism of substitution (2Cu* « Fe?*)
was described by Moglo et al. (1984) in jamesonite, as
mineral JC, with formula CuyPbsSbgS14. It was formed
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Fi6. 3. Back-scattered images (a and b) of two cosalite
grains from K3 orebody at Felbertal, with local enrichment
in copper, and elemental X-ray maps for a part of (b).
Note that bi denotes native bismuth, co is cosalite, “Ly is
lillianite with N% of gustavite component. Most of the
fissure filling could not be analyzed. Chemical composition
of coy and coy is covered by numbers 23-24 and 25-27,
respectively, in Table 1.
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as a product of metasomatism of the pre-existing sulfo-
salt by copper-for-iron substitution in the thin surface-
layers of the crystals of jamesonite present in tintinaite
from Tintina, Yukon.

The unit-cell volume of cosalite drops significantly
with the above substitutions, from 1857.8 A3 for the
sample showing limited substitution to 1830-1837 A3
for the most strongly substituted samples. Contributions
of the two mechanisms of substitution defined above to
this development are not well constrained by the data
available.

CRYSTAL STRUCTURES
The basic topology

The initial site-notation used in this work follows
that used by Srikrishnan & Nowacki (1974). Starting at
the octahedral strip site (“Pb2”), Srikrishnan & Nowacki
interpreted the inner row of cations as Bi2, Bil, Bi3, and
Bi4, whereas the outer one was labeled trigonal pris-
matic Pb3 and Pb4, and octahedrally coordinated Pb1.
Our structural investigations revealed that it essentially
is the Pbl, “Pb2” and Bi3 sites that are influenced by
substitutions, and as a consequence, these sites will be
designated by us as Mel, Me2 and Me3 (Fig. 6). The
detectable Ag + Bi substitution occurs at the site of
Mel, whereas Cul or Ag2 and Cu2 line the walls of

TABLE. 8. COMPARISON OF THE MODEL COMPOSITION OF
ONE UNIT CELL DERIVED FROM THE REFINEMENT OF A
CRYSTAL STRUCTURE (str.) WITH THAT DERIVED FROM RESULTS
OF AN ELECTRON-MICROPROBE ANALYSIS (chem.)

chem. str. chem. str. Ag Ag,
1) Felbertal 3) Altenberg 1
Sapfu 40.00 40.00 S 40.00 40.00
Cu 024 053 Cu 076 081
Ag 0.52 0.06 Ag 1.72 132 055 077
Pb 1520 15.28 Sb 1.48 1.79
Bi 16.32 16.00 Pb 1326 1457
Bi 1550 14.21
2) Habachtal 5) Erzwies
S apfu 40.00 40.00 S 40.00 40.00
Cu 0.72 1.08 Cu 1.84 1.44
Ag 012  0.00 Ag 0.92 1.23 1.01 0.22
Pb 1560 15.48 Pb 1424 1457
Bi 16.04 16.00 Bi 16.28 16.00
4) Ocna de Fier 6) Schareck
Sapfu 40.00 40.00 S 40.00 40.00
Cu 228 296 Cu 1.94 1.85
Ag 024 0.00 Ag 222 205 1.73 0.32
Pb 14.76 1477 Pb 1374 1378
Bi 1596 16.00 Bi 16.16  16.00

Substitutional Ag, and interstitial Cu and Ag, are defined in the text. Minor
amounts of one of the two M" components could not be reliably refined.
Ag, and Ag, relate only to samples 3, 5 and 6.
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the interval of octahedra, i.e., of the Me2 coordination
polyhedron (Figs. 7, 8). No tetrahedrally coordinated
copper, suggested by Srikrishnan & Nowacki (1974),
was found.

The crystal structure of cosalite consists of rods
of a slightly distorted galena-like structure, parallel to
[110]pps, four octahedra wide (octahedra on rod bound-
aries are modified into square pyramids), and four Me—S
atomic layers thick (Fig. 7). Most of the outer square
pyramids are occupied by Pb, whereas the inner cation
positions are preferably occupied by Bi. These rods,
oriented diagonally to the (100) plane, are intercon-
nected into (100) layers by intervals of octahedra two
octahedra wide (Fig. 7) (Makovicky 1993). The rod
surface is alternatively pseudotetragonal in the 100p,g
region formed by Pb pyramids and pseudohexagonal,
with a hexagonal motif of S atoms on it, in the region
of the intervals of octahedra and the adjacent (111)
pus surfaces. Three pseudotetragonal subcells face two
orthohexagonal subcells across each interval of the frag-
mented, zig-zag non-commensurate interface. Bridging
this interface, two Pb atoms situated in the pseudote-
tragonal surface form bicapped trigonal coordination
prisms, whereas the last, mixed cation site, designated
as Mel below, forms a bridging octahedron.

Coordination polyhedra

The series of six determinations of the structure
revealed a complex nature of cation substitutions
in cosalite. To understand these, a combination of
approaches is necessary, consisting of the analysis of
structural data (occupancies, displacement factors,
bond lengths), and of the empirical chemical formulae
based on the results of electron-microprobe analyses,
as well as more complex analyses of cation coordina-
tions by means of a hyperbolic relationship between the
opposing bond-lengths for elements with pairs of lone
electrons (as used by Berlepsch et al. 2001a, 2001b),
and by calculation of coordination characteristics
proposed by Balié-Zuni¢ & Makovicky (1996) and
Makovicky & Balié-Zuni¢ (1998), as well as of the
bond valences (Brese & O’Keeffe 1991).

These calculations reveal that in the structure of
cosalite there are three categories of cation polyhedra:
(1) polyhedra not appreciably affected by the substi-
tution and consequent adjustments, (2) polyhedra
involved in, and altered during, the process of substitu-
tion, and (3) the Cu and Ag* sites, “interstitial” to, and
interacting with, the motif of large cation polyhedra
(Ag* has been defined above).

The hyperbolic plots (Fig. 9) show that Bi2 and
Bi4, along the pseudohexagonal margin of the PbS-like
block, retain their asymmetric coordinations, typical of
Bi, virtually unaltered despite all substitutions observed.
The same holds for Bil, a more symmetrical Bi site in
the block interior, with a conspicuously small differ-
ence between the short and longer distances in the
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Fic. 6. Site labeling for the cosalite structure. Atoms of Pb are dark blue, cation sites involved in substitutions are light blue,
Bi sites are white. Shading indicates sites at two levels of height about 2 A apart.

base of its coordination pyramid Bi(S9)(S2),(510),. It
is interesting to see how the long Bi-S distances across
the lone-electron-pair micelle in the median plane of
the rod are influenced by the position of the cation in
the elongate micelle: the Me3 site has the longest such
distance (3.44-3.47 A). The next longest distances,
Bi1-S7 and Bi4-S2, across the median plane of the
rod, are a bit reduced in the samples from Ocna de Fier
and Schareck, in which the cations are distinguished by
extensive substitutions.

The shortest, apical Bi2—S distance is considerably
shorter than the hyperbola predicts. It presumably
compensates for underbonding of S1 that results from
cation substitutions at the nearby Me?2 site; this distance
is shortest for the most strongly substituted samples.

In the Altenberg material, Bi2 and Bi4 are partly
replaced by Sb (Table 2); this is reflected in the slightly
more asymmetric in-plane configurations of bonds for

Bi4, and especially by shorter apical “Bi”-S distances,
moving from the Bi hyperbola toward that of Sb, as
defined in Berlepsch ez al. (2001a).

The bicapped trigonal-prismatic positions P53 and
Pb4 (Figs. 8, 9) change very little with increasing
substitution in cosalite. The coordination polyhedron
of Pb3 undergoes shortening of longer Pb-S distances,
whereas Pb4 preserves its symmetric configuration.

The bond-length hyperbola for the Me3 site situated
in the central parts of the PbS-like rod, where the lone-
electron-pair micelle is at its broadest, displays bond
lengths that are distinctly longer than those of the rest of
the Bi sites (Fig. 9). The bonding hyperbola of the Me3
site is situated almost halfway between the hyperbola
for Bi and the hyperbola for Pb. This indicates a mixed
cation site. For all substituted samples, Me3 remains on
the same bond hyperbola, with the longest Bi-S distance
very slightly reduced for the cases of major substitution.
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Fig. 7. The crystal structure of cosalite in projection on (010), with atoms at y = 0.25 (white) and at 0.75 (grey shading),
respectively. In the order of decreasing size, circles represent S, Pb (blue), Bi, a mixed partially occupied position Cul or
Ag2 or both (green), and Cu2 (red). Rod-layers based on the PbS archetype (Makovicky 1993) are shaded in pink. The right-
hand side of the figure shows modules prone to cation substitutions (light blue) between slabs (001) of structure that do not
display such substitutions (uncolored).

Fi6. 8. Coordination polyhedra for Cul(or Ag2), Cu2, Me2, Pb4 and Bi4 in cosalite, and a definition of opposing in-plane (i,
y') and out-of-plane (x°, y°) bond pairs in the coordination polyhedra of Bi4.
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The only exception is the sample from Altenberg, with
important substitution by Cu and Ag at the Mel site, and
20-30% Sb substituting at the Bi2 and Bi4 sites. Here,
the in-plane bond ratios for Me3 move halfway toward
those of pure Bi sites, and the out-of-plane ratios more
onto the Bi hyperbola. This trend indicates contents of
Bi at the Me3 site that are distinctly higher than in the
other specimens.

The in-plane values of the bond-length ratios in
Figure 9 indicate unambiguously that Me?2 is a slightly
distorted octahedral Bi site. The values of the in-plane
ratios show that the octahedra are more asymmetric
“sideways”, in the S1-S3 plane, whereas the out-of-
plane S3-Bi-S4 configuration is nearly symmetrical
for marginally substituted cosalite. The shape of the
average octahedron changes in the process of substitu-
tion for Me2. For a nearly Ag-free situation (Ocna de
Fier), the bond distribution follows the Bi hyperbola,
but the S3-Bi-S4 bond subset is asymmetric. In the
other substituted samples, the configuration S1-Bi—
S3 moves below, and the configuration S3-Bi-S4
distinctly above the Bi hyperbola. This trend follows
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clearly, although in a less symmetric environment, the
bond-length ratios observed for Bi octahedra in cupro-
bismutite homologues (Topa et al. 2003b). Here, the
slightly foreshortened (i.e., flattened along one axis)
octahedra of pure Bi in kupcikite change to elongate,
partly Ag-substituted octahedra in cuprobismutite (with
a bond configuration of 2 X 2.854 versus 4 X 2.755 A:
Topa et al. 2003a). The octahedral distension reaches its
maximum for the Schareck sample of cosalite, with the
Me2-S3 and Me2-S4 bonds equal to 2.932 and 2.859
A, respectively.

Polyhedron characteristics

In the majority of diagrams based on polyhedron
volume, volume-based eccentricity or sphericity versus
degree of substitution (Table 7), the trends connected
with Agl substitution at the Mel position and those for
(Ag + Cu) substituting at the Me?2 position are positively
correlated in practically all cases, so that they cannot
be separated. Therefore, they were replaced by a joint
substitution trend expressed in the diagrams as “Agl
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Fic. 9. Hyperbolic relationship of the opposing bond pairs in the coordination polyhedra of Bi, Pb and of the mixed cation
positions. Sources of hyperbolae are Topa et al. (2003b) for pure Bi, and Berlepsch ez al. (2001b) for pure Pb, where also a
detailed description of the approach is given. First digit in the symbol is the sample number from Tables 2 and 4.
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+ (1 — occ.”Pb2”)”. The proof lies in the correlation
diagram in Figure 10, where the two above trends
combine along a straight line. The Schareck sample
has slightly lower Ag substitution than the linear trend
predicts, but the Altenberg sample does not follow the
linear correlation.

In agreement with a near-constant Bi:Pb ratio at the
Me3 position of the substituted samples, its Vpolyhedron
changes very little with the degree of substitution (Fig.
11a). However, there is a clear drop in Vaiyhedra toward
the Ocna de Fier sample and a substantial one in the
Altenberg sample, both with a high Bi content in this
position. A progressive drop in eccentricity (Fig. 11b)
is minimal and appears to be connected with overall
reduction in the dimension (thickness) of structural rods
upon substitution.

The drop in Vpolyhedron value for the Mel site from
the marginally substituted samples toward the substi-
tuted ones is due to Bi and Ag + Bi substitution at this
site (Fig. 11c). The position of the Altenberg sample
expresses ~0.5 “excess Bi” pfu. i.e., a marked Ag + Bi
substitution at the Mel site.

The eccentricity of the combined Me1 position (Fig.
11d) increases regularly with substitution, whereas the
opposite holds for volume-based sphericity, which
decreases, especially for the substituted Ocna de Fier
and Altenberg samples.

The volume of the Me2 polyhedron, a pure Bi
position according to the bond-relation hyperbolae,
is 29.5-29.8 A% in the marginally substituted samples
from Felbertal and Habachtal (Fig. 12a). It corresponds

0.25
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to the volumes of unsubstituted Bi octahedra in the
members of the cuprobismutite series (Topa et al.
2003a, 2003b). It decreases in the Ocna de Fier mate-
rial, with the Cu:Ag = 10:1 substitution in the Me2
octahedra, although not as much as was observed for
hodrushite from Swartberg (in which the drop is from
29.6 to 28.7 A3). In the course of the substitution by
Ag, and by Ag + Cu, this value increases to over 30.4
A3, with only slight deviation from linearity (Fig. 12a).
Extrapolation to a zero occupancy by Bi leads to the
value of at least 31.5 A,

Volume-based eccentricity of the Me2 position
shows a slight but distinct increase with all substitutions
(Fig. 12b). Volume-based sphericity remains close to
unity for the degree of total substitution up to 0.35 (Fig.
12c), whereas the volume-based distorsion is lowest for
moderately substituted samples (Fig. 12d, Table 7). The
rise in Vpoiyhedron Of the Me2 octahedra with a combined
or Ag-rich substitution might be caused either by the
increasing steric activity of the lone pair of electrons
of Bi in increasingly distorted, asymmetric octahedra,
or by incorporation of some Pb instead of Bi, as well
as by the distortion of increasingly empty octahedra in
the process of accommodating the larger Ag atoms in
their walls (as opposed to the smaller Cu).

In order to gain an overall picture of the polyhedron
changes connected with the substitution processes, all
cation sites with distorted-octahedron coordination in
the cosalite samples studied were plotted in Figure 13.
The increase in eccentricity of the Bi2 site with substi-
tution is paralleled by a decrease of this value for Bil
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Fic. 10. Correlations between the contents of Agl in the position Mel and the amount
of vacancies in the central Me2 cation (accompanied by insertion of Cu and Ag in its
periphery) in the structurally analyzed samples of cosalite.
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Me2)).

and Bi4 (and, in part, by Me3 as well). The behavior
of the Bi2 site might be connected with the increasing
underbonding of those sulfur atoms that are shared
with the Me?2 site. The combined substitutions in the
Mel site lead to a markedly increasing eccentricity.
The composite trend for the Me2 site has already been
mentioned.

The mechanism of substitution

The process of substitution compositionally means
replacement of Pb by Ag + Cu; the principal structural
feature, however, besides some degree of “lillianite-
like” substitution, Ag + Bi <> 2Pb), is the replacement
of a distinct Bi site by Ag + Cu in the walls of its poly-
hedron, and this calls for explanation. One of our find-
ings is the realization that the solution of this apparent
contradiction lies in preservation of a local balance of
valences, similar to the case of other sulfosalts with

complex substitutions, e.g., those belonging to the
cuprobismutite family (Topa et al. 2003b).

Figure 14 summarizes the principal features of the
processes involved. All of them are plotted against the
percentage of vacancies created at the octahedral Me2
site, which can be up to about half-empty. The apparent
bond-valence sum for Bi at this site drops from over
3 to almost 2.8 in the process, but we consider this
information an artefact arising from the slow expan-
sion of the Me2 polyhedron while being progressively
vacated. A real trend, however, is the increase of the
bond-valence sum at the Mel site, from close to 2.1
to almost 2.6, indicating increasing Bi contents in
the site, not compensated by an equivalent amount
of silver, which is shown at the top of Figure 14. The
bond-valence sum for the Me3 site, a mixed Pb,Bi site
(Wulf 1988, 1995), is remarkably constant, just below
2.2, notwithstanding the amount and type of substitu-
tions at the sites Me2 (and the Cu,Ag sites flanking it)
and Mel. Finally, the combined occupancy of the two
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Cu and Ag sites flanking the vacated Me2 site shows a
close-to-linear relationship with the amount of vacan-
cies at the Me2 site.

Aberrations are few: Bi at Me2 of the sample from
Ocna de Fier appears to have a bond-valence sum
exceeding 3 vu because the Cu—S bonds in the copper-
flanked Me?2 octahedron contract it in comparison to a
fully occupied one. The sample is poor in Ag, also at
the Mel site, and this is compensated by augmented
Cu occupancy of the sites flanking Me2. The Altenberg
sample, rich in Ag, has high Bi contents at both Mel
and Me3, judging from the bond-valence sums. It also
is rich in Ag entering the Mel site.

In total, the principal mechanism of substitution in
cosalite consists of the progressive creation of vacan-
cies at the Me2 site (a Bi site), with 2/3 of the charge
deficit thus created compensated by the flanking trian-
gular — flat pyramidal Cu and Ag sites. The remaining
deficit, which causes underbonding, especially at the
S3 positions, is compensated primarily by introduction
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of Bi at the Mel sites, uncompensated by equivalent
amounts of Ag. These are bonded directly to S3. The
small amounts of Ag at the Mel site (presumably
compensated by an appropriate portion of Bi) increase
with degree of substitution, reaching up to 6-9 at.%,
whereas about 20 at.% of Bi present in the Pb-based
Me3 site remains approximately constant (as obtained
from bond-valence sums). Thus, these two mechanisms
do not play an important role in charge compensation.
This combination of parallel processes of omission,
interstitial insertion and substitution leads to the
resulting effect of (Cu + Ag) substituting for lead in the
chemical formula of cosalite.

SUMMARY OF INDIVIDUAL SUBSTITUTIONS

An analysis of polyhedron attributes reveals that:

(1) the “Me2” site is a partly vacant, distorted
octahedral site containing bismuth, in agreement with
the original suggestion by Macicek (1986). Vacancies

b) volume-based eccentricity
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Fic. 12. Correlation between the polyhedron characteristics of the Me?2 site and the combined substitution at the Mel and Me2
sites in cosalite, as defined in Figure 4. Diagrams (a—d): a) polyhedron volume, b) volume-based eccentricity, ¢) volume-based
sphericity and d) volume-based distortion index (for definitions, see Table 7). In Figure 12¢, points numbers 3 and 5 coincide.
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are accompanied by occupancy of the opposing, “free”
octahedron walls by Cul, Cu2 and (Ag2), all in three-
fold coordination.

(2) Considering all the evidence, this occupancy is
statistical, but with a strong preference of silver for a
slightly pyramidal Cu site over the trigonal planar site.
Dimensions of the “Me2” site deviate progressively
from those characteristic for Bi as the degree of Ag
substitution increases.

(3) The Me3 site appears to be a mixed site with a
fairly constant Pb:Bi ratio, except for the case of the
Altenberg sample, which displays a very high degree
of the overall Bi + Ag — 2Pb substitution. In this case,
the Me3 site appears to have accommodated a higher
proportion of Bi.

(4) The Mel position appears to be a mixed position,
even in the samples with a low degree of substitution;
there it displays a preponderance of Pb. It manifests a
considerable and increasing degree of substitution in
all samples of substituted cosalite. It appears to absorb
especially much Bi in the Ag-rich sample from Alten-
berg. The bond-valence values confirm that there are

THE CANADIAN MINERALOGIST

important Bi contents present at the Mel site that are
not matched by Ag contents.

(5) The remaining cation sites, Bil, Bi2, Bi4, Pb3,
and Pb4, are only marginally influenced by the substitu-
tion processes. They adjust slightly to the geometry and
size of the substituted polyhedra and of the resulting
structure.

(6) In the structure of cosalite, the measurable substi-
tutions are limited to one-to-two octahedra thick slabs
[(100) in our orientation] with a periodically changing
thickness. They are spaced a/2 apart and alternate with
slabs two octahedra thick, in which there is little or
no change (Fig. 7). The substitutions located in the
substitution-prone slabs are cross-correlated in order
to maintain a local balance of valences and to maintain
a size coherence of all substituted and unsubstituted
polyhedra.

(7) Spanning two consecutive Me2 pairs in the
structure is a row of substituted Me2—Mel-Me3—Me3—
Me1-Me?2 sites. These planar segments are glide-planes
related to a similar system of plane segments at ¢/2
(our orientation). Together they, or a similar type of

volume-based eccentricity vs. Vg iihedra
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b) bond-valence sum
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Individual components of the substitution process in cosalite. All changes are plotted against the percentage of

vacancies at the Me2 position. (a) Bond-valence sum for the Me3 site, (b) bond-valence sum for the Mel site, (c) (apparent)
bond-valence sum for the progressively vacated Me2 site, (d) the compound (Cu + Ag) occupancy of the two triangular faces
of the Me2 coordination octahedron, and (e) occupancy of Ag at the Mel site; both latter values come from the structure

refinements (in %). For color codes, see Figure 2.

modulation, might be responsible for the satellite reflec-
tions observed by Pring & Etschmann (2002) using
electron diffraction. The orientation of the substituted
planes and that of the reciprocal lattice rows defined
by satellites agree perfectly. As already stated by the
original authors, only the first-order satellites have
considerable intensities; their spacing should indicate a
~2¢ modulation, at variance with the situation observed
in our samples.

(8) The single sample of cosalite with appreciable
antimony contents analyzed by us indicates that Sb
prefers the marginal bismuth sites Bi2 and Bi4. For
these sites, the dimensions of the lone-electron-pair
micelle are easy to adjust in an environment dominated
by the longest Pb4-S distances. The surrounding poly-
hedra of Pb can adjust to the smaller SbSs coordination
pyramid as well.
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(9) The combination of chemical and structural data
elucidates the complex mechanism of substitution in
cosalite, as was summarized in the previous section.
Because of the multiple sites involved in the substitu-
tion and mutually coupled mechanisms of substitution,
the composition of cosalite is one of the most compli-
cated among the Pb-Bi sulfosalts. On the basis of the
chemical data alone, it can be expressed as percentages
of the three hypothetical end-members, the “unsubsti-
tuted” one and two substituted ones. No variations in
the contents of sulfur in the unit cell, assumed in the
formula proposed by Mozgova & Bortnikov (1980),
were found.

(10) The general structural formula for cosalite can
be expressed as: CuAg; + Pbg os 050 + §Big + (S20. The
subscript s denotes the quantity of Ag and Bi in apfu
substituting for Pb, whereas x and 7 denote the quantity
of Cu and Ag in apfu, respectively, that compensate in
part for the vacated Me2 position.
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