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Microprobe analyses and x-ray crystallographic studies have resulted in the discovery of the following 
new minerals: vikingite (Ag1.ooPb2.,o8b.ooS,.,, Z = 4,  a= 13.603(6)A, b = 25.248(7)A, c = 4.  I 12(4)A, 
'Y = 95.55(3)°, space group: B2/m or Bm), eskimoite (Ag1.,0Pb,.00Bh.,0S•, Z = 4, a = 13.459(5)A, b = 
3O.!94(8)A,c = 4.100(5)A;'Y = 93.35(5)0

, space group: 82/m or Bm),ourayite (Ag12.,Pbi,8i20.,Ss,, Z = 
I, a = 13.457(14)A, b = 44.042(40)1\, c = 4.10O(\O)A, space group: Bbmm or Bb2,m) and 
treasurite (Ag,.,, P!,i°.soBi,.,,Ss, t. = 4,a = 13.349(\O)A, b = 26.538(2O)A, c = 4.092(7), 'Y = 92.77(7)0

, 

space group: 82/m, B2 or Bm). Several related mineral varieties are partly described. Their composi­
tions have been determined but they are present in insufficient amounts for x-ray crystallographic exam­
inations. They have not been given names. Microprobe analyses are given for associated minerals: 
members of the lillianite-gustavite solid solution series, heyrovskyite, galena, galenobismutite, members 
of the bismuthinite-aikinite series and berryite. Crystallization sequences and temperatures of forma­
tions are described and discussed. The new mineral species, the unnamed mineral varieties, the mem­
bers of the lillianite-gustavite solid solution series and heyrovskyite belong to the "lillianite homologous 
series" (LHS). 
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Chemical-Structural Classification 
of the Lillianite Homologues 

The compositional field of the LHS is bound by 
the tie lines galena-galenobismutite, galenobis-
mutite-matildite and matildite-galena (fig. 1). 
The galena-matildite solid solution series may be 
considered a limiting case of the LHS. Pavonite 
and benjaminite posess a closely related structu­
ral motif (Karup-Møller & Makovicky 1977). Ga-
lenobismutite does not belong to the series. 

The crystal structure of lillianite homologues 
consist of layers with 'galena-like structure' pa­
rallel to (010) and separated by discontinous lay­
ers of Pb atoms in trigonal prismatic coordina­
tion (fig. 2). The basic difference among distinct 
members of the lillianite homologous series is 
the thickness of the galena-like layer. Each layer 
consists of chains, parallel to h or h' (fig. 2), 
composed of integer number N of octahedra. 
The chains extend in a zig-zag fashion through­
out the structure of the mineral. 

Basically we may distinguish between lillianite 
homologues in which all the galena-like layers 
have the same thickness (Ni = N2, resulting in 

Ag-Cu-Pb-Bi sulphide assemblages from 
world-wide deposits have been studied. Sizable 
amounts of material were obtained from the cryo­
lite deposit at Ivigtut in Greenland. Other para-
geneses examined were contained in rare mu­
seum specimens borrowed from different institu­
tions. Several new mineral species were disco­
vered which allowed the development of a che­
mical and crystallographic classification of the 
lillianite homologous series (LHS). The details 
are given in Makovicky and Karup-Møller 
{1977a, b). New compositional data were ob­
tained for the associated minerals pavonite, ben­
jaminite, berryite, cosalite, galenobismutite, 
members of the bismuthinite-aikinite series and 
Ag-Bi-bearing galena. 

Four new minerals, vikingite, eskimoite, ou-
rayite and treasurite, were submitted to the 
Commission on New Minerals and Mineral Na­
mes (IMA) jointly by the author and E. Mako-
vicky, University of Copenhagen, and were ap­
proved in April, 1976. 

Ag,S argentite/acanthite galena Pt>,S, 

Fig. 1. Diagram showing all fully described Ag-Pb-Bi sulphi­
des. The lillianite homologous series plots within the triangle 
bound by galena, matildite and galenobismutite. The position 
is shown of each structural member characterized by the inte­
ger N values ranging from 4 to 11. (For structural meaning of 
N, see text). The individual lillianite homologues are plot­
ted on their N lines. The compositional range of schirmerite, 
vikingite, eskimoite and heyrovskyite is shown in heavy lines. 
Numerous members of the lillianite-gustavite series (N= 4) 
have been identified, which is also indicated by a heavy line. 
Cosalite plots within the triangle but it is not a true lillianite 
homologue. 
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h V /h ' 
Fig. 2. Idealized structure ofvikingite projected on (001). The 
unit cell is traced, h: chain of 7 octahedra and W: chain of 4 
octahedra characterizing the vikingite Ni-Ni combination. 
Large circles: sulphur atoms and small circles: metal atoms. 

an orthorhombic structure) and the lillianite ho-
mologues in which the N-values of adjacent lay­
ers are different (Ni=/=N2, and the structure is 
monoclinic, e.g. fig. 2). 

At present the following fully described natu­
ral minerals (with N1-N2 combinations in brack­
ets) are known: gustavite-lillianite (4-4), viking­
ite (4-7, fig. 2), eskimoite (5-9), ourayite 
(11-11), treasurite (4-8) and heyrovskyite (7-7). 
Members with average N (= N'+N' ) less than 4 
have not been found in nature. 

The following formulae represent any member 
of the lillianite homologous series with silver ab­
sent (1) and silver present (2). (T: trigonal pris­
matic coordinated and O: octahedrally coordina­
ted metals): 

(1) PbTPb °_2 Bi°S N+2 (Z = 4) 

(2) PbTPbV2>_2xBi0
+xAg°SN+2 

(Z 4 x = i « max - — assuming 
Ag + Bi *=> 2 Pb) 

All the Ag-free members of the series plot on the 
join galena-galenobismutite. The fully substitu­

ted members on any given N-line, i.e. those with 
maximum silver, plot on the line between gale-
nobismutite and matildite (fig. 1). Thus in prin­
ciple any ideal lillianite homologue can be cha­
racterized by its TV and x values. The latter is 
termed 'the substitution factor'. 

The values for N and x can be calculated on 
the basis of: 

(3) Me/S 
(4) Ag/Pb/Bi 

From (3), x can be calculated for each element in 
(2) and the difference between x (max) and x 
(min), termed Ax, expresses the accuracy for the 
microprobe analyses. Similarly, if N calculated 
from (4) is applied to sulphur, the resulting for­
mula again will yield a A x value showing the 
goodness of fit of the calculated x and N values 
to the entire chemical analysis. (For the calcula­
tion details see Makovicky & Karup-Møller 
1977a). 

The x-value of a mineral plotting on one N line 
cannot be directly compared with the x value 
representing a mineral plotting on another N li-
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ne. In order to make the substitutions comparab­
le, the 'substitution percentage' (L %) has been 
introduced. This value is 100 % for fully substi­
tuted Ag-Bi-end members, and 0 % for those ly­
ing on the galena-galenobismutite join. In tables 
1 and 2, with microprobe analyses for members 
of the lillianite homologous series, the values N, 
L, x and Ax have been computed on the basis of 
(3) and (4) above. 

The values computed using ratio (3) are ex­
tremely sensitive to the accuracy of the sulphur 
determinations. In general, the determination of 
this element is less accurate than those obtained 
for the metals. The values Computed on the basis 
of (3) may therefore be used preferably as a con­
trol on the accuracy of the sulphur determina­
tions provided that the metal determinations are 
reasonably correct. 

The formulae for all lillianite homologues ba­
sed on: 'sum of metals = Crystallographic (ideal) 
N + 1' can be read directly from tables 1 and 2. 
The formulae and the values for N, L %, x and 
Ax (four last columns in tables 1 and 2), given in 
the mineral description section page 45 to 57, 
are based on the 'Ag/Pb/Bi' ratio. 

From the above it is seen that any lillianite 
homologue can be characterized unambiguously 
by its N (average) and L % values. The expres­
sion 4-°L69.7 would thus characterize a member 
of the series with N = 4.0 and a substitution 
persentage equal to 69.7. If one or both end 
members of a series with a certain N value are 
known, for example the lillianite-gustavite se­
ries, the intermediate member may be character­
ized as 4-0Gus35.6Lil64.4 or more briefly as eith­
er 4-°Gus3s.6 or 4-°Lil64.4. This corresponds to 
the feldspar notation An 35.6Ab64.4. 

N lines up to N = 11 are plotted in fig. 1. 
Minerals with N greater than 11 have not yet 
been discovered. With increasing AT the distance 
between the lines decreases and it becomes in­
creasingly difficult to determine the correct N va­
lues exclusively on the basis of the chemical ana­
lyses. Single crystal studies must be carried out. 

The thickness of a galena-like layer in the 
structure of a lillianite homologue may be sub­
ject to structural errors. The average N value of 
a mineral determined by chemical analyses may 
therefore be somewhat different from the ideal 
crystallographic N value. This feature is recog­
nized as continuous streaks, parallel to b*, in 

the Weissenberg photographs and as tails of 
otherwise sharp reflections parallel to b*. 

Metal vacancies might occur in the structure 
of a mineral due to the substitution of 3Pb++ by 
2Bi+++ (Otto & Strunz 1968). One lead position 
would thus be left empty. As a result of this, 
microprobe analyses will again yield slightly al­
tered N values, which will always be less than 
the ideal N. 

Copper, in amounts up to half a weight per­
cent, occurs in several of the minerals. It is as­
sumed that the metal occurs in the tetrahedral 
vacancies. Due to the small amounts of copper, 
the results of the calculations based on the pure 
'Ag+Bi—>2Pb' substitution are only slightly alte­
red. The calculations in tables 1 and 2 are there­
fore based upon the Ag/Pb/Bi ratio ignoring the 
presence of copper. 

Materials Studied 

Only the sulphides related to the system 
Ag-(Cu)-Pb-Bi-S are described. Several of the 
specimens were-investigated previously (Ka­
rup-Møller 1966, 1970, 1972, 1973a, 1973b) and 
have been re-investigated in the present study. 
Crystal-chemical details are given in Makovicky 
& Karup-Møller (1977a, 1977b) and Karup-Møl­
ler & Makovicky (in prep). The following abbre­
viations are used for these references: KM66, 
KM70, KM72, KM73a, KM73b, M-KM77a, 
M-KM77b and KM-M77. The institutions where 
the specimens are kept are given in brackets. 
These are: Geological Museum, University of 
Copenhagen (GMC), Royal Ontario Museum, 
Canada (ROM) and University of Pennsylvania, 
USA (UP). 

1. Gustavite-cosalite-galena mineral specimens from Ivigtut, 
South Greenland. Gustavite, vikingite, eskimoite, berry-
ite, aikinite, mineral A and galena (KM66, KM70, KM72, 
KM73a and M-KM77. GMC). 

2. Specimen 1139. Old Lout Mine, Ouray, Colorado, USA. 
Bismuthinite, pavonite, benjaminite, gustavite, 5-90L6s.7 
and galena. (KM72. UP). 

3. Polished sections 2568 and 2569. Kingsgate, Australia. 
Bismuthinite, cosalite, galenobismutite, 3-75Gus4o.2 and 
galena (GMC). 

4. Polished sections 2953 and 2954. Agenosawa Mine, Japan. 
Bismuthinite, cosalite, 3-8!Gus5i.o, 3-89Gus29.i and gale­
na. (GMC). 
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5. Polished sections LS70-B4-1 and -2. Is Lassinus, Sardinia, 
Italy. 3-66Gus55.8, cosalite, hammarite and galena (Uni­
versity Vrije, Amsterdam, Holland). 

6. Polished section 2801. Yakuki Mine, Fukushima Pref., Ja­
pan. 3-86Gus2i.2 and 6&8Hey».6. (CMC). 

7. Specimen 1124. Alaska Mine, Colorado, USA. Pavonite, 
"cupro-pavonite" and gustavite. (KM72 and 
KM-M77.UP). 

8. Specimen 1140. Gladiator Mine, Colorado, USA. Bismuth-
inite, pavonite, gustavite, aikinite and galena. 
(KM72.UP). 

9. Specimen BSF 1821. Silver Bell Mine, Red Mountain, Co­
lorado, USA. Pavonite, bismuthinite and gustavite. 
(KM72 and KM-M77). (Mining school, Filipstad, Swe­
den). 

10. Specimen ROM M21O03. Bolivar mine, Cerro Bonete, Li-
pez Province, Bolivia. Pavonite (?), Bismuthinite and 
krupkaite (?). (KM72 and KM-M77. ROM). 

11. Specimen ROM M13805. Manhattan, Nevada, USA. Ben-
jaminite-gustavite (a submicroscopic intergrowth), berry-
ite, and krupkaite (?). (KM72 and KM-M77. ROM). 

12. PS.2550. McElroy Township, Ontario, Canada. Cosalite 
and krupkaite (?). (GMC). 

13. Polished section 2571. Treasury mine, Colorado, USA. 
Schirmerite and a schirmerite decomposition mineral. 
(Ramdohr 1960, KM73bandM-KM77b. University of Hei­
delberg, Germany). 

14. Specimen R97I4. Treasury Lodge, Geneva district, Colo­
rado, USA. Treasurite and treasurite decomposition mine­
ral. (KM73b and M-KM77. Smithsonian Institution, Was­
hington, USA). 

15. Specimen ROM M4100. Old Lout Mine, Ouray, Colorado, 
USA: Ourayite, galena and matildite. (KM73b and 
M-KM77. ROM). 

Mineral Descriptions 

The identification of all the minerals described in 
this chapter is based upon microprobe analyses 
and in several cases also upon Weissenberg 
single crystal studies. 

The optical properties of copper-free lillianite 
homologues are so similar that distinction be­
tween them is not possible, not even when ob­
served in mutual contact. 

The x-ray powder patterns of many of the mi­
nerals are of poor quality, especially when the 
Guinier technique is used. This feature, and the 
close structural relationships resulting in similar 
powder patterns among the minerals, practically 
excludes positive identification from powder 
patterns. The powder patterns representing the 
four new minerals, vikingite, eskimoite, treasu­
rite and ourayite, have been optained using 
fragments mounted in the Gandolfi camera after 
having been investigated by the Weissenberg 
method. 

Microprobe data for lillianite homologues ana­
lyzed by the author are listed in table 1 and 
plotted in figs 3-6. Published analyses of known 

members of the lillianite homologous series are 
listed in table 2 and plotted in fig. 7. In the plots 
copper is assumed to have substituted for silver 
and antimony for bismuth. The atomic ratios in 
the two tables are based upon the formula (2). 
The analysis numbers (first column in tables 1 
and 2) correspond to those in figs 3 to 7. In the 
following, the reference, for instance, "table 1, 
7" refers to analysis no. 7 in table 1, and the 
reference "fig. 3, 7" refers to analysis no. 7 in 
fig. 3. 

The microprobe analyses of associated pavo­
nite and benjaminite (table 1, A-K in KM-M77) 
are plotted in figs 5 and 6 (A-K). 

Cosalite does not belong to the LHS. Analyses 
of cosalite (table 8, C1-C9) are plotted in figs 3 
and 4, using the same reference numbers as in 
the table. 

A Hitachi model XMB-5S microprobe was 
used during the present investigation (Mineralo-
gical Institute, University of Copenhagen, Den­
mark). Standards were pure Ag, Cu, Bi, Sb and 
natural galena. The radiation lines were AgLa, 
CuKa, BiLa, SbLa, PbLa, and SKa. Correc­
tions were made according to a modified pro­
gramme after Springer (1977). The notation 'esd' 
in tables 1 and 7-11 stands for 'estimated stan­
dard deviation' and describes the spread of an­
alyses completed on a suite of mineral grains 
with standard measurements taken before and 
after each sequence. 

Vikingite 
This mineral is known only from the Ivigtut gu-
stavite-cosalite-galena paragenesis: It has been 
named after the early settlers of Greenland, the 
Vikings. 

Vikingite is lamellar and has an average grain 
size of 0.5 mm. Reflectance pleochroism is ab­
sent in the air, absent to weak in oil. The reflec­
tance colour is very similar to that of galena. 
Reflectance values recorded in air at the four 
principal wave lengths are according to Vend-
rell-Saz,Karup-Møller & Lopez-Soler (in press.): 
481 (Anm) = 44.6-45.4, 546 (Anm) = 43.1-43.8, 
589 (X nm) = 42.5-43.2 and 644 (A nm) = 
42.1^42.8. Anisotropism by crossed nicols is di­
stinct to strong. Anisotropism colours are light 
grey to steel bluish-black. Microindentation 
hardness ranges from 153-207 and averages 
185±16 (20 grains measured, VHNsogr). 
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TABLE I . M I C R O P R O B E A N A L Y S E S O N M E M B E R S OF THE L 1 L L 1 A N I T E H O M O L O G O U S SERIES C O M P L E T E D D U R I N G T H E P R E S E N T S T U O Y 

P O L I S H E D S E C T I O N N U M B E R , 

L O C A L I T Y , M I N E R A L N A M E 

A N D S A M P L E D E S C R I P T I O N 

Vikingile. 

1 4 1 . Ivigtut. 
2 4 1 . Ivigtut. 8 jpois analyzed in one qrain 
3 2 . Ivigtut. v 

4 3 1 . Ivigtut. Vikingite in galena matrix . 
5 3 1 . Ivigtut. Vikingite around galena areas. 

Eskimo! te. 

6 
7 

8 

9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

35. Iv 
36 . Iv 

glut. 
gtut. 

ROM M4 100. Colorado, USA. 

T , « . . u 

R97I4. 

Treasu 

R9714 

Schi.m 

2571, 
2571, 
2571, 
2571, 
2571, 

2571, 
2571, 
2571, 
2571, 
2571, 

2571, 
2571, 
2571, 
2571, 
2571, 

2571, 
2571, 
2571, 
2571, 
2571, 

ire. 

Colorado, USA. 

ite decomposition mineral 

erile 

grain 

Calorodo, USA. 

1 . 
2 . 
3 . 
4 . 
5 . 

*: 7 . 
8 . 
9 . 

10 . 

1 1 . 
1 2 . 
13 . 
14 . 
15 . 

16 . 
17 . 
18. 
19. 
2 0 . 

analy­
zed 

8 8.2 0.2 0 .2 0.1 30.4 0.5 4 6 . 2 0 . 7 -
8 8.5 0.2 0 .2 0.1 2 9 . 0 0.9 4 5 . 9 0.7 -
6 7 .9 0 -2 0 .2 0 .1 30 .7 0 .6 4 6 . 8 0 . 7 -
9 8.9 0.3 0 .2 0 .1 27 .7 1.0 4 7 . 6 0 .8 -
10 8.9 0 .3 0.2 0 .1 28 .0 1.4 4 7 . 3 1.0 -

15 9 .7 0 .4 0 .3 0 .1 28 .8 0 .9 4 6 . 7 1.1 
9 9 . 6 0 . 1 0 .2 0 . 1 30 .4 0 .6 4 4 . 8 0 . 6 

11 12.5 0 . 6 0 . 5 0 . 1 29 .5 1.5 4 1 . 4 1 . 0 0 .2 0 . 1 16.0 0 . 3 

5 12.7 0 . 3 - 19.6 0 .5 5 0 . 5 0 . 2 - 16.4 0 .2 

8 13.8 0 . 5 19.0 0 .9 4 9 . 8 1.3 - 16.3 0 . 4 

31 2571. 6 spot* analyzed in one grain. 
32 2571. 10 spots analyzed in one groin, 
33 2571 . 10 spots analyzed in one grain 

a 
KM 

19 .0 
18.9 
22 .0 
2 2 . 9 
24 .8 

25 .1 
2 2 . 3 
2 5 . 9 
27 .1 
28 .9 

28 .3 
29 .2 
28 .6 
29 .4 
28.2 

31 .4 
30 .5 
31 .4 
31 .5 
33 .9 

22 .5 0 . 8 
25 .7 1.4 
3 1 . 1 0 . 6 

5 4 . 4 
53 .5 
53 .2 
51 .9 
50 .6 

4 9 . 7 
49 .5 
49 .3 
48 .2 
4 6 . 9 

4 6 . 7 
46 .6 
4 6 . 3 
4 5 . 3 
44 .2 

4 3 . 2 
4 3 . 1 
4 2 . 9 
4 2 . 9 
3 9 . 0 

5 1 . 8 0 . 6 
47 .2 1.0 
4 2 . 8 0 . 6 

U N I T C E L L F O R M U L A 

( Z = 4 ) BASED O N 

S U M O F M E T A L S ( - C o ) » N C r + 

16.4 
16.7 
16.5 
16.3 
. 5 , 7 

16.3 
16.0 
16.3 
16.4 
16.3 

16.2 
16.1 
15.7 
16.2 
16.1 
15.9 . 
16.5 
16.3 
15. B 
15.7 

16.8 0.3 
16.1 0.3 
15.8 0.2 

100.1 
9 9 . 8 

101.5 
100.7 
100.8 
100.4 
97 .5 

101.3 
101.1 
101.3 

100.6 
101.1 
9 9 . 7 

100.1 
97 .6 
9 9 . 8 
9 8 . 6 
99 .2 
99 .4 
98 .5 

101.0 
9 8 . 0 
98 .5 

Ag Co Pb Bi Sb 

16.5 0.2 
16.5 0.2 
16.5 0 .2 
16.5 0 .2 
16.5 0 . 2 

16.2 0 .4 
16.4 0 . 2 

101.5 
100.1 
102.1 
100.9 
101.0 

101.7 
101.4 

1.11 
1.17 
1.07 
1.21 
1.21 

1.59 
1.58 

0.05 
0.05 
0.05 
0.O5 
0.05 

0.08 
0 .06 

is 

I:lt 

3.24 
3.26 
3.27 
3.33 
3.31 

3.95 
3.81 

7.54 
7.63 
7.51 
7.53 
7.53 

8.93 
9.09 

5.5 
5.5 
5.5 
5.5 
5.5 

7 
7 

3.04 0.21 3.73 5.19 - 13.07 11 

1.82 - 1.46 3.73 - 7.89 6 

? " ( C r y , . . ) n o l kn 

g ( C r v i r . ) n ° ' " " e r i n e d 

U n i t c e l l c o n t e n t 

c a n n o t be c a l c u l a t e d 

N (Cr» . l . ) . n ° ' . k "°"" 

Schirmerite decomposition mineral. 

34 2571 . Average analysis of 7 grains 
35 2571. Average analysis of 14 groin] !S:S§:! 33.8 1.0 3 9 . 8 1.3 -

35.2 0 .9 37 .8 0 .9 - HIS:! 99.5 
9 8 . 8 ( C r y » t . ) . 

Lilli' i l te-gu stav i te series members. 

36 1440. Gladiator mine, USA. 
37 t i 2 4 . Alaska mine, USA. 
38 58a. Ivigtut. 
39 1973-188. Ivigtut. Average of host and lamellae. 
40 1973-188. Ivigtut. Host gustovire. 

41 1973-188. Exsolved lamellae. 
42 LS 7 0 - 6 4 - 1 . Sardinia, I taly, li Lassinus mine. 
43 2953. Agenosawa mine, Japan. 
44 2566. Kingsgate, NSW. Australia. 
45 2954. Agenosawa mine, Japan. 

46 2801 . Yakukl mine, Japan. 
47 "Bursaite". Uludag, Turkey. 

"Guitavites" in section 1139, Colorado, USA. 

48 
49 
50 
51 
52 

53 
54 
55 
56 
57 

58 
59 
60 
61 
62 

63 
64 
65 
66 

67 

1139, 
1139, 
1139, 
1139, 
1139, 

1139, 
1139, 
1139, 
1139, 
1139, 

1139, 
1139, 
1139, 
1139, 
1139, 

1139, 
1139, 
1139, 
1139, 

grain 

levrovtkyite 

2801. 

1 . 
2 . 
3 . 
4 . 
5 . 

6 . 
7 . 
8 . 
9 . 

10. 

1 1 . 
12. 
13. 
14. 
15. 

16. 
17. 
18. 
19. 

Yakukl mine Japan. 

Unnamed lil l ianite homologoe 

9 . 1 0 . 2 0 . 3 0.2 18.4 1.0 5 4 . 9 0 . 8 1 . 1 0 . 3 18 
8 . 8 0 . 4 0 . 2 0 .1 18.7 1.2 54 .5 1.5 0 . 2 0.2 17, 
6 . 1 0 . 3 0 .2 0 .1 26 .7 0 .6 4 9 . 7 1.0 - 17. 
6 . 6 0 .3 0 .1 2 7 . 1 0 . 9 50 .5 0 .3 - 17. 
7 . 3 nd. 2 2 . 8 5 1 . 2 - nd 

i:SJ:? S:! 
!:!S:! :" 

0 . 6 
0 . 6 
0 . 5 
0 . 7 
0 .5 
0 . 6 

8.3 
8 .9 

8 .9 
8 . 1 
7 . 9 

8 .3 
8.2 
7 . 5 
7.4 
7 . 3 
7 . 3 
7 .4 
7 . 6 
7.1 

0 . 6 
0 . 6 
0 . 6 

0.4 
0.4 
0.5 
0.4 
0.5 

0 . 5 
0 . 6 
0 . 4 
0 . 6 

31.5 4 6 . 0 
32.4 0 .9 46 .4 1.4 
34 .1 0 . 8 4 4 . 6 0 . 5 
38 .0 0 .8 42 .2 0 .5 
40 .9 0 .8 40 .1 0 .5 

4 3 . 7 0 .5 3 9 . 2 0 . 4 
44 .9 1.2 36 .8 0 . 9 

16.9 
17.2 
17.2 
17.4 
17.4 

17.« 
17.6 
17.7 
19.7 
20 .5 
20 .6 
22 .3 
22 .6 
23.1 
2 4 . 0 

2 4 . 8 
24.9 
25.1 
25.7 

54 .4 
53 .8 
52.1 
5 1 . 3 
53 .2 
54 .3 
5 3 . 9 
53 I 
54 .2 
51 .4 

4 9 . 0 
51 .5 
4 9 . 7 
46 .2 
4 8 . 0 
4 8 . 8 
4 7 . 0 
47 .2 
4 7 . 2 

3 .0 
2 .9 
3 .2 
4 . 5 
2 . 9 

. 2 . 7 
2 . 6 
2 .5 
2 .9 
3 .3 
4 . 2 
2 .5 
2 . 6 
3 .5 
2 .6 
2 . 4 
2 . 7 
2 .5 
2 .5 

i 
6 0 .2 

.0 0 . 4 
1 0.2 

.5 0.2 

17.4 
17.6 
17.4 
17 .0 
17.5 
17.4 
17 .5 
17.7 
17.2 
1 7 . 0 
17.6 
17.2 
16 .6 
17.0 
14.9 

1 7 . 0 
16.9 
17 .0 
17 .0 

102.2 
9 9 . 6 
99 .7 

101.3 

100.3 
9 9 . 1 

100.8 
100.0 

101.1 
100.7 
99 .2 
99 .2 

100.4 
101.2 
101.1 
100.1 
99 .7 

100.7 
100.1 
102.1 
99 .5 
97 .6 
99 .3 

100.8 
99 .5 
9 9 . 8 

i 0 0 . 0 

1139. Colorado, USA. 

14 1.3 - 58.3 2 5 . 0 - 14 .7 

16 8 .9 0 .5 0 . 6 0.1 31.2 1.7 4 2 . 8 1.7 0 .8 0.4 16.3 0 .3 

0.95 0.05 1.00 2.95 0 .10 6.45 
0 .94 0 .04 1 . 0 4 . 3 . 0 0 0 .02 6 .18 
0.67 0.04 1.52 2.81 - 6 .26 
0.71 0.02 1.51 2 .79 - 6.15 
0 .80 nd. 1.30 2 .90 - nd. 

0.55 nd. 1.82 2.63 -
0 .50 0 .07 1.86 2.64 -
0.49 - 1.96 2.55 -

nd . 
6.16 
5 .96 

0.37 0.02 2.15 2 .37 0.11 5 .89 
0 .28 0.02 2.39 2 .33 - 6.24 

0.20 - 2.54 2 .26 - 5 .93 
0.12 - 2 .69 2 .19 - 6 .13 

0.91 0 .10 
0.89 0.11 
0.93 0.09 
0 .87 0 .12 
0.93 0 .09 

0.89 0.11 
0 .94 0 .07 
0.93 0.11 
0.86 0.11 
0.82 0.11 

0 .86 0.07 
0.84 0.07 
0.79 0.09 
0 .80 0.07 
0.78 0.09 

0 .77 0 .09 
0.79 0.11 
0 .80 0.07 
0.75 0.11 

0.91 
0.93 
0.94 
0 .95 
0.94 
0.95 
0 .95 
0.97 
1.08 
l . l l 

1.12 
1.19 
1.25 
1.30 
1.33 
1.36 
1.38 
1.38 
1.42 

2 .90 
2 .90 
2.83 
2 .77 
2.86 

2.91 
2 .87 
2.87 
2.79 
2.76 
2.63 
2.73 
2.72 
2.57 
2.64 
2.65 
2.58 
2.58 
2.59 

0.27 
0.27 
0 .30 
0 .42 
0 .27 

0.25 
0 .24 
0.23 
0.27 
0.30 
0.39 
0.23 
0.24 
0.33 
0.25 
0.22 
0.25 
0.23 
0.24 

6.05 
6 .18 
6.16 
5 .98 
6.13 
6.07 
6 .08 
6 .24 
6.11 
5.95 
6.12 
5.95 
5.91 
6.17 
6 .06 
6.02 
6.05 
6.05 
6.03 

5.45 2.32 - 8.87 7 

. . n o t k n o w n ' 
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Table 3. X-ray powder data on vikingite in polished section 41 
(Gandolfi camera. Cu Ka-rad.) 

VALUES BASED ON 

Me( -Cu) /S 
VALUES BASED ON 

Ag/Pb/Bi RATIO 

5.5 
5.5 
5.5 
5.5 
5.5 

5.27 
4.76 
5.43 
5.29 
5.29 

67.2 
69.6 
66.8 
72.8 
72.2 

1.10 
0.96 
1.15 
1.20 
1.19 

0.05 
0.15 
0.18 
0.06 
0.04 

5.12 
5.23 
4.91 
5.11 
5.17 

67.7 
69.4 
66.8 
73.0 
72.3 

1.05 
1.1? 
0.97 
1.14 
1.15 

0 01 

0.07 
0.01 

7.56 70.7 1.97 0.53 5.78 71.3 1.35 0.12 
6.34 67.9 1.47 0.04 6.18 67.9 1.42 0.01 

10.18 69.7 2.85 0.05 9.92 69.8 2.76 0.01 

6.90 86.8 2.13 0.16 6.33 B7.8 1.90 0.04 

8.09 86.5 2.63 0.19 7.30 87.5 2.32 0.05 

6.00 89.1 1.78 0.58 4.43 95.4 1.16 0.13 
5.00 92.5 1.39 0.11 4.69 93.3 1.27 0.03 
6.17 83.6 1.74 0.60 4.52 88.2 1.11 0.14 
6.41 81.2 1.79 0.64 4.62 85.2 1.12 0.14 

10.93 75.8 3.38 2.02 4.94 80.5 1.18 0.31 
6.05 77.3 1.57 0.40 
5.73 82.1 1.53 0.28 
6.99 75.7 1.89 0.56 
6.14 73.9 1.53 0.28 
6.60 70.4 1.62 0.35 
6.71 71.2 1.68 0.35 
7.49 69.70 1.91 0.60 
8.72 69.9 2.35 1.00 
6.25 69.0 1.47 0.15 
5.16 70.2 1.11 0.19 

4.87 79.2 1.14 0.10 
4.91 84.0 1.23 0.07 
5.23 77.6 1.25 0.13 
5.25 74.7 1.23 0.07 
5.46 70.9 1.23 0.09 
5.56 71.8 1.28 0.09 
5.52 70.3 1.24 0.14 
5.47 70.8 1.23 0.20 
5.75 69.1 1.30 0.04 
5.80 69.9 1.33 0.06 

7.65 65.5 1.85 0.35 6.38 65.4 1.43 0.08 
4.25 65.0 0.73 0.45 5.78 65.4 1.24 0.16 
5.08 63.9 0.99 0.25 5.95 64.2 1.27 0.08 
7.83 65.1 1.90 0.39 6.38 65.0 1.42 0.09 
8.28 61.2 1.92 0.01 8.32 61.2 1.94 O.OO 

4.92 85.1 1.24 0.06 4.74 85.7 1.18 0.02 
5.30 76.7 1.25 0.07 5.09 76.0 1.17 0.02 
6.76 64.9 1.55 0.19 6.08 64.8 1.32 0.05 

? 
? 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

4 
4 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 
4 
4 
4 
4 

7 

? 

12.48 
8.00 

62.9 
59.2 

2.45 109.0 
3.25 109.3 
2.96 78.6 
3.35 76.9 

3.31 
4.22 
4.59 
3.04 

4.35 
3.43 

53.9 
52.6 
45.7 
10.2 

26.9 
3.1 

3.74 107.9 
3.23 116.9 
3.30 114.6 
4.11 101.5 
3.41 II 1.9 

3.66 106.9 
3.62 107.8 
3.04 121.0 
3.51 101.6 
4.24 92.6 
3.30 103.1 
4.25 88.7 
4.48 85.3 
3.29 91.3 
3.70 85.1 
3.92 

i.n 
3.75 
3.65 

8.10 

5.96 

82.5 
82.1 
82.1 
80.5 

14.8 

65.7 

3.30 
1.78 

0.38 
0.68 
0.38 
0.52 

0.35 
0.59 
0.59 
0.05 

0.32 
0.02 

0.94 
0.72 
0.74 
1.07 
0.79 

0.88 
0.87 
0.63 
0.77 
1.04 

0.67 
1.00 
1.06 
0.59 
0.72 
0.79 
0.73 
0.72 
0.66 

0.45 

1.30 

0.82 
0.21 

0.55 
0.23 
0.31 
0.19 

0.15 
0.15 
0.35 
0.35 

0.20 
0.16 

0.15 
0.06 
0.11 
0.37 
0.06 

0.11 
0.01 
0.24 
0.01 
0.35 
0.15 
0.23 
0.37 
0.19 
0.02 
0.07 
0.04 
0.09 
0.03 

0.37 

0.20 

8.57 
9.06 

62.4 
59.6 

3.75 103.0 
3.80 100.1 
3.67 74.7 
3.81 75.1 
3.77 86.4 
3.82 
3.66 
3.85 
3.75 
3.89 

3.86 
3.62 

58.7 
55.8 
51.0 
40.2 
29.1 

21.0 
12.2 

3.41 116.1 
3.41 112.5 
3.54 109.4 
3.32 113.9 
3.54 109.2 

3.42 111.3 
3.60 108.0 
3.61 106.9 
3.53 101.2 
3.46 100.7 
3.64 
3.72 
3.62 
3.74 
3.74 

3.75 
3.88 
3.98 
3.83 

6.68 

5.90 

97.B 
92.6 
90.7 
86.8 
84.9 
83.4 
81.6 
80.9 
79.6 

9.6 

65.7 

2.05 
2.10 

0.90 
0.90 
0.62 
0.68 
0.76 

0.53 
0.46 
0.47 
0.35 
0.28 

0.20 
0.11 

0.82 
0.79 
0.84 
0.75 
0.84 

0.79 
0.87 
0.86 
0.78 
0.73 

0.80 
0.80 
0.73 
0.76 
0.74 
0.73 
0.77 
0.80 
0.73 

0.22 

1.28 

0.16 
0.06 

0.21 
0.07 
0.10 
0.06 
0.12 

0.16 
0.05 
0.04 
0.09 
0.12 

0.05 
0.05 

0.04 
0.02 
0.03 
0.10 
0.02 
0.03 
0.00 
0.08 
0.00 
0.09 

0.05 
0.06 
0.10 
0.06 
0.01 
0.02 
0.01 
0.03 
0.02 

0.09 

0.01 

"hkl 
Meas. 

ahkl 
Calc. Indices 

4 

10 

2 
4 
1 
5 
2 

1 

1 
1 
1 
4 
8 
3 
3 
4 
1 
2 
9 
2 
2 
1 
1 
2 
1 
1 
1 
2 
2 
3 
1 
3 

3.62 

3.40 

3.30 
3.05 
3.00 
2.91 
2.80 

2.50 

2.30 
2.25 
2.14 
2.10 
2.06 
1.991 
1.924 
1.877 
1.840 
1.802 
1.754 
1.703 
1.686 
1.478 
1.454 
1.425 
1.407 
1.384 
1.355 
1.331 
1.309 
1.298 
1.202 
1.181 

3.73 
f 3.42 
\ 3 . 3 8 

3.31 
3.05 
2.99 
2.96 
2.75 

[ 2.54 
2.53 

1 2.52 
2.31 
2.25 
2.15 
2.09 
2.07 

121 
260 
141 
270 
270 
311 
280 
280 
361 
351 
460 
191 
191 
1.10.1 
1.10.1 
660 

Powder data obtained from one fragment iso­
lated from polished section 41 are listed in table 
3. Weissenberg photographs of the same frag­
ment gave a = 13.603(6)Å, b = 25.248(7)Å, c = 
4.112(4)Å andY= 95.55(3)° (M-KM77b). A weak 
8Å level (2xc) was recognized in the x-ray films. 
Extinction and intensity relationships permit 
B2/m and Bm for the very pronounced 4Å sub-
cell and P2/a or Pa for the 8Å unit cell. The 
crystallographic data indicate Ni = 4.0, N2 = 7.0 
and Naverage = 5.5. The proposed structure for 
the mineral (M-KM77b) is shown in fig. 2. 

Weissenberg photographs of fragments of a 
vikingite grain isolated from polished sections 
58a and 31 showed twirining of the mineral on 
(010). Twin lamellae parallel to [001] were often 
observed. 

Microprobe analyses of vikingite are listed in 
table 1, 1-5 and plotted in fig. 3, 1-5. 
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TABLE 2 . P U B L I S H E D C H E M I C A L C O M P O S I T I O N S O F A g - P b - B i - ( C u - S b - S e - T e ) - S M I N E R A L S . 

D E S C R I P T I O N 

U N I T C E L L F O R M U L A 

( Z = 4 ) BASED O N 

S U M O F M E T A L S ( - C o ) - N _ 

Nedochi e t a t . , (1973) 

Members of the I i l l ianire-guitavite series 

Anal. 7 , table 2 in their paper 

17. 
18, 

Czomanske and Hall (1975) 
Type III (Gustavite ?) 
Ana l . A561.D, table 2 in the 

H-2.B, 
H -2 .D , 

Type I (Cosclire ?) 
Ana l . A561.C, table 2 in the! 

A561.A, 
A561.D, 

43.8 
37.7 
37.2 
36.0 
24.3 
23.0 
23.5 
23.6 

19.7 
19.7 
20.1 

40.4 
39.1 
37.9 

38.5 
42.1 
43.4 
44.8 
48 .3 
51 .0 
52.1 
52.3 
53.4 
55.8 
55.4 
52.8 

47.0 
47.5 
48 .6 

30.2 
31 .0 
31 .0 

15.8 
16.4 
16.4 
16.5 
16.5 
16.7 
16.8 
17.2 
16.9 
16.3 
16.7 

16.2 
16.4 
16.2 

:M 

101.0 
99.8 

101.0 
101.2 

98.5 
99.0 

101.5 
101.9 

102.3 
103.0 
100.3 
9B.7 

0.24 
0.46 
0.42 
0.41 

1.00 
0.90 
0.94 
0.94 

0.92 
0.93 
0.99 
0.99 

--0.02 
0.02 

-0.02 
0.02 
0.02 

0.02 
0.02 
0.04 
0.02 

2.54 
2.15 
2.12 
2.06 

1.35 
1.23 
1.27 
1.27 

1.22 
1.12 
1.03 
1.10 

2.21 -
2.38 -
2.45 -
2.54 -

2.65 -
2.82 -
2.79 -
2.79 -

2.85 -
2.95 -
2.98 -
2.91 -

6.18 
5.83 
6.04 
6.13 

5.91 
5.94 
5.82 
5.84 

5.99 
5,81 
5.72 
5.99 

0.13 
0.07 
0.10 

lii 

99.1 
99.1 
99.9 

98.4 
98.8 
97.2 

0.96 
0.94 
0.93 

0.26 
0.31 
0.33 

1.07 2.53 0.43 5.69 0.31 0.01 
1.08 2.57 0.41 5.79 0.29 0.01 
1.09 2.61 0.37 5.68 0.28 0.01 

2.30 1.71 0.73 6.00 0.21 0.02 
2.21 1.74 0.74 5.95 0.25 0.01 
2.18 1.77 0.72 5.99 0.26 0.02 

Type unnamed 

89 Ana l . A56T.E, fable 2 In fhelr 

Type IV 

90 Ana l . D M I . D , table 2 in their 
91 DM1 A . B, 
92 D130A.0, 
« D130A.1 , 

94 3501.4, 
95 D M I . P, 
96 DM1.X2 , 
97 D M 1 . X I , 

98 3501.2, 
99 3501.3, 

100 3501 .1 , 

Type If , onnealed 

101 Ana l . H-2 . at 250°C, table 4 i 
102 H-2 . o t310°C, 

103 H-2 . a t 310°C , 

Type I (Cosal l te?), annealed 

104 Anal . A561 at 310°C, table 4 in their | 

Type IV. Shreds, annealed 

105 Ana l . D M 1 , 250°C, foble 4 in their pa 
106 D M 1 , 250°C, 
107 D M 1 , 310 C, 
'08 D M 1 , 310°C, 

Type IV. Host*, annealed 

!09 Ano l , D M 1 , 250°C, toble 4 In their pa 
110 • D M 1 , 310°C, 
111 D M 1 , 310 C, 

Ontoev (1959). L i l l lan i t« . 

[ ( 2 Ano l . I , table 2 in his paper 

Analyses by Dr. Kieft - unpublished 

113 Anat. 1 

114 Ana l . 2 

Nuff ield (1975). Gustavite 

115 Ana l . 3 , table 5 in his paper 

116 4 , 

Harris and Chen (1975). Gustavite. 

117 Ana l . 1 , table 4 in their paper 
118 2 , 

119 3 , 

Karup-M^ller (1972). Gustavite. 

120 Ana l . 1-1821, table 5 in his pap 

121 2-1821, 

K lomins l t ye ta l . , (1971). 

"Bursai t e * 

122 Ana l . 15, table 3 in their paper 
123 16, 

124 Ana l . 4 , table 3 in their paper 
125 6 , 
126 S, 
127 3, 
128 2,' 

Syritsoond Senderova (1964). L i l l i an i te? 

129 Ana l . 1 , table 1 in their paper 
130 2 , 

Borodaev and Mozgowa (1971). Gustavite. 

131 Ano l . 16, table 1 in their paper. 

22.2 43 .0 4.4 16.1 2.5 0.10 97.7 1.60 3.07 0.54 7.48 0.47 0.01 5 . 5 ? 

their poper 9.5 

39.3 
38.9 
37.3 
37.3 

33.2 
29.4 
29.2 
29.4 

32.2 
32.4 
29.0 

26.7 
41.7 
44.1 

43.4 

14.8 
19.4 
I I . 4 
19.6 

41.0 
40.5 
42.5 

31.6 
33.9 
34.6 
34.8 

36.5 
36.9 
37.5 
37 .8 

37.9 
38.3 
40.1 

42.9 
31.9 
30.0 

28.5 

47 .2 
45 .9 
48 .0 
45.4 

30 .6 
30.9 
31.4 

1 
5 
-

li? 
7.0 

I 
•:! 

il 
1 
iti 

£ 
16.0 

8 
S! 

J:? 
!:? 

i 
» 

% 
1.4 

6.7 
7.7 

M. 

0.79 
0.64 
0.59 
0.59 

0.75 
J.00 
0.95 
0.87 

0.64 
0.71 
0.64 

0.21 
0.20 
0.25 

0.12 

23.2 
20.5 
24.3 
20.5 

0.68 
0.68 
0.90 

98.7 
100.3 
98.7 
98 .7 

99.3 
99.3 
99.0 
99.1 

98.4 
99.8 
98.4 

100.1 
*9 .9 
99.8 

98.8 

98.4 
100.1 
98.3 

101.1 

99.2 
98.3 

100.6 

1.32 -
1.22 -
1.17 -
1.17 -

1.51 -
1.94 -
1.89 -
1.82 -

1.46 -
1.56 -
1.62 -

1.28 -
0.77 -
0.73 -

0.26 -

0.49 -
0.43 -
0.75 -
0.67 -

1.32 -
1.24 -
1.11 -

3.71 
3.63 
3.55 
3.54 

3.11 
2.70 
2.68 
2.71 

3.02 
2.96 
2.69 

1.88 
3.05 
3.22 

2.46 

1.79 
2.25 
1.39 
2.21 

3.82 
3.83 
3.96 

35 

! 

ii 
i?, 
1.61 

1 
is 

0.02 
0.01 
0.02 
0.02 

0.01 
0.02 

" 

0.34 
0.36 
0.38 

0.68 

0.04 
0.04 
0.04 
0.03 

0.03 
0.03 
0.03 

6.46 
6.57 
6.70 
6.99 

7.19 
6.46 
6.05 
6.31 

7.15 
6.80 
7.43 

7.14 
7.28 
6.98 

5.88 

3.37 
3.45 
3.55 
3.36 

6.20 
6.73 
6.20 

2.23 
2.23 
2.20 
2.02 

1.82 
2.41 
2.48 
2.42 

1.92 
1.92 
1.75 

0.41 
0.46 
0.44 

0.21 

2.16 
2.32 
2.15 
2.28 

2.20 
2.04 
2.22 

0.12 
0.10 
0.09 
0.09 

0.11 
0.15 
0.14 
0.13 

0.10 
0.11 
0.10 

0.02 
0.02 
0.03 

0.01 

4.57 
3.87 
4.82 
3.76 

0.10 
0.10 
0 . M 

7 
7 
7 
7 

7 
7 

7 

7 
7 

ill 
4 

ii 
H 

2.2 

5:2 

J:S 

a 
1:1 

1:8 
i . i 
i . i 
i . i 

1:1 

n 

-
IS 

£ 2 0 

-_ 

r* 

-_ 

\ 

82 

48.3 

33.5 
30.55 

22.44 
22.39 

18.9 
20.2 
19.9 

18.3 
18.2 

45 .0 
44 .6 

58.6 
57.4 
58.0 
54.7 
53 .6 

49.61 
49.75 

33.2 

45.2 
47.05 

55.03 
55.23 

5 2 . 0 
50 .3 
53.2 

53 .1 
53.1 

38.5 
3 9 . 3 

24.9 
25.9 
26.3 
27.7 
28.3 

31.31 
30.44 

0.2 

: 

-
3.3 
3.6 

3.1 
2.5 

: 

\ 

0.57 
1.01 

15.5 

15.55 
16.7 

15.32 
16.30 

17.7 
17.6 
17.4 

17.5 
17.6 

14.7 
14.7 

14.5 
14.5 
14.5 
14.4 
14.4 

15.35 
15.55 

-
; 

-

; 

; 

I 

; 

; 

2.82 1.92 0.01 5.84 

0.60 0.05 1.88 2.52 -
0.59 0.07 1.74 2.66 -

5.65 
6.16 

100.64 
101.27 

100.8 
99.5 
99.9 

101.6 
100.0 

97.5 
98 .9 

100.7 
100.1 
99.7 

1.01 2.77 0.30 6.14 
1.11 2.73 0.34 6.24 

1.00 - 1.10 2.91 

0.94 0.07 0.97 2 .80 0.28 6.02 
0.95 0.07 0.98 2.84 0.23 6.13 

0.11 
0.11 

II 
2.44 2.24 
2.61 2.28 

5.49 2.31 
5.39 2.41 
5.38 2.42 
5.03 2.53 
4 .96 2.60 

5.58 
5.56 

8.70 
8.56 
8.61 

8.9 0.5 18.2 56 .2 

8:2 8:!? i:S 1:75 §:?8 i:S 

0.92 0.09 0.98 3 . 0 ! 
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VALUES BASED ON 

M«(-Cu)/S 

VALUES BASED ON 

Ag /Pb /e ; RATIO 

3.22 
5.00 
3.61 
3.43 
4.51 
4.30 
5.07 
4.95 
4.04 
5.14 
5.95 
4.03 

6.2 
47.2 
42.5 
42.6 
80.7 
64.4 
82.4 
82.7 
88.5 
87.9 
89.2 
94.8 

0.04 
0.71 
0.38 
0.31 
1.01 
0.97 
1.26 
1.22 
0.90 
t.38 
1.76 
0.96 

0.34 
0.31 
0.05 
0.11 
0.18 
0.04 
0.24 
0.20 
0.05 
0.47 
0.77 
0.07 

4.08 
4.20 
3.94 
3.69 
5.05 
4.21 
4.42 
4.41 
4.17 
3.96 
4.02 
4.22 

24.0 
43.6 
43.5 
45.0 
79.4 
84.8 
84.5 
64.5 
87.7 
94.1 
98.5 
93.3 

0.25 
0.48 
0.42 
0.38 
1.21 
0.94 
1.02 
1.02 
0.95 
0.92 
1.00 
1.04 

0.12 
0.08 
0.02 
0.03 
0.06 
0.01 
0.06 
0.05 
0.02 
0.12 
0.17 
0.02 

3.96 96.8 0.95 0.01 3.98 96.6 0.96 0.00 
3.68 99.6 0.84 0.09 3.91 97.0 0.93 0.03 
4.22 93.8 1-04 0.15 3.87 96.7 0.90 0.04 

2.96 14.3 0.07 0.28 
3.15 27.5 0.16 0.21 
2.99 25.2 0.13 0.28 

4.54 78.5 1.00 0.24 
5.01 76.9 1.16 0.09 

3.35 ?4.9 0.64 0.46 

3.60 30.2 0.24 0.09 
3.63 35.8 0.29 0.07 
3.64 37.5 0.31 0.O9 

5.30 77.1 1.27 0.08 
5.28 76.4 1.25 0.03 

.4.64 85.4 1.13 0.16 

8.58 47.8 1.57 0.02 8.70 47.9 1.60 0.01 
7.65 48.2 1.35 0.09 7.28 47.8 1.26 0.02 
7.23 49.3 1.29 0.18 6.57 48.4 1.11 0.05 
6.45 48.4 1.08 0.02 6.52 48.5 1.10 0.01 

6.10 57.2 1.17 0.34 
6.96 66.1 1.64 0.58 

11.2 66.4 3.04 0.35 
8.19 65.9 2.04 0.10 

5.97 58.9 ».17 0.20 
8.93 61.4 2.13 0.37 
5.20 66.1 1,06 0.40 

7.53 58.2 t.61 0.H 
10.2 66.2 2.71 0.21 
9.34 66.4 2.44 0.08 
8.72 65.9 2.22 0.03 
6.75 59.5 1.41 0.06 
7.38 60.9 1.64 0.09 
6.74 66.2 1.60 0.13 

5.5? 5.23 75.2 1.21 0.03 5.33 75.1 1.25 0.01 
5.5? 4.18 34.3 0.38 0.48 5.83 42.4 0.81 0.17 
5.5? 5.86 38.0 0.73 0.07 6.12 38.7 0.80 0.02 

3.62 21.4 0.17 0.14 3.96 26.5 0.26 0.04 

2.70 123.5 0.43 0.41 
3.84 79.8 0.74 0.96 
2.19 329.9 0.32 0.04 
4.65 78.7 1.04 1.14 

2.07 543.0 Q.19 Q.U 
2.28 126.5 0.17 0.16 
2.13 436.2 0.29 0.01 
2.60 100.5 0.30 0.24 

7 ? 15.5 49.1 3.30 1.16 9.43 46.5 1.73 0.21 
7 ? 8.23 45.1 1.41 0.04 8.44 45.3 1.46 0.01 
7 ? 13.6 46.3 2.69 1.33 7.78 42.1 1.22 0.23 

In polished sections 2 and 41 vikingite is asso­
ciated with cosalite and small amounts of galena. 
Microprobe analyses of the cosalite in polished 
section 2 are listed in table 8, CI and plotted in 
fig. 3, C1. The vikingite fragment investigated by 
the Weissenberg and the Gandolfi methods was 
removed from a grain in polished section 41. The 
remnants of this grain in the polished sections 
were analyzed in 8 different spots, table 1, 2. 
The analysis is very close to that determined on 
8 different grains in the same polished section 
(table 1, 1). The last is plotted in fig. 3, 1. 

In polished section 31 vikingite occurs associ­
ated with cosalite (fig. 3, C2) or as lamellae in 
galena. Vikingite was identified by single crystal 
studies. Microprobe analyses on vikingite asso­
ciated with cosalite and galena gave the results 
listed in table 1, 4 and 5. The difference in the 
average composition of vikingite in the two as­
sociations lies within the experimental error. 

The greatest difference in chemical composi­
tion was found between analyses 3 and 4, and is 
due to a small degree of the Ag+ + Bi+++ *•*• 
2Pb++ substitution. The analyses suggest: 

Polished section 2 
Ago.97Cuo.05Pb1.97Bi2.97S6.91, N (chemical) = 4.91, 
L % = 66.8, x = 0.97 and Ax = 0.05. 
Polished section 31 
Ag1.14Cuo.05Pb1.83Bi3.14S7.11, N (chemical) = 5.11, 
L % = 73.0, x = 1.14 and Ax = 0.02. 
The ideal formula is 
Agi.ooPb2.5oBi3.ooS7.5, Z = 4, N (cryst.) = 5.5, 
L% = 57.1 and x = 1.00. 

4.93 20.1 0.30 0.00 4.92 20.0 0.29 0.00 

6.73 59.6 1.41 0.97 
3.31 61.5 0.40 0.22 

11.64 
5.29 

78.3 3.77 3.49 
83.3 1.37 0.84 

3.39 107.8 0.75 0.11 
3.04 110.0 0.57 0.18* 
3.17 107.2 0.63 0.40 

7.60 36.6 1.03 1.66 
8.00 38.4 1.15 1.90 

9.30 16.9 0.62 0.73 

13.30 29.3 1.65 1.73 
12.13 29.5 1-49 1.53 

4.21 56.5 0.62 0.20 
3.83 62.6 0.57 0.07 

3.61 92.1 0.74 0.42 
3.43 93.6 0.67 0.19 

3.65 103.4 0.85 
3.45 101.0 0.73 
4.23 93.4 1.05 

0.03 
0.06 
0.14 

3.67 105.4 0.89 
3.73 104.2 0.90 

3.69 12.5 0.11 0-29 
3.62 12.8 0.10 0.31 

6.57 
6.23 
6,19 

8.2 0.19 0.15 
0.5 0.18 0.16 
8.4 0.'8 0.22 

18.1 0.42 0.27 
18.6 0.41 0.26 

5.16 18.9 0.30 0.02 
5.32 20.3 0.34 0.02 

5-66 90.9 t.66 0.83 3.71 103.4 0.E 

Eskimoite 
Eskimoite, like vikingite, is only known from the 
Ivigtut gustavite-cosalite-galena paragenesis. It 
was named after the first inhabitants of Green­
land, the Eskimos. 

Eskimoite is lamellar and has an average grain 
size of 0.5 mm. It is optically indistinguishable 
from gustavite and vikingite. Reflectance values 
recorded in air at the four principal wave lengths 
are according toVendrell-Saz et al. (in press.):481 
(Anm) = 45.4-48.2, 546 (Anm) = 43.7-46.5, 589 
(Anm) = 42.8-45.6 and 644 (Anm) = 42.0-44.8. 

The micorindentation hardness measured on 
20 grains (VHNsogr) ranges from 162 to 223 and 
averages 191 ±20. 

Gandolfi powder data for eskimoite are listed 

4 D.g.F. 26 

http://Ago.97Cuo.05Pb1.97Bi2.97S6.91
http://Ag1.14Cuo.05Pb1.83Bi3.14S7.11
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TABLE 2 , C O N T I N U E D . 

D E S C R I P T I O N W i . % - V A L U E S 

U N I T CELL F O R M U L A 

( Z - 4 ) BASED O N 

S U M O F M E T A L S ( - C u ) 
C r y , t . T 

A 9 

O n t o e v e t o l . , (1972). 

•Se-free ond Ag-beo ring wittite" 

132 And). 1 , table 3 in their pcf 
133 
134 

Mozgovo et o l . , (1976). 

Heyrovskyite 

135 Anal . 1 , rabl* 1 In their paper 
136 2, 
137 3 , 
138 3a, 

Large and Mumme (1975). 

Se-heyrovsfcyite 

139 Anal . 1 , table 6 in their paper 

5.1 
5.1 
5.1 

-
--

29.3 
30.2 
30.7 

49.0 
49.1 
49.2 

15.1 
16.0 
15.8 

1.9 0.1 56.1 28.3 0.5 15.6 
1.05 - 54.26 28.81 0.11 15.24 0.24 
1.01 1.05 54.53 28.18 - 1 5 . 3 1 ' -
1.8 - 54 .4 27.2 - 14.0 -

140 
141 
142 

2 , 
56 .6 27 .0 
5 4 . 0 28.1 
55 .2 27 .0 
54 .6 26 .6 

10.3 7.1 
11.1 6.8 
11.2 6.8 
11.8 6.7 

98.5 
100.4 
100.8 

102.5 
99.71 

108.08 
97.4 

I 

0.56 
0.55 
0.55 

1.67 2.77 - 5.56 
1.70 2.74 - 5.82 
1.72 2.73 - 5.72 

0.33 0.03 5.06 2.53 0.08 9 .10 -
0.19 - 5.11 2.69 0.02 9.27 0.06 
0.18 0.32 5.17 2.65 - 9.38 -
0.33 - 5.13 2.54 - 8.53 -

0.06 5.43 2 .57 - 6.36 1.78 
5.28 2.72 - 7.01 1.74 
5.39 2.61 - 7.06 1.77 

- 5 .39 2.61 - 7.53 1.74 

'2S2 

Lillianit* 

Fig. 3. Microprobe analysis plots representing members of the 
Ivigtut gustavite-cosalite-galena paragenesis. Small symbols 
within an outlined area represent analyses on individual mine­
ral grains representing one distinct mineral species in one po­
lished section. Large symbols represents the average of these 
values. Numbers refer to analysis numbers in the left column 
in table I and table 8. 

No. 1,3,4 and 5: vikingite in polished section 41, 2 and 31. 
4: vikingite lamellae in galena matrix in polished section 31. 5: 

vikingite in areas surrounding the galena matrix-vikingite in 
polished section 31. 6 and 7: eskimoite in polished section 35 
and 36. 38 and 39: average composition ofgustavite host and 
exsolved phase in polished sections 58a and 1973-188. 40: gu-
stavite host in polished section 1973-188 and 41: exsolved 
phase in this (40 and 41 are reproduced from KM70). CI and 
C2: cosalite associated with vikingite in polished sections 2 
and31. C3 and C4: cosalite associated with gustavite in polish­
ed sections 1973-188 and 58a. 
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VALUES BASED ON 

M t ( - C u ) / S 

7.86 66.5 1.95 1.92 
5.03 65.2 0.99 0.64 
5.97 64.8 1.29 1.04 

7 6.30 15.8 0.34 0.08 
7 5.03 6.04 0.09 0.10 
7 4.81 2.06 0.03 0.21 
7 14.04 28.2 1.70 2.17 

42.3 29.5 5.96 11.91 
9.29 20.6 0.75 1.50 
8.65 17.3 0.58 1.15 
5.71 4.97 0.09 0.18 

VALUES BASED ON 
Ag/Pb/B i RATIO 

3.52 66.4 0.51 0.32 
3.56 64.6 0.50 0.15 
3.58 63.6 0.50 0.22 

6.02 14.4 0.29 0.02 
5.36 8.98 0.15 0.00 
5.49 8.54 0.48 0.06 
6.22 14.0 0.29 0.31 

in table 4. Cell dimensions obtained from Weis-
senberg photographs gave: a = 13.459(5)Å, b = 
30.194(8)Å, c = 4.100(5)Å andy =93.35(5)°. Ex­
tinction and intensity relationships permit the 
space group possibilities B2/m and Bm. Crystal-
lographic Ni = 5, N2 = 9 and Naverage = 7.0. 
(Note that eskimoite has the same average cry-
stallographic N as heyrovskyite. Therefore hy­
pothetical varieties of the two minerals with si­
milar L % and x cannot be distinguished from 
each other by means of only microprobe analy­
ses). The Weissenberg photographs show twin­
ning on (010). Twin lamellae parallel to the la­
mellar c-axis direction are often present. 

Microprobe analyses for eskimoite are given 
in table 1, 6 and 1, 7, fig. 3, 6 and 3, 7. The 
analyses suggest: 

Polished section 35 
Ag1.35Cuo.08Pb2.08Bi3.35S7.78, N (chemical) = 5.78, 
L % = 71.3, x = 1.35 and Ax = 0.12. 

Fig. 4. General: see beginning of text to fig. 3. 8: ourayite. 
(Spl. ROM M4100). 9 and 10: treasurite and treasurite decom­
position mineral (Spl. R9714). 11-30: schirmerite (polished 
section 2571). 31-33: analyses on different spots of three in­
dividual schirmerite grains. 34 and35: schirmerite decomposi­
tion mineral in two different areas in the polished section 2571. 
42:3-"Gusss.s (polishedsection LS-70-B4-1). 112 and 113: two 
analyses (table 2, 113-114) by Kieft (unpublished) on the mine-

Lillianite 

ral in PS LS-70-134-1 represented by analysis no. 42. C7: com­
posite of one cosalite grain in polished section LS-70-B4-1. 43 
and 45:3 • 6SGussi.o and3 -i9Gusi9. \from the Agenosawa mine, 
Japan. 44: 3-75Gui40.2 (Kingsgate, Australia). C5 and C6: co­
salite associated with 3 • "Gusm. i and galenobismutite respec­
tively (Kingsgate, Australia). 46: 3-86G«S2i.o and 67: heyrov-
skyite(6-6sHey9.6)from Yakukimine, Japan. 47: "bursaite" = 
3 '2Gus 12.2 (Bursa, Turkey). 

http://Ag1.35Cuo.08Pb2.08Bi3.35S7.78
file:///from
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Fig. 5. General: see beginning of text to fig. 3. 48-66: 'gustavi- 1139). D: benjaminite (Spl. 1139). 36: 3-'"Giism.«(Spl. 1140). 
tes' (Spl. 1139). 68: 5-»°Z.65.7 (Spl. 1139). C: pavonite (Spl. E: pavonite (Spl. 1140). 

Fig. 6. General: see beginning of text to fig. 3.37:3-80G«sioo.i M21003). G: benjaminite with submicroscopic gustavite (Spl. 
(Spi. 1124). H and I: two host pavonite grains for K and J: ROM M13805). P: analyses on pavonite by Nedachi et at. 
exsolved lamellae (Spl. 1124). F: pavonite (?). (Spl. ROM (1973). 
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Heyrovskyite 

Ourayite occurs as irregularly shaped laths, 
less than 0.1 mm in length, enclosed in a very 
fine grained matrix of galena and matildite. The 
last two minerals were probably decomposition 
products of schapbachite. The optical properties 
of ourayite are indistinguishable from those of 
gustavite, vikingite and eskimoite. Due to the 
fine grain size of the mineral reflectance and 
microindentation hardness could not be recor­
ded. 

Single crystal examinations show that the ou­
rayite is orthorhombic with a = 13.457(14) Å, b 
= 44.042(40) Å, c =' 4.100(10) Å and space 
groups Bbmm or Bb2im. Crystallographic N = 
11. Gandolfi powder data are listed in table 5. 

Microprobe analyses of 11 grains (table 1, 8) 
are plotted in fig. 4, 8. The analyses suggest: 

Fig. 7. Plot of the published chemical analyses listed in table 
2. The numbers in the figure corresponds to analysis numbers 
at left column in table 2. 

Polished section 36 
Ag1.42Cuo.O6Pb2.34Bi3.42S8.is, N (chemical) = 6.18, 
L % = 67.9, x = 1.42 and Ax = 0.01. 

The ideal formula is 
Agi.5oPb3.ooBi3.5oS9,Z = 4, N (cryst.) = 7.0, L % 
= 6 0 % and x = 1.50. 

The calculated density based on the ideal 
composition is 7.12 g/cm3. 

Ourayite 
Ourayite has been found only in specimen ROM 
M4100 labelled 'beegerite', Old Lout Mine, Ou­
ray, Colorado, USA. The name is after the loca­
lity. The mineral was erroneously considered 
identical with schirmerite in the descriptions by 
the author (KM73b). 

http://Ag1.42Cuo.O6Pb2.34Bi3.42S8
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Table 4. X-ray powder data on eskimoite in polished section 35 
(Gandolfi camera. Cu Ka-rad.) 

Table 5. X-ray powder data on ourayite in spl. ROM M4100 
(Gandolfi camera. Cu Karad.) 

I 

3 
10 
3 
5 
6 
1 
2 
1 
4 
5 
2 
5 
4 
1 
1 
1 
3 
3 
2 

1 
1 

3 

A / " • . . . 

"hkl 
Meas. 

3.53 
3.36 
3.22 
2.96 
2.87 
2.80 
2.72 
2.22 
2.08 
2.05 
1.776 
1.754 
1.667 
1.474 
1.448 
1.393 
1.328 
1.307 
1.292 
1.300 
1.212 
1.189 
1.179 
1.121 

. „ n u , . „ D : . - , , C . 

"hkl 
Calc. 

3.53 
3.37 
3.21 
2.93 
2.86 
2.81 
2.69 

«~ XT / ^u~~ . : r t 

Indices 

270 
.280 

280 
290 
331 
2.10.0 
2.10.0 

„ 1 \ _ ( 1 Q 1 

I 

10 

6 

2 

2 

9 

6 

1 
9 
7 
2 
1 
1 

. 7 
2 
2 
3 
4 
1 
2 
5 

3 
3 
2 

"hkl 
Meas. 

3.43 

3.33 

3.20 

3.05 

2.96 

2.85 

2.17 
2.09 
2.04 
2.00 
1.97 
1.84 
1.79 
1.76 
1.73 
1.71 
1.66 
1.48 
1.36 
1.32 
1.29 

, 1.21 
1.18 

"hkl 
Calc. 

/ 3 . 4 6 
13.44 
T3.35 
13.33 
J3 .22 
13.19 

3.03 
f3.00 
12.92 
f2.92 
V2.85 

Indices 

161 
2.11.0 
410 
420 
2.12.0 
181 
2.13.0 
321 
314 
351 
2.14.0 

L % = 69.8, x = 2.76 and x = 0.01. 
The ideal formulae is 
Agi2.sPbi5Bi2o.5S52,Z = 1 ,N(cryst.) = 11.0, L% = 
69.4 and x = 3.125. 

The calculated density using the ideal formula 
is 7.24 g/cm3. 

Treasurite 
Treasurite forms an 1 x 1.5 mm aggregate in 
sample R9714, labelled 'schirmerite'. The mine­
ral is named after its locality, the Treasury Mine, 
Colorado, USA. The mineral was erroneously 
identified as schirmerite by KM73b. 

The aggregate contains only a few treasurite 
grains. Partial, presumably hypogene, alteration 
of the mineral has resulted in the intergrowth of a 
very fine grained mineral with the same optical 
properties as treasurite. This secondary mineral 
is described below as 'the treasurite decomposi­
tion mineral.' 

The optical properties of treasurite are in­
distinguishable from those of vikingite, eskimoite 
or ourayite. The fine grain size has excluded the 
determination of reflectance and microindenta-
tion hardness. 

Weissenberg photographs show that treasurite 
is monoclinic: a = 13.349(10) Å, b = 26.538(20) 
Å, c = 4.092(7) k,y = 92.77(7)° and space groups 
B2/m, B2 or Bm. Gandolfi examination of the 
single crystal fragment gave a number of diffrac­
tion lines. Those indexed as treasurite powder 
lines are listed in table 6. Additional unindexable 
lines, considered to have resulted from mineral 
impurities in the examined fragment have been 
omitted from the table. 

Crystallographic Ni = 4, N2 = 8 and Naverage = 
6. 

Microprobe analyses on 5 treasurite grains are 
listed in table 1, 9 and plotted in fig. 4, 9. The 
analyses suggest 
Ag1.90Pb1.50Bi3.90S8.33, N (chemical) = 6.33, L % 
= 87.8, x = 1.90 and Ax = 0.04. 
The ideal formula is 
Ag1.75Pb1.50Bi3.75Ss, Z = 4, N (cryst.) = 6, L % = 
87.5 and x = 1.75. 

The calculated density using the ideal formula 
is 7.25 g/cm3. 

http://Ag1.90Pb1.50Bi3.90S8.33
http://Ag1.75Pb1.50Bi3.75Ss
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Table 6. X-ray powder data on treasurite in spl. R9714 (Gan-
dolfi camera. Cu-rad.) 

dhkl 
Calc. 

3.60 
3.56 
3.36 
3.23 
3.20 
2.91 
2.88 
2.82 
2.09 
2.09 
2.08 
2.05 
2.04 
2.02 
2.02 
1.962 
1.958 
1.958 
1.817 
1.779 
1.767 
1.734 

Indices 

260 
131 
270 
270 
420 
280 
331 
331 
551 
650 
640 
002 
012 
660 
650 
561 
670 
3.10.1 
690 
262 
0.15.0 
690 

I 

5 
10 
3 
8 
1 
5 
5 
5 

3 

6 

6 

1 

1 

2 

"hkl 
Meas. 

3.63 
3.49 
3.35 
3.22 
3.18 
2.93 
2.86 
2.82 

2.09 

2.03 

1.989 

1.955 

1.824 

1.757 

1.732 

Treasurite decomposition mineral 
The treasurite decomposition mineral is very 
fine grained which excludes single crystal stu­
dies. Microprobe analyses on 8 grains are listed 
in table 1, 10 and plotted in fig. 4, 10. They sug­
gest: 7-30L87.5 with x = 2.32 and Ax = 0.05. 

Schirmerite 
Schirmerite in polished section 2571, previously 
described by Ramdohr (1955) and KM73b, is the 
most complex of the Ag-Pb-Bi sulphides so far 
discovered. The mineral occurs as lamellar cry­
stals up to 2 mm in length interstitial to quartz. It 
is sometimes replaced by a very fine grained 
sulphide considered to be hypogene in origin. 
This mineral is described below as the 'schirme­
rite decomposition mineral'. 

Microprobe analyses on 20 schirmerite grains 
are listed in table 1, 11-30 and plotted in fig. 4, 
11-30. The analyses lie within a narrow, elonga­
ted field parallel to a line with nearly constant 
AglSMe. Three relatively large grains were each 
analyzed at several points (table 1, 31-33, fig. 4, 
31-33). The analyses of the three grains suggest 
a relatively homogeneous composition of each 
grain. 

A fragment giving the analysis no. 33 in table 
1, was isolated for single crystal examinations. 

The Weissenberg photographs show that the 
schirmerite is strongly disordered (M-KM77b). 
The linear shape of the compositional field (fig. 
4, 11-30) suggests that each grain is composed of 
two types of galena-like layers with different 
layer thickness. The composition field nearly ex­
tends between that of the pure end member gu-
stavite (N = 4, AgPbBisSe) and a point on the 
line with N = 7 corresponding to the composi­
tion Ag1.5Pb3Bi3.5S9. These two end members are 
thus considered to represent the composition of 
the two principal types of layers. Their presence 
in variable proportions explain the elongated 
composition field of schirmerite. Therefore, the 
conventional mineralogical properties such as 
cell dimensions, unit cell content, density, etc., 
cannot be assigned to schirmerite. However, 
each grain is characterized by distinct chemical 
N, substitution percentage (L %) and substitu­
tion factor (x). These values for each of the an­
alyzed grains are given in table 1. 

The optical properties of the individual schir­
merite grains do not differ visibly, and the grains 
cannot be distinguished from other lillianite ho-
mologues by these properties. 

Schirmerite decomposition mineral 
This mineral is very fine-grained, excluding 
single crystal studies. Optically it cannot be di­
stinguished from schirmerite. Microprobe analy­
ses, completed on the mineral in two distinct 
aggregates (table 1, 34 and 35 plotted in fig. 4, 34 
and 35) suggest 
8-57L62.4with x = 2.05 and Ax = 0.16 and 
9-06L59.6with x = 2.10 and Ax = 0.06. 

Unnamed mineral(5 • 90L65.7) 
A lamellar-like mineral in specimen 1139 from 
Old Lout Mine, Colorado, USA, previously 
identified as gustavite (KM72) was too fine 
grained for single crystal studies. Microprobe 
analyses (table 1, 68, fig. 5, 68) suggest: 

S-90L65.7 with x = 1.28 and Ax = 0.01. 

Lillianite-gustavite solid solution series 
A relatively large number of mineral varieties be­
longing to the lillianite-gustavite solid solution 
series have been identified (table 1, 36-47). Ex­
tensive solid solution in the series has been sug­
gested for high temperatures (Hoda & Chang 
1975). At lower temperatures the microprobe 
analyses and Weissenberg single crystal studies 

http://Ag1.5Pb3Bi3.5S9
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suggest an imiscibility gap in the series between 
Gus = 5oandGus=85(M-KM77b).Accordingtothe 
microprobe analyses the original Ivigtut high 
temperature gustavite has decomposed to 
3 • 77Gus86.4 with exsolved submicroscopic blebs 
of 3-82Gus58.7 (KM70). Analyses 40 and 41 in 
table 1 and fig. 3 are reproduced from (KM70). 
The blebs are evenly distributed or locally con­
centrated in narrow zones, which appear as la­
mellae under the ore microscope. (See figures in 
KM70). 

The microprobe analyses on the exsolved 
phase may therefore not represent its true compo­
sition. Weissenberg single crystal studies sug­
gest the composition Gus3o.3±i.o and Guinier 
powder data the composition Gus24.9±i.o. Re­
cently microprobe analyses were carried out on 
6 grains in the type specimen (No 1973-188) con­
taining very thin and evenly distributed lamellae. 
Each grain was analyzed in 15 different spots in 
order to determine the bulk composition of host 
and exsolved lamellae. The results (table 1, 39) 
suggest an original high temperature 3-8IGus75.i. 
Using the same approach analyses of the two 
varieties in polished section 58a suggest an origi­
nal 3 • 67Gus74.7 in this section (table 1, 38). The 
average of the two is 3-74Gus74.9. The analyses 
are plotted in fig. 3. 

Microprobe analyses on gustavite in sample 
1139 from Old Lout mine in Colorado showed a 
compositional range of 3-41Gusii6.i to 3-83Gus79.6 
(table 1, 48 to 66). Several of these gustavite 
grains are distinctly oversubstituted by Ag+Bi 
beyond Gusioo up to Gusii6. Increasing substitu­
tion is accompanied by decreasing chemical N 
from 3.98 to 3.32. The analyzed grains may re­
present a submicroscopic intergrowth in all pro­
portions of a copper-poor pavonite and a high 
temperature Gus = so (KM-M77). 

One gustavite grain (composition not determi­
ned) in sample 1139 was extracted for single cry­
stal studies. Two parallel oriented gustavite lat­
tices similar to those from Ivigtut were identified 
suggesting that the bulk composition of the ori­
ginal high temperature phase lay within the same 
miscibility gap as the original Ivigtut high tempe­
rature gustavite. 

Gustavites with end member composition 
were identified in samples 1140 (3-75Gusi03.o, 
table 1, 36 and fig. 5, 36) and 1124 (3-80Gusioo.i, 
table 1,37 and fig. 6, 37). 

Gustavites in the compositional range of Gusso 
- Gusioo have been described by Nedachi, Take-
uchi, Yamaoka & Taniguchi (1973), Harris & 
Chen (1975), Czamanske & Hall (1975), Boro-
daev & Mozgova (1971), Nuffield (1975) and 
KM72. See table 2 and fig. 7. 

Members within the range Gus 12.5 to Gusss ana­
lyzed during the present study (table 1, 42 to 47) 
are plotted in fig. 4. Analyses within the same 
range have been published by Nedachi et al. 
(1973) and Klominsky, Rieder, Kieft & Mråz 
(1971). Cosalite(?) by Czamanske & Hall (1975) 
and 'Se-free and Ag-bearing wittite' by Ontoev, 
Troneva, Tsepin, Vyalsov & Basova (1972) may 
both represent members of the lillianite-gusta-
vite series (table 2, 84-86 and 132-134, respect­
ively). 

No silver-free lillianites have yet been disco­
vered and at present "bursaite" (3-82Gusi2.2, 
table 1, 47) represents the most silver-poor end 
member of the series analyzed. (The 'bursaite' 
material analyzed was borrowed from Dr. M. 
Rieder, Prague). 

Cosalite 
The ideal composition of cosalite (Pb2Bi2Ss) 
would suggest that the mineral is a lillianite ho-
mologue with N=3 (fig. 1). However, the crystal 
structure of cosalite shows that the mineral does 
not belong to the lillianite homologous series. 
Cosalite has been found in several of the parage-
neses investigated. Microprobe analyses are 
listed in table 8 and plotted in figs 3 and 4. 

In the bottom part of table 8 the mol. values 
have been calculated on basis of the ideal unit 
cell content of sulphur which is 20 atoms. The 
corresponding sum of metals (right column in the 
table) lies between 15.77 and 17.28. 

Srikrishnan & Nowacki (1974) found close to 
one copper atom per unit cell which occurs stati­
stically in the structure, coordinated tetrahe-
drally with sulphur. The content of metals in the 
unit cell of the mineral would then reach 17. The 
two analyzed cosalites from Ivigtut appear to 
represent cosalite with maximum Me+ contents 
known. 

The microprobe analyses plotted in figs 8A 
and 8B show that the presence of copper and/or 
silver in the structure of the mineral is mainly 
accompanied by the removal of lead according 



Bulletin of the Geological Society of Denmark, vol. 26 1977 

Ag * Cu Ag • Cu 

57 
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Fig. 8. Plots ofcosalite microprobe analyses (table 8) showing 
relationships in mol. values between (Ag+Cu) and Bi (A), 
(Ag+Cu) andPb (B) and between Ag and Cu (C). Sum ofAg+ \ 
Cu+Pb+Bi+Sb = 10.0. 

presumably to the following substitutional 
scheme:Pb++ <-»-2(Ag,Cu)+. One Me+ atom (pre-
ferencially copper ?) would then take the tetra-
hedral position and the other the position of the 
substituted Pb++. At the same time the substitu­
tional scheme 2Bi+++ for 3Pb++ leaving one Pb4-1" 
position emty (Otto & Strunz 1968) might also 
take place. This may explain the relatively bis­
muth-rich cosalites from Japan (fig. 4, C9). 

Fig. 8C suggests that no obvious relationships 
exist between copper and silver in cosalite. How­
ever, silver-rich cosalites in general have rela­
tively high contents of copper. For instance, the 
Ivigtut cosalites contain around 3 % silver and 
2 % copper. Presumably cosalite with high silver 
contents cannot be stable unless copper is pre­
sent. Instead of the cosalites, a member of the 
gustavite-lillianite series would form. It is assu­
med, that the major reason for cosalite to form 
associasions with a gustavite-lillianite member is 
the presence of small amounts of copper which 
apparently cannot be accommodated in the 
structure of lillianite homologues. 

Description of Mineral Parageneses 

1. The gustavite-cosalite-galena 
paragenesis'from the cryolite deposit, 
Ivigtut, South Greenland 

Gustavite, vikingite, eskimoite, cosalite, galena, 
aikinite and berryite form the bulk of this para-
genesis. The composition of the first four mine­
rals are plotted in fig. 3. The microprobe analy­
ses show that cosalite (fig. 3, CI and C2) associa­
ted with vikingite contains more silver than 
those (fig. 3, C3 and C4) associated with gustavi­
te, but similar amounts of copper. 

Microprobe analyses on berryite (table 11, 1) 
gave nearly the same atomic ratios as the original 
microprobe analyses on this mineral (KM66). 
Microprobe analyses on aikinite (table 10A) gave 
nearly ideal aikinite composition. Microprobe 
analyses on galena in two polisjied sections are 
listed in table 7 and show a distinct surplus of 
bismuth over silver (mol. values). 

3 • 77Gus86.4, containing exsolved, visible lamel­
lae of3 • 82Gus58.7, can be distinguished from vi-
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Table 7: Microprobe analyses for Ag and Bi in galena. A: 4 grains ii 
polished section LS-70-B4-1 (Is Lassinus, Sardinia, Italy), C: 8grai/ 
NSW, Australia), D: 10 grains in polished section 3 (Ivigtut), E: 
analyses across the galena band in spl. 1139 (Colorado, USA). 

Ag Bi 

Wt.% 

0.92 
0.60 
0.14 
1.4 
2.08 
0.14 
0.48 
0.91 
1.14 
1.29 
2.52 
2.71 
3.34 

esd 

0.06 
0.05 
0.09 

-
0.17 

-
_ 
-
-
-
-
-
-

Wt.% 

2.97 
1.77 
2.01 
3.3 
5.44 
0.26 
1.25 
1.89 
2.21 
2.60 
5.61 
5.15 
7.01 

esd 

0.34 
0.28 
0.74 

-
0.41 

-
_ 
_ 
-
-
-
-
-

kingite and eskimoite only in polished sections 
etched with cone. HNO3. When 3-82Guss8.7 is 
submicroscopically present optical distinction 
between the three minerals is not possible. The 
existence of vikingite and eskimoite was there­
fore not recognized by KM73a. 

Vikingite has been positively identified in 
three polished sections and displays similar rela­
tionships as gustavite towards cosalite and gale­
na. 

Eskimoite has been positively identified in two 
polished sections where it is developed as host 
for abundant berryite, aikinite and galena 
(KM66). Consequently in all berryite- and aikini-
te-rich samples eskimoite might be the host. 
Since cosalite has never been found in any of 
these, cosalite may not occur intergrown with 
eskimoite, only with gustavite and vikingite. 

2. Specimen 1139, Old Lout Mine, 
Colorado, USA 
This sample is composed of a 1 cm thick sul­
phide band in gangue (KM72). The band is 
composed of three layers. 

The bismuthinite-benjaminite-pavonite-gustav-
ite-layer forms the bulk of the sulphide band 
and is composed of up to 0.5 mm large bismuthi-
nite grains embedded in a matrix of benjaminite, 
pavonite and gustavite disseminated with very 
fine grained bismuthinite and tetrahedrite. No 
minerals are enclosed in the large bismuthinite 
grains. Benjaminite cannot be distinguished op-

polished section 2954 (Agenosawa mine, Japan), B: 7 grains in 
i in polished section 2568 and polished section 2569 (Kingsgate, 
1 grains in polished section 36 (Ivigtut) and F-1 to F-8: spot 

Ag 
Atomic 

ratio 

2.02 
1.32 
0.31 
3.07 
4.52 
0.31 
1.06 
2.00 
2.50 
2.82 
5.45 
5.84 
7.16 

Bi 
Atomic 

ratio 

3.37 
2.02 
2.30 
3.73 
6.10 
0.30 
1.42 
2.14 
2.50 
2.94 
6.26 
5.73 
7.75 

Pb 
Atomic 

ratio 

94.61 
96.67 
97.39 
93.21 
89.39 
99.40 
97.52 
95.86 
95.00 
94.24 
88.30 
88.42 
85.09 

Ag:Bi 
Atomic 

ratio 

.60 

.65 

.13 

.82 

.74 
1.05 
.74 
.93 

1.00 
.96 
.87 

1.02 
.92 

tically from pavonite and only pavonite was re­
cognized in the earlier study of the sample 
(KM72). During the present investigation the 
two sulphides were distinguished by means of 
detailed microprobe analyses followed up by 
single crystal investigation (Weissenberg meth­
od) on analyzed grains. The benjaminite crystal 
fragment contained a small proportion of sub-
microscopic gustavite (KM-M77). The micro­
probe analyses on pavonite and benjaminite are 
plotted in fig. 5, C and D, respectively. Pavonite 
was found near the large bismuthinite grains, and 
benjaminite at a greater distance from these in 
more gustavite-rich environments. 

With increasing distance from the large bis­
muthinite grains the amount of gustavite in­
creases and is locally the only mineral present. A 
marked change in its composition across the 
layer was recorded. It is richest in silver and 
bismuth closest to the large bismuthinite grains. 
The composition of 19 analyzed grains (table 1, 
48-66) are plotted in fig. 5, 48-66, and discussed 
above. 

The fine grained disseminated bismuthinite 
was not analyzed by the microscope. The com­
position of the large grain is given in table 9, A. 

The layer characterized by 5 • 90Z,65.7 lies in sharp 
contact with gustavite. Across the layer in­
creasing amounts of galena occur interstitial to 
the 5-90L,65.7 lamellae and finally a gradual 
change into the following galena layer takes 
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Table 8. Microprobe analyses on cosalite. CI: 7 grains in polished section 2 (Ivigtut), C2: 8 grains in polished section 31 (Ivigtut), 
C3: 7 grains in polished section 1973-188 (Ivigtut), C4: 11 grains in polished section 58 a (Ivigtut), C5: 9 grains associated with 
galenobismutite in polished section 2569 (Kingsgate, Australia), C6: 6 grains associated with 3-"Gus4o.2 in polished section 2568 
(Kingsgate, Australia), C7: analysis on one grain in polished section LS-70-B4-1 (Is Lassinus, Sardinia, Italy). C8: 7 grains in 
polished section 2550 (McElroy, Township). C9: 10 grains in polished section 2953 (Agenosawa mine, Japan). 

Ag 
Wt.% esd 

Cu 
Wt.% esd 

Pb 
Wt.% esd 

Bi 
Wt.% esd 

Sb 
Wt.% esd Wt.% esd Total 

CI 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 

3.0 
2.8 
2.4 
1.7 
1.2 
1.0 
1.3 
0.6 
1.7 

0.1 
0.2 
0.3 
0.3 
0.1 
0.1 
0.1 
0.6 
0.1 

2.0 
2.1 
1.8 
1.8 
0.3 
0.2 
1.2 
1.7 
0.4 

0.1 
0.1 
0.1 
0.2 
0.1 
0.1 
0.1 
0.1 
0.1 

35.2 
35.0 
35.7 
37.0 
38.6 
40.7 
38.8 
38.9 
35.9 

0.2 
0.5 
0.5 
0.9 
0.7 
0.7 
0.2 
0.2 
0.6 

45.4 
44.9 
43.5 
43.9 
41.3 
41.7 
42.5 
43.2 
45.0 

0.2 
0.4 
0.3 
0.9 
0.5 
1.9 
0.3 
0.7 
0.4 

1.2 
0.8 

0.1 
0.2 

16.5 
16.5 
16.3 
16.7 
16.6 
16.2 
16.3 
16.8 
16.2 

0.1 
0.2 
0.1 
0.3 
0.6 
0.2 
0.5 
0.1 
0.5 

102.1 
101.3 
98.7 

101.1 
99.2 

100.6 
100.1 
101.2 
99.2 

Atomic ratios 
CI 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 

1.06 
1.02 
0.86 
0.61 
0.43 
0.35 
0.48 
0.20 
0.64 

1.21 
1.30 
1.10 
1.12 
0.18 
0.12 
0.77 
1.00 
0.23 

6.59 
6.57 
6.77 
6.88 
7.19 
7.70 
7.37 
7.19 
6.86 

8.42 
8.34 
8.16 
8.09 
7.61 
7.90 
7.99 
7.91 
8.53 

-
_ • 

_ 
-

0.36 
0.25 

-
_ 
-

20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 

Sum of 
metals 
17.28 
17.23 
16.89 
16.70 
15.77 
16.32 
16.61 
16.30 
16.26 

place (fig. 6 in KM72). Variable amounts of te-
trahedrite in patchy aggregates are enclosed in 
the 5-90L65.7 layer. 

Microprobe analyses across the galena layer 
display a significant change in the silver and 
bismuth content of the galena from high towards 
low values away from 5-90L,65.7 (table 7, F-l to 
F-8, see also fig. 10). The molar ratio of silver 
and bismuth dissolved in the galena is close to 
one in each of the analyzed spots. 

3. Bi-Pb-(Ag-Cu) sulphides from 
Kingsgate, Australia 

A number of Pb-Bi sulphides from the molybde­
nite occurrences at Kingsgate (Yarrow Creek) in 
NSW, Australia, have been described by Law­
rence and Markmann (1962). These sulphides 
occur together with a number of Bi-tellurides 
mainly in association with pyrrhotite-chalcopyri-
te mineralizations. 

In 1962 Professor P. Ramdohr gave the author 
two sulphide samples from Kingsgate. In one of 
these (polished section 2569) aggregates isolated 
in gangue are composed of galenobismutite inti­
mately intergrown with bismuthinite. The rela­

tionships between the two sulphides suggest pe-
necontemporaneuos crystallization. Monomine-
ralic aggregates of cosalite were also present. 

Microprobe analyses on cosalite are listed in 
table 8, C5 and plotted in fig. 4, C5, and those for 
bismuthinite are listed in table 9, E. Microprobe 
analyses on 4 galenobismutite grains gave the 
composition: Pb = 27.0±0.3 %, Bi = 
56.1±0.2 %, Sb = 0.4±0.1% and S = 
17.0±0.4 % summing at 100.5 % and suggesting 
the formula Pb1.00Bi2.05S4.00, which is close to that 
of ideal galenobismutite (PbBi2S4). Silver and 
copper were not present in detectable amounts. 

In the other sample (polished section 2568), 
aggregates are composed of cosalite, 3-75Gus40.2 
and galena. In general galena is present only in 
small amounts but may locally dominate. It then 
appears as host for the two other sulphides and 
appears to have crystallized later than these. 
Numerous inclusions of very fine grained galena 
may occur enclosed in cosalite. Rarely, graphic 
intergrowth between the two minerals has been 
observed, indicating penecontemporaneous cry­
stallization. 

Microprobe analyses on 3-75Gus4o,2 are listed 
in table 1, 44 and plotted in fig. 4, 44. Those on 

http://Pb1.00Bi2.05S4.00
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Table 9. Microprobe analyses for minor elements in A: 8 bismuthil 
bismuthinite associated with pavonite (?) in spl. ROM M210O3, C: 
1821, D: 5 grains of bismuthinite associated with 3-'5Gusio3.o and | 
with galenobismutite in polished"section 2569 (Kingsgate, Australi: 

Wt.% 

_ 
0.05 
0.02 
0.06 
0.01 

esd 

_ 
0.04 

_ 
0.03 

-

Wt.% 

0.26 
0.24 
0.39 
0.21 
0.44 

esd 

0.11 
0.05 
0.05 
0.03 
0.07 

cosalite are listed in table 8, C6 and plotted in fig. 
4, C6. In table 7 the probe analyses on galena are 
given. The sample has contributed the following 
mineral association to those given from Kings-
gate by Lawrence & Markmann (1962): gale-
na-cosalite-3 • 75Gus40.2. 

4. Ag-Pb-Bi sulphides 
from the Agenosawa Mine, Japan 

Three mineral varieties, Gustavite (Gus>8o), 
phase X (Gus =44.0) and phase Z (Gus24.o), appa­
rently belonging to the lillianite-gustavite series 
(table 2), were found in the sulphide mineraliza­
tions from the Agenosawa Mine (Nedachi et al. 
1973). The following mineral associations were 
recognized: bismuthinite-cosalite (A), cosali-
te-phase Z-galena (B), bismuthinite-phase X-gu-
stavite (C) and bismuthinite-pavonite-gustavite 
(D). A general shift in the crystallization of 
the associations took place in the direction A —»• 
B -» C —» D. Temperatures of formation were 
assumed to be lower than 250°C. 

During the present study a specimen from the 
Agenosawa mine was obtained from Dr. Kato 
(Tokyo). It was composed of massive pyrrhotite 
enclosing bladed aggregates of Ag-Pb-Bi sulphi­
des dominated by bismuthinite. The following 
associations were identified: 

(1) bismuthinite-cosalite-3 • 85Gus5i.o and 
(2) bismuthinite-cosalite-3-89 Gus29.i-galena._ 

In association (1) large grains of bismuthinite 
are separated from the enclosing pyrrhotite by a 
layer of cosalite crystals which are idiomorphic 
against the bismuthinite. Near the margin to­
wards pyrrhotite, cosalite is intergrown with 
3-8SGus5i.o. Microprobe analyses on cosalite are 

lite grains associated with pavonite in spl. 1139, B: 8 grains of 
12 grains of bismuthinite associated with pavonite in spl. BSF 
lavonite in spl. 1440 and E: 7 grains of bismuthinite associated 

Pb Sb 
Wt.% 

1.04 
0.54 
1.56 
0.32 
1.57 

esd 

0.16 
0.17 
0.11 
0.21 
0.18 

wt.% 

3.15 
0.13 
2.15 
2.03 
0.24 

esd 

0.89 
0.06 
0.29 
0.19 
0.17 

listed in table 8, C9 and those for 3-85Gussi.o in 
table 1, 43. The analyses are plotted in fig. 4, 43 
and C9. 

In association (2) large bismuthinite grains si­
milar to those in (1) are surrounded by cosalite. 
However, at one place the cosalite layer 
abruptly changes into a heterogeneous mixture 
of pyrrhotite and galena containing lamellae of 
3-89Gus29.i. Microprobe analyses on galena are 
listed in table 7, A and those on 3-89Gus29.i in 
table 1,45. The latter analysis is plotted in fig. 4, 
45. 

The crystallization sequence in association (1) 
is: pyrrhotite—»cosalite + 3-85Gus5i.o—» cosalite 
—»•bismuthinite. In (2) a break in the crystalliza­
tion sequence appears to have taken place. At 
first 3>89Gus29.i crystallized as lamellae in gale­
na, hence the sequence: 3-89Gus29.i —»-galena. 
Then follows the sequence cosalite —»bismuthi­
nite, as in association (1) after the apparent 
break. 

5. Ag-Cu-Pb-Bi mineralization from 
Is Lassinus, Sardinia, Italy 

Dr. E. A. J. Burke, Amsterdam, kindly contribu­
ted two polished sections of mainly chalcopyrite 
in gangue from an abandoned Pb-Zn mine at Is 
Lassinus. This locality is situated about 500 m 
southeast of Monte Tamara near the village 
Nuxis in the Sulcis district, Southern Sardinia, 
Italy. The ore occured in a recrystallized lime­
stone of Cambrian age. A number of sulphides 
were identified in two polished sections. Chal­
copyrite, magnetite and sphalerite dominates. 
Accessory sulphides enclosed mainly in the 
chalcopyrite are: carrollite, cobaltite, wittichini-
te, hammarite, 3-66Gus 55.8, cosalite and galena. 

Carrollite and cobaltite are irregularly inter-
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grown with each other and occur in the major 
sulphides without being associated with any of 
the other accessory sulphides. Microprobe ana­
lyses, completed by Dr. Kieft (personal commu­
nication), gave the following composition of the 
two minerals: carrollite: C02.16 Nio.29 Feo.06Cuo.47 
S4.00; cobaltite: Coo.87 Feo.07 Nio.02 Asi.oo S1.03. 

3 • 66Gus55.8 and hammarite are closely associa­
ted. The former is shaped as rectangular grains, 
the latter as equidimensional grains. Microprobe 
analyses on 3 • 66Guss5.8 are listed in table 1, 42 
and plotted in fig. 4, 42. The two microprobe 
analyses on the mineral by Dr. Kieft are given in 
table 2, 113 and 114. They are plotted in fig. 7, 
113 and 114. Analyses on associated hammarite 
are listed in table 10. D. Sometimes galena in 
graphic intergrowth with hammarite is enclosed 
between 3-66Gus55.8 grains. Often a galena repla­
cement rim separates the two minerals but it ap­
pears to be of the same age as the hammarite-ga-
lena intergrowth. The galena in this association 
was too fine grained to permit microprobe ana­
lyses to be carried out. 

Wittichinite rarely occurs associated with 
3-66Gus55.8, hammarite and galena. The micro­
probe analysis on wittichinite by Dr. Kieft gave 
the composition: Cu2.84 Ago.n Feo.06 Pbo.03 Bii.01 
S2.95. 

Laths of3 • 66Gus35.8 may lie isolated in chalco-
pyrite sometimes separated from this mineral by 
the late galena rim. 

One relatively large cosalite grain (table 8, C7 
and fig. 4, C7) with enclosed lamellae of hamma­
rite (table 10, E) has been identified. 

6. Pb-Bi-Ag sulphides from theYakuki mine, 
Fukushima, Pref., Japan 

Heyrovskyite, first described by Klominsky et al. 
(1971), has recently been found at the Yakuki 
mine in Japan. Dr. Kato kindly contributed a 
specimen from this locality. 

Polished section 2801 contains two small sul­
phide aggregates. Heyrovskyite (6-68Hey9.6) is 
present as equidimensional to lamellar, ran­
domly oriented grains. In one of the aggregates 
3 • 86Gus2i.o occurs in amounts of about 10 %. The 
mineral is shaped as lamellae and it is often im­
possible optically to distinguish between the two 
minerals. Microprobe analyses on3 • 86Gus2i.o are 
listed in table 1, 46 and they are plotted in fig. 4, 
46. Those on heyrovskyite is given in table 1, 67 
and they are plotted in fig. 4, 67. 

7. Specimen 1124. Alaska Mine, 
Colorado, USA 
The specimen is composed of pavonite with 
small amounts of interstitial gustavite. The pa­
vonite contains an exsolyed pavonite variety 
(KM-M77). The analyses on two pavonite grains 
are plotted as H and I in fig. 6 and those On the 
exsolved variety in these two grains as K and J, 
respectively. The composition of associated gu­
stavite (table 1, 37) is also plotted in fig. 6, 37 and 

Table 10. Microprobe analyses on members of the bismuthinite-aikinite group of minerals. A: average of 10 grains analyzed in spl. 
36 (Ivigtut). B: 7 grains in spl. ROM M13805, C: 5 grains in spl. ROM M21003, D: 2 grains associated with 3-66Gus5s.8 in polished 
section LS-70-B4-1 (Is Lassinus, Sardinia, Italy) and E: 3 grains enclosed in cosalite grains in polished section LS-70-B4-1, F: 2 
grains in polished section 2550 (McElroy, Township, Ontario, Canada). 

Ag 
Wt.% 

Cu 
Wt.% esd 

Pb 
Wt.% esd 

Bi 
Wt.% esd 

Sb 
Wt.% esd Wt.% esd Total 

A 0.1 
B 
C 
D 
E 
F 

Atomic ratios: 
A 0.01 
B 
C 
D 
E 
F 

10.2 
8.0 
6.4 
7.9 • 
8.4 
6.1 

0.91 
0.70 
0.56 
0.72 
0.67 
0.51 

0.1 
0.1 
0.2 
0.3 
0.5 

-

33.9 
26.1 
21.4 
26.5 
28.3 
20.2 

0.93 
0.70 
0.58 
0.74 
0.69 
0.52 

0.5 
0.5 
0.9 
1.4 
0.9 

-

39.5 
47.2 
57.2 
48.3 
45.9 
56.1 

1.07 
1.26 
1.54 
1.19 
1.24 
1.43 

1.2 
0.7 
0.8 
0.7 
0.7 

-

0.2 0.1 

17.0 
17.3 
17.1 
17.9 
17.8 
18.1 

3.00 
3.00 
3.00 
3.00 
3.00 
3.00 

0.3 
0.1 
0.6 
0.1 
0.9 

-

100.7 
98.6 

102.3 
100.6 
100.4 
100.5 

http://Feo.06Cuo.47
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suggest a 3-80Gusioo.i - variety, i.e. an ideal gu­
stavite. 

8. Specimen 1140. 
Gladiator Mine, Colorado, USA 
Aggregates of Ag-Pb-Bi-Cu sulphides in quartz 
and pyrite displayed the following crystallization 
sequence: bismuthinite —> pavonite —>-gustavite. 
Microprobe analyses on pavonite (KM-M77) are 
plotted in fig. 5, E. Those on gustavite (table 1, 
36, fig. 5, 36) suggest a 3 • 75Gusi03.o-variety. The 
microprobe analyses on bismuthinite are given in 
table 9, D. 

9. Specimen BSF 1821. 
Silver Bell Mine, Colorado, USA 
This sample is composed of a bismuthinite-pa-
vonite-rich layer in contact with a pavonite-gu-
stavite-rich layer (KM72). The composition of 
pavonite (KM-M77) in the two associations is 
plotted in fig. 6 as B and A, respectively. The 
content of minor elements in the bismuthinite is 
given in table 9, C. Two microprobe analyses by 
KM72 on the gustavite gave:3 • 70Gusi04.s. (Table 
2, 120 and 121, fig. 7, 120 and 121). 

10. Specimen ROM M21003. Bolivar Mine, 
Cerro Bonete, Lipez province, Bolivia 

This specimen is composed of pavonite enclo­
sing both bismuthinite (composition in table 9, 
B) and a member of the bismuthinite-aikinite se­
ries close to krupkaite in composition (table 10, 
C). A very fine grained, unidentified mineral has 
exsolved from the pavonite (KM72, fig. 4). 
Single crystal studies on the assumed pavonite 
were not possible due to the fine grain size and 
polysynthetic twinning of the mineral. The mi­
croprobe analyses (KM-M77) on the sulphide 
are plotted as F in fig. 6. 

11. Specimen ROM M13805. 
Manhattan, Nevada, USA 
This specimen contains benjaminite with sub-
microscopic gustavite. Microprobe analyses on 
both phases (KM-M77) are plotted as G in fig. 6. 
The composition of enclosed berryite lamellae in 
benjaminite are given in table 11, B. A member 
of the bismuthinite-aikinite series with a compo­
sition near to that of krupkaite (table 10, B) lies 
in contact with the benjaminite. 

Table 11. Microprobe analyses on berryite. A: 9 grains in po­
lished section 36 (Ivigtut), B: 9 grains in spl. ROM M13805. 

Pb 
Bi 
AR 
Cu 
S 

Total 

Wt.% 

21.6 
48.9 
6.8 
6.1 

17.2 

100.5 

A 

esd 

0.8 
1.4 
0.1 
0.1 
0.3 

Atomic 
ratio 

12.8 
28.1 
7.6 

• 11.5 
64.4 

Wt.% 

19.5 
48.3 
6.7 
5.8 

17.3 

97.6 

B 

esd 

0.4 
0.6 
0.2 
0.1 
0.1 

Atomic 
ratio 

11.8 
30.0 
7.8 

11.4 
67.5 

12. PS 2550. McElroy, Township, 
Ontario, Canada 
Granular cosalite (table 8, C8) occurs as host for 
a mineral with close to krupkaite in composition 
(table 10, F). 

Discussion 

Silver- and bismuth-bearing galena 
Amount of silver and bismuth dissolved in gale­
na. Above 215±15°C complete solid solution ex­
ists between galena and matildite (Craig 1967). 
Synthetic galena at 175°C may contain up to 
about 10 mol. % dissolved AgBiS2 (Van Hook 
1960). The amount of silver and bismuth in the 
structure of natural galena retained at room tem­
peratures varies considerably. The common 
Ivigtut galena found throughout the cryolite de­
posit contains up to 4 mol.% AgBiS2 (Ka­
rup-Møller & Pauly in press). Galena with up to 
7 mol.% AgBiS2 has been described by Ontoev, 
Nissenbaum & Organova (1960) and also in this 
paper (table 7). High contents of the two metals 
in Se-bearing galena have been reported by 
Czamanske & Hall (1975). Exsolved matildite 
has not been found in any of the above cited 
galenas in spite of their frequently high contents 
of silver and bismuth. 

However, galena from the Ivigtut galena-aiki-
nite-matildite paragenesis (Karup-Møller & 
Pauly, in press) contains exsolved matildite. The 
original matildite content ranged from about 2 to 
7 mol.%. After the matildite exsolution the dis­
solved content is only 2-3.5 %. 

According to Van Hook (1960) galena may 
contain silver only in slight excess over bismuth 
even at high temperatures, while it may contain 
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considerably more bismuth than silver (e.g. table 
7). Bismuth-free galena may contain up to 0.4 
wt. % silver (Van Hook 1960, Salanci & Moh 
1969, Leutwein & Hermann 1954) while sil­
ver-free galena may contain more than 10 wt.% 
bismuth. (Large & Mumme 1975). 

The Ag-Bi ratio of the common Ivigtut galena, 
based on microprobe analyses, is 0.955 and that 
for galena in the Ivigtut galena-aikinite-matildite 
paragenesis is 1.029. Galena found in bis­
muth-rich mineral parageneses nearly always 
contains more bismuth than silver (table 7). Ex-
solved minerals have not been found in any of 
the galenas listed in table 7 in spite of the often 
large surplus of bismuth. 

Position of Ag and Bi in the galena structure. 
Silver and bismuth substituting for lead (Ag+ + 
Bi+++ «-»•• 2Pb++) in the galena structure occupy 
the substituted lead positions. Any surplus of 
silver over bismuth would, in order to maintain 
charge balance, require the entrance into the 
structure of 2 Ag+ for each Pb++ removed. One of 
the two silver atoms would therefore have to be 
placed in interstitial positions in the galena struc­
ture. However, such positions are apparently 
not available, explaining why galena with more 
than a few tenths of a mol. percent silver in ex­
cess of bismuth has not been found in nature. On 
the other hand, surplus of bismuth is easily ex­
plained. For every three Pb++ removed, two Bi+++ 

enter into the galena structure (3Pb++ <-»-2Bi+","+) 
resulting in one lead position being left empty. 
This conventional way of explaining the bismuth 
surplus may not be correct, especially in galenas 
with significantly more bismuth than silver. In 
these varieties it is possible that domains of the 
structure are similar to those of lillianite homo-
logues. These domains would then consist of 
layers of the original galena structure twinned on 
(131) with lead atoms in trigonal prismatic coor­
dination positioned in the twinning plane. The 
galena layers would have a considerable thick­
ness corresponding to a high crystallographic N 
(compare M-KM77a). The layer thickness may 
not necessarily remain constant from one do­
main to another. 

On the role of copper in the galena structure. 
During the present study special care has been 
exsercized in determining the content of copper 

in the silver- and bismuth-bearing galenas, espe­
cially those intergrown with copper-bearing mi­
nerals such as cosalite, aikinite, berryite and oth­
ers. In no case has copper been found in amounts 
reaching 0.1 wt.%, although a distinct surp­
lus of bismuth over silver occurs in several of the 
analyzed galenas. 

Mineral associations 
The term 'mineral association' is used in the fol­
lowing to represent an assemblage of two or 
more intimately intergrown sulphide minerals. 
The bulk of the sulphides forming an association 
in most cases is believed to have crystallized pe-
necontemporaneously, presumably under condi­
tions of equilibrium. However, often one of the 
minerals may also have crystallized somewhat 
earlier or later than the others. Some of the ob­
served associations are characterized by a gra­
dual shift during the crystallization from one mi­
neral to another. Crystallization trends (next 
chapter) have thus been recognized in many of 
the studied polished sections. A polished sec­
tion, e.g. PS 1139, may contain several separate 
associations and sharp distinction between these 
may be difficult. 

The system Ag2S-Pb2S2-Bi2S3 is divided into 
two subsystems by the galena-matildite join. The 
subsystem Ag2S-Pb2S2-AgBiS2 is of no interest 
here as no ternary compounds are known within 
it. In the other subsystem (Pb2S2-AgBiS2-Bi2S3) 
a number of mineral associations were observed. 
They are listed in table 12. According to the ty­
pical assemblages the subsystem can be divided 
into the areas A-D in fig. 9. 

Area A. Experimental studies (Hoda & Chang 
1975) suggest the existence of the three assembla­
ges: pavonite-bismuthinite, pavonite-gustavite 
and pavonite-matildite. Benjaminite has not been 
identified in the materials synthetized by these -
workers. 

Nedachi et al. (1973) have identified the follow­
ing two associations: pavonite-bismuthinite 
and pavonite-gustavite. The association ben-
jaminite-matildite was described by Harris & 
Chen (1975). 

During the present study (also KM72) the first 
6 associations in table 12 (except the association 
benjaminite-matildite) were observed in one or 
several of the sulphide specimens from mineral 
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Table 12. Natural mineral associations in the Pb2S2-Ag-
BiS2-Bi2S3 subsystem. GL stands for members of the gustav-
ite-lillianite series and LHS for the lillianite homologous series. 

Area A in fig. 9 
Benjaminite - gustavite 
Benjaminite - matildite 
Benjaminite - bismuthinite 
Benjaminite - pavonite 
Pavonite - gustavite 
Pavonite - bismuthinite 
Pavonite - matildite 

Area B in fig. 9 
Bismuthinite - galenobismutite 
Cosalite - bismuthinite 
Cosalite - galenobismutite 
Cosalite - galena 
Cosalite - bismuthinite - galenobismutite 
Galena - galenobismutite 

Area C in fig. 9 
GL - cosalite 
GL - bismuthinite 
GL - galenobismutite 

Area D in fig. 9 
GL - Ag-heyrovskyite 
GL - vikingite 
GL - eskimoite 
GL- 5 - ' °L65.7 
GL - cosalite 
Vikingite - cosalite 
Ag-Bi-galena (also schapbachite) -

nearly all LHS members 
Ag-Bi-galena - cosalite 

Fig. 9. Schematic subdivision of PbiSz-AgBiSi-BiiS} subsy­
stem according to typical assemblages. For details see part 
'mineral associations' in text. 

deposits in Colorado (spls. 1124, 1139, 1140 and 
BSF 1821). All associations are characterized by 
small contents of Cu. 

So far pavonite and benjaminite have only 
been found in association with gustavite, but 
they might also be able to crystallize in associa­
tion with Ag-Bi end members of other lillianite 
homologue series with N greater than 4. 

Area B. The relationships in this part of the sub­
system are complicated by the presence of both 
cosalite and galenobismutite (cannizzarite with a 
composition assumed to lie between that of ideal 
cosalite and galenobismutite is very rare and has 
therefore been omitted). The following mineral 
associations are known: cosalite-galena, cosali-
te-galenobismutite, cosalite-bismuthinite, 
bismuthinite-galenobismutite and cosalite-gale-
nobismutite-bismuthinite (e.g. Kingsgate, 
Australia).The association galena-galenobismu-
tite has been reported by Goodell (1975). 

Craig (1967) and Salanchi & Moh (1969) were 
not successful in synthesizing cosalite and they 
therefore assumed that the mineral is stable only 
at relatively.low temperatures. This is substantia­
ted by the; decomposition of phases (often un­
known) into graphic intergrowths of galena and 
cosalite (Ramdohr 1955; Klominsky et al. 1971; 
Craig 1967 and Mozgova et al. 1976). It is furth­
ermore speculated that cosalite may only form 
in the presence of copper or silver or both (Craig 
1967). All microprobe analyses on cosalite listed 
in table 8, show significant amounts of both ele­
ments. 

The microprobe analyses on galenobismutite 
from Kingsgate failed to disclose the presence of 
silver and copper, although the mineral occurs in 
the same polished section as the silver- and cop­
per-bearing cosalite. The small amounts of cop­
per and silver may have caused the formation of 
cosalite and may thus explain the mineral asso­
ciation: cosalite-galenobismutite-bismuthinite 
described by Lawrence & Markmann (1962). In 
the pure ternary Pb-Bi-S system the coexistence 
of these three minerals appears impossible. 

The association Ag-free heyrovskyite -
Ag-free lillianite, known from experimental stu­
dies (e.g. phase II - phase HI by Salanchi & Moh 
1969) has not yet been observed in nature. 

Giessenite has a composition very close to 
that of lillianite. The mineral is known from two 
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localities (Graeser 1963, Karup-Møller 1973c). 
The mineral from both localities contains small 
amounts of Sb, about 4 % Sb. This suggests that 
Sb-free giessenite may not form and that the mi­
neral therefore may not belong to the 
Ag-(Cu)-Pb-Bi-S system. 

Area C. The mineral association cosalite and a 
member of the lillianite-gustavite series from 
Kingsgate and Ivigtut and the association cosali-
te-bismuthinite-3-85Gus5i.o from the Agenosawa 
mine fall within this area. 

The association galenobismutite-lillianite re­
ported by Kupcik et al. (1969) consisted of indi­
vidual crystals in quartz. The relationships be­
tween the two sulphides in polished sections 
were not studied. An emission spectral analysis 
showed the presence of silver in the lillianite va­
riety, but the amount was not determined. The 
cell dimensions published by Kupcik et al. (1969) 
suggest the composition Gusi2.5 (M-KM77b). 

The discovery of the Agenosawa 
Ag-Bi-Pb-sulphides (Nedachi et al. 1973) has 
shown that it is most likely that the only mineral 
associations found in the middle and left part of 
area C consist of bismuthinite and members of 
the gustavite-lillianite series. 

Area D. This part of the subsystem, bound by 
the gustavite-lillianite and galena-matildite se­
ries, is complex due to the existence of the nu­
merous lillianite homologues. 

The lillianite-gustavite series is rather densely 
populated with naturally occurring varieties, 
which suggests that they are the most easily for­
med. They also are the only Ag-bearing lillianite 
homologues reported from experimental studies 
(Hoda & Chang 1975). It is therefore assumed 
that bismuthinite and galenobismutite may not 
coexist with lillianite homologues except those 
belonging to the lillianite-gustavite series. 

The coexistence of different lillianite homolo­
gues has been observed. 3-86Gus2i.o occurs as 
laths' in heyrovskyite (6-68Hey9.6) from the 
Yakuki mine in Japan (fig. 4). At Ivigtut, 
3 • 74Gus74.9, vikingite and/or eskimoite might co­
exist but due to nearly identical optical proper­
ties distinction between them in the polished sec­
tion was not possible. In polished section 1139 

(Old Lout Mine, Colorado) the association 
= 3 • 9 Gus = 80.o - 5 • 90L65.7 was identified. 

The association between lillianite homologues 
and Ag-Bi-rich galenas has been observed at 
many deposits (fig. 10). 

Although Hoda & Chang (1975) on basis of 
their experimental studies suggest simple rela­
tionships in the system, natural lillianite homo­
logues may coexist yielding a large number of 
mineral associations. Characteristic is the asso­
ciation of many lillianite homologues with sil­
ver- bismuth-rich galena. Another characteristic 
feature is the crystallization of cosalite in asso­
ciation with a lillianite homologue when small 
amounts of copper are present. Higher copper 
contents may result in the formation of for in­
stance, berryite, or aikinite instead of cosalite 
(Ivigtut). 

The composition of cosalite varies according­
ly. Ag-Cu free cosalite fall within area B, 
Ag-Cu-poor cosalites within area C and 
Ag-Cu-rich varities within area D. Thus at Ivig­
tut cosalite has been found in association with 
vikingite and this cosalite variety apparently rep­
resents the most silver- and copper-rich variety 
so far discovered. 

Crystallization sequences 
The estimated crystallization sequences recog­
nized in the studied materials are plotted in fig. 
10. In the upper left and central part of the 
Ag-(Cu)-Pb-Bi-S system the mineral relation­
ships in samples 1140 and in the materials from 
the Agenosawa mine described by Nedachi et al. 
(1973) suggest the following crystallization se­
quence: Bismuthinite —> pavonite —» gustavite. 
Nedachi et al. (1973) also described the sequen­
ce: bismuthinite —>• gustavite or an Ag-Bi-rich 
member of the lillianite-gustavite series. By 
analogy with the crystallization sequence: bis­
muthinite —»pavonite -»gustavite from sample 
1140 (KM72 and this study) the following genera­
lized crystallization sequence is assumed to have 
taken place in sample 1139: bismuthinite —* ben-
jaminite or pavonite —>-3 -41Gusii6.i continuous to 
3-83Gus79.6—»-5-9<,L65.7—>-Ag+Bi-rich galena —»• 
Ag+Bi-poor galena. 

If no lead is present or if the metal is present 
only in very small amounts, the sequence might 
be bismuthinite —>• benjaminite or pavonite —»• 
matildite. This has not yet been recognized in 

5 D.g.F. 26 
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BISMUTHINITE (Bi2S3) 

PAVONITE 

Spl 1139 

MATILDITE 

Agenosawa Mine 

GALENOBISMUTITE 

Kingsgate 

Is Lassinus 

COSALITE 

gsgate 

'akuki 
LILLIANITE 

nosawa Mine 

HEYROVSKYITE 

((Ag,(Cu))2S) 

Fig. 10. Diagram showing crystallization trends in natural as­
sociations observed during the present study. 1: bismuthinite, 
2: pavonite, 3: benjaminite, 4: gustavite-lillianite series mem­
bers, 5: cosalite, 6: ourayite, 7: SMLt,s.i, 8: Ag-Bi-galena, 9: 
decomposed schapbachite; the position of this in the figure is 
based on the visually estimated proportion between galena 

GALENA (Pb 2 S 2 ) 

and matildite forming the decomposition product. 10: compo­
sitional range of gustavite with assumed submicroscopic pa­
vonite in spl. 1139, 11: vikingite compositional range, 12: 
eskimoite compositional range and 13: compositional range of 
Ag-Bi-galena in spl. 1139. 

naturally occurring materials. Small amounts of 
copper are contained in all pavonites, benjamin-
ites and bismuthinites examined during the pre­
sent study. However, the nearly copper-free 
Agenosawa pavonite (Nedachi et al. 1973) sug­
gests that the above observations also hold when 
copper is not present. 

In the central part of the system (area D, fig. 9) 
the crystallization sequence is towards galena, 
(sample 1139). In sample ROM M4100 it is ou­
rayite —»schapbachite (now decomposed into ga­
lena + matildite). 

In the right central part of the system cosalite is a 
common, characteristic mineral. As pointed out 
above it is not a member of the LHS. It is also 
suggested above that its formation has resulted 
from the presence of small amounts of copper 
which cannot be accomodated in the structure of 
the lillianite homologues. 

The composition of cosalite varies within nar­
row, but distinct limits (table 8). When it 
plots close to or below the cosalite-matil-
dite tie line (fig. 10), e.g. when it has 
crystallized in mineralizing fluids which are es-
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sentially richer in lead than bismuth, the crystal­
lization sequence in silver-poor environments is: 
cosalite -*• galena (Kingsgate, Agenosawa), 
while in more Ag(Cu)-rich environments it ap­
pears to be: cosalite—» a lillianite homologue (vi-
kingite and 3-74Gus74.9 at Ivigtut) —»-galena. On-
toev (1959) claims the following sequence: lilli­
anite —»cosalite-galena solid solution (appa­
rently decomposed heyrovskyite)—>• cosali­
te -»-galena. At Kingsgate (PS 2568, this study) 
the sequence is cosalite + 3-75Gus40.2 -»galena. 
In similar silver-poor, but lead-richer environ­
ments the crystallization sequence 3-86Gus2i.o—»• 
heyrovskyite (6 • 68Hey9.6) has been recognized in 
materials from the Yakuki Mine in Japan (this 
study). When substantial amounts of copper are 
present, but none or only small amounts of sil­
ver, the association cosalite-krupkaite (?) is de­
veloped (McElroy Township, Ontario). At Ivig­
tut significant silver and copper contents have 
resulted in the following sequences: aikinite + 
berryite —»eskimoite —»galena. 

In the upper right part of the Ag-Pb-Bi-S sy­
stem (area C, fig. 9) the sequences have not been 
resolved. Nedachi et al. (1973) claims the cry­
stallization sequence: bismuthinite —»cosalite —» 
phase X («»3-94Gus44.o) while on materials from 
the same deposit (Agenosawa Mine) the present 
study suggests the reverse trend. 

Temperatures of formation 
Bismuth-bearing sulphides are generally consi­
dered to have crystallized in the pneumatolytic 
and upper hydrothermal ranges, antimony-bear­
ing sulphides in the medium hydrothermal 
range while arsenic sulphides generally belong to 
the low hydrothermal to epithermal ranges (e.g. 
Malakhov 1969). We may therefore except that 
most of the mineral parageneses belonging to the 
Ag-(Cu)-Pb-Bi-S system have crystallized at 
temperatures between 200° and 400°C. Tempe­
ratures of formation estimated for some of the 
materials encountered during the present study 
are as follows: 

Ivigtut, gustavite-cosalite-galena paragenesis: < 
300°C (fluid inclusion studies). 

Ivigtut, common Ag- and Bi-bearing galena: 
400°C-550°C (Karup-Møller & Pauly, in 
press). 

Agenosawa Mine materials: 192°-241°C, (fluid 
inclusion studies. Nedachi et al. 1973). 

Darwin Mine galena mineralizations: above 
350°C (homogenization of exsolved minerals 
in galena. Czamanske & Hall 1975). 

Ourayite in spl. ROM M4100: above 215°C. 
(Stability of schapbachite, KM73b). 
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Dansk sammendrag 

Følgende nye mineraler hørende til systemet Ag-(Cu)-Pb-Bi-S 
er fundet ved mikrosonde og røntgenkrystallografiske under­
søgelser: vikingit (Agi.oo PD2.50 B13.00 S7.5), eskimoit (Agi.50 
Pbj.oo BJ3.50 S9), ourayit (Agu.s Pbis Bi2o.s S;2) og treasurit 
(Agi.75 Pbi.so Bis.75 Ss). Flere beslægtede mineralvarieteter er 
tilstede i så ringe mængde, at røntgenkrystallografisk undersø­
gelse af disse ikke har været mulig. De er derfor ikke navngi­
vet. Deres sammensætning er bestemt ved mikrosonde. Føl­
gende kendte mineraler er fundet sammenvokset med de nye 
varieteter og deres sammensætning er ligeledes bestemt med 
mikrosonde: blyglans, galenobismutit, heyrovskyit, berryit 
samt varieteter hørende til blandingsrækkerne lillianit-gustavit 
og vismutglans-aikinit. 

De undersøgte mineraler er fundet i parageneser fra forskel­
lige lokaliteter, bl.a. kryolitforekomsten ved Ivigtut i Sydgrøn­
land. De enkelte parageneser er beskrevet, og krystallisations-
rækkefølgen indenfor ovennævnte system er diskuteret på 
grundlag af mineralrelationerne i de enkelte parageneser. 
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