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Abstract

J u n o i t e , C u r P b s B i g ( S , S e ) r . , ( S : S e : 5 : l ) , i s m o n o c l i n i c ' s p a c e g r o u p C 2 / . m w i t h a :
2 6 , 6 6 ( | ) , 4 : + . o o t r l , c : 1 7 . 0 3 ( 1 ) A a n d p : | 2 7 , 2 0 ( 2 ) o . D i f f r a c t o m e t e r d a t a w e r e r e .
corded with an equi-inclination diffractometer equipped with a proportional counter; the

structure *as solvid using the Patterson method. Least squares refinement reduced the R

value to I L0 percent and lermitted distinction of Pb and Bi on the basis of bond distances'

The asymmetiic unit of the unit cell contains zPb,4Bi, 1Cu, and 8S atoms. The lead

atom at the origin has octahedral coordination, while the other lead atom has eight-fold

coordination. ihree of the bismuth atoms have three sulfur neighbors at distances

, ranging from 2.51 to 2.89 A while there is evidence fdr selenium ordering in the structure

which results in larger than average bonding distances in the fourth Bi(S,Se)t group'

Copper has distorted tetrahedral coirdination with bonds ranging ftom 2'32 to 2'52 A in

length.
A survey of dimensions of the BiS, anionic group in bismuth sulfosalts is also reported;

average lengths of Bi-S non-bridge bonds and S-Bi-S bridge bonds were found to be 2'63 and

2.76 L, resPectivelY.
Junoite and othei bismuth sulfosalts can be successfully classified on the basis of the dimen-

sional relationship between the coorctrnation polyhedra around the monovalent and divalent

atoms, and the coordination polyhedra u.ound the trivalent atoms (Takeuchi and Sadanaga's

1969 system of classification).

Introduction which were carried out by Hendley and Schultz

Edwards (1955) identified bismuthinite, native 0972), showed that they contained lead' copper' and

bismuth, and matildite in the Peko copper 
"tJ;t 

selenium (up to 24 petcent)'.Many compositions

at Tennant Creek. He also found a fourth ;it;;til determined by Hendley and Schultz did not fall on

mineral, mostly intergrown with bismutninit", *tti"tt the bismuthinite-aikinite join; these indicated that

yielded positive microchemical tests for both lead and there was not a definite substitution of (cu + Pb) for

bismuth. Bi in all Juno "bismuthinite," as indicated previously

Morerecent ly theJunoorebodyatTennantcreek by the work of  Padera (1956) and wel in  (1966) '

has been mined and treated by Peko-Waffr"nJI-tA. Fiendley and Schultz proposed the existence of

for gold, bismuth, copper, silver and selenium. The extensivesolidsolutionof cationsandanionsbetween

deposit is made up ot: smaller ore bodies which are bismuthinite and aikinite'

usually zoned with an outer shell of dolomite, an in- Large (1974a) identified' and Large and Mumme

ner shell of magnetic-dolomite rock, and a core of (1975t isolated, from the Juno mine ore body

massive magnetite containing the ore mineral-s, and ipecimens, seleniferous bismuth-lead-copper sulf-

some silicates (Hamilton, 1970; also Large, lg74b). osalts, one of which was found by electron probe

Fander (1966), using electron probe tecliniques and microanalysis to have the average composition

ore microscopy, discovered the presence of selenium Cuo.orPbo.zrBirS3.r2Seo.Ts (Table l) and was named^

in dri l l  intersections of the No. I ore body at Juno junoite. The composition of junoite is close to that of

which he concluded was present as guanajuatite, CuPbBLS. (krupkaite; Mumme' 1975)' but it has a

Biz(S,Se)s. Later electron probe analyse-s of blsmuth lead:copper ratio substantially greater than unity'

minerals in the tailings irom the iuno Mine ore' which distinguishes it from any member of the
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member of the bismuthinite-aikinite series identical
with gladite.

Seleniferous lead-bismuth sulfosalts have been
reported from Falun, Sweden, where the material
originally described by Weibull (lgg5) and Johansson
(1924b)-given variously the names weibullite. seleni-
ferous cheviatite, and seleniferous galenobismutite_
was found by Peacock and Berry (1940) to be an
intergrowth of two minerals later referred to as wei_

seleniferous phase from Falun which he named wittite
(BiuPbuSlSes). Ontoev, Troneva, and Tsepin (lg|-2)
have reported an argentiferous variety of wittite
from the USSR.

Other seleniferous bismuth-lead sulfosalts reported
include platynite, BirpbnSoSer, by Flink (1910) and
Sindeeva (1962); selencosalite by Odman (l9al);
and seleniferous lillianite, pbgBir(S,Se)u, and sel_
engoongarite, PboBir(S,Se)7, by Isacsson (see Grip
and Wirstam, 1970). The characteristic presence of
selenium in the composition of these lead-bismuth
sulfosalts is explained by taking into account the size
of the bismuth atoms and their pronounced affinity
towards selenium and tellurium. For example,
platynite has been reported to contain up to 19.45
percent Se. Even so, of the above reported occur_
rences, only two species-namely, laitakarite and
weibullite-have been well characterized, while the
others are of doubtful status and deserve reinvestiga_
tion. Wittite in particular needs single crystal data to
distinguish it from weibullite (Large and Mumme,
l97s) .

Because junoite, with up to I 1.4 percent selenium,
is-one of a unique group of minerals, the knowledge
of its crystal structure is important in relating it io
other seleniferous varieties of lead-bismuth sulfosalts.

Experimental
Crystals of junoite were isolated from hand

specimen R27790 (Large and Mumme, 1975). X_ray

Tenr-e l. Microprobe Analyses of Junoite

Previous R27790**
Average*

B i  5 6 . 5
P b  2 0 . 3
C u  4 . 2
Ag
Fe
J  T J . 5

S e  7 . 8

Atonic proportions

Bi  8 .  00
P b  2 . 9 2
Cu 1  ,96
s  1 2 . 4 8
S e  2 . 9 2

5 7 . 2  5 9 . 0
2 0 . 6  2 0 . 9

1_n l_n
1 2 . 8  t 2 . 6
7  . 6  5 . 6

based on 8.00 Bi

8 . 0 0  8  . 0 0
2 . 9 2  2 . 8 8
1  . 8 0  1  . 7 6

1 1 . 6 8  1 1 . 5 6
2 . 8 0  2 . 0 0

*?he auerage of nine anal.yses
reported in Large and l.turc (1g?S),

a*Analgses by D, ltatk (GeoLogy
Depa"hnent, Uniuersity of MeLbom).

Weissenberg films were taken of these crystals and
electron probe analyses were performed on two of
several crystal fragments which gave identical X-ray
data. These analyses by D. Wark, Melbourne Univer-
sity, gave the average composition Cuo.nupbo.r,
Bi2Sr.roSeo.6 (Table l) and verified that the correct
mineral had been isolated. The precise unit cell
parametersfor junoite-a = 26.66(l), b : 4.06(l), c
:  17.03(l)A, p :  t27.20(2)",  p"^r":  6.77 g cm-e-
were derived by refining X-ray powder diffractometer
data (Table 2), indexed with the aid of the single
crystal Weissenberg films. This powder data was
recorded with CuKa monochromated radiation, us-
ing slow scans (l/4o/min) and KCI (ao : 6.2929 A)
as an internal standard.

The systematic absences on the h\l, hlt and h2l
Weissenberg films recorded around the short 4A
axis-namely, hkl, h + k I 2n l- l: h\l, h I 2n_
defined the space group alternatives as C2/m, Cm, or
C2. It was assumed that the centrosymmetric space
group C2/m was the most probable, a choice which
was later confirmed by the satisfactory solution and
refinement of the structure.

Integrated intensities for the 683 independent
reflections were measured with an ss-scan (i.e.,
rotating crystal, stationary counter) performed with
the aid of an automatic equi-inclination Stoe diffrac-
tometer equipped with a proportional counter as a
detector.

Junoite has a very high linear absorption coeffi_
cient (1345 cm-'for CuKa) and it was difficult to ob-
tain a suitable crystal for data collection. because
small scale irregularities in the crystal shape, which
would have had little effect in a material with a lower
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Tnsln 2. Refined X-ray Powder Data for Junoite (CuKa)

I  d  ( n e a s )  d  ( c a l c )  h k ! ' r  d  ( n e a s )  d  ( c a l c )  h k c

5 . 5 1 5  6 . 4 9 8
6 , 4 3 4

5 . 4 3 3  5 . 4 1 6
4 .  s 9 5  4  . 5 8 9
4 . O A 4  4 . O 7 7

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

3  . 8 8 8
3 . 6 8 1  3 . 7 0 7

3  . 6 8 3

3 . 5 9 0  3 . 5 9 3
3 . 5 4 5  3 , 5 1 6

3 . 5 3 6
3 . 4 1 t  3 . 4 6 9
3 . 3 8 8  3  . 3 8 8

3 . 3 ' 7 9
3 . 3 1 4  3 . 2 9 6

3  . 3 3 4
3  . 3 1 6

3 . 2 2 9  3 . 2 4 9
3  . 2 1 6

3 . 1 ' 1 5  3 . L 7 9
3  . 1 7 0

3  . 1 3 1  3  . 1 1 6

3  . 1 2 5
3  , 1 4 8

2.9 '70  2 .962
2.9r9  2  .916

2 . 9 3 0

402
4 0 1
403
202
6 0 r

2 . A 3 2  2 . 8 3 L
2 . A 3 2

2 - 7 9 6  2 . 7 9 6
2 . 7 r 2  2 . 7 ! r

2 . 7 0 9

2 . 6 0 6  2 . 6 0 5
2.620
2 , 6 0 0

2  . 5 3 8  2  . 5 4 9
2 . 5 0 6  2 . 5 0 2

2 . 4 6 2  2 . 4 5 6
2 . 3 9 4  2 . 3 8 0

2 . 3 8 2
2 . 3 2 0  2 . 3 ! 1

2 . 3 r 3

2 . 3 2 2
2 . 2 1 3  2 . 2 I O

2 , 2 l A
2 . 2 0 4

2 . r 4 t  2 . 1 3 9

2 . 1 0 3  2 , 1 0 1
2 . 0 9 5  2 . 0 9 2
2 . 0 7 0  2 . 0 6 4

2.067
2 . O 6 6

2 . O 7 5
2 . O 7 L

2 , 0 2 6  2 . 0 2 7
1 . 9 9 9  2 . O O 2

I  . 9 9 9

I t 3
606
312
005
806

5 1 5
7IL

r o , 0 5
3 1 5

1 0 , 0 2

1 0  , 0 6
9r4
9 1 3
516
9r2

t o , 0 1
603

1 2  t 0 5
12.o4

3r4

608
5r3
116

10 ,08
1 1 ,  1 5

1 1 . 1 4
t2 ,o1

o20
22L
7 1 2

absorption factor, limited the accuracy of absorption
corrections. Most crystals isolated from the specimen
were of highly irregular shapes, but one reasonably
regular prismatic fragment (0.11 X 0.075 X 0.22 mm)

was obtained from which a satisfactory data set was

recorded. Background intensity was recorded for 100

sec at t 2o from the intensity maximum together
with the total number of counts accumulated as the

crystal rotated through 4" \nQ at a slow scanning rate

4'/200 sec. An absorption factor obtained by the em-

pirical method attributed to North, Phillips, and

Mathews by Arndt and Willis (1966) was applied to

the data, and the integrated intensities were corrected
for Lorentz an& polarization effects using programs

developed for an 803 Elliott computer by Daly'

Stephens, and Wheatley (1963). Intensities were con-

sidered to be less than a detectable value when BG *

0.6'7 o BG ) P -0.67 o BG, where BG is the integrated
background count, P the total number of counts ac-

cumulated, and 0.67o the probable error computed
from counting statistics (Arndt and Willis, 1966)'

Structure Determination and Refinement

An ideal formula Cuo.uPbo.zuBir(S,Se)n was deduced
from the compositions determined by the electron
probe analyses. This, together with the short b repeat

distance, of 4.06 A, which allows only the two-fold

and four-fold sites at y : g and y : Vz of the assumed

space group C2/m to be occupied, suggested that the

unit cell contents were Pb.CurBil.(S,Se)s2, with S:Se

approximately equal to 5: l, and that one lead atom

occupied a two-fold site at the origin. The solution of

the siructure was therefore attempted using only the

h)l data, from which a Patterson function P(u,O,w)

was calculated. Structure factors and electron density

calculations for a model derived from this Patterson

of Onrls (Busing, Martin, and Levy, 1962) obtained

from the University of Canterbury, New Zealand, for

which the weighting scheme of Cruickshank et al

(1961) was used.
Neutral-atom scattering curves were used (Cromer

and Waber, 1965) and anomalous dispersion correc-

tions were made for lead and bismuth. As the average

Se content for the specimen is 6.6 percent, a scatter-

ing curve of /(0.15 Se * 0.85 S) was originally used

for the non-metal atoms.
The final R value of 12.0 percent (see below) was

somewhat high, possibly due to anisotropic vibration

of the metal atoms, the effects of absorption, and er-

rors in the assumed composition. Attempts were

made to isolate other smaller crystals with even more

equidimensional cross sections, but none were ob-

tained, due mainly to the natural cleavage habit of

the mineral. Further improvements in the R value

may be expected with a sample ground to a sphere,

bui ttre cleavage habit, the small size of the crystals

isolated, and the softness of the material will make

the preparation of such a sample difficult'

DescriPtion of the Structure

In the structure of junoite (Fig. l) one lead and two

bismuth atoms occupy the three octahedrally coor-

dinated sites, while a further bismuth atom and a

further lead atom respectively occupy 7- and 8- coor-

dinated sites. The copper atoms all occupy equivalent

tetrahedral sites which share edges with one another'

Zig-zag ribbons of edge-shared octahedra' cross-

linked by further pairs of edge-shared octahedra,

provide a framework (Fig. 2) which is filled by the

tismuth and lead atoms in 7- and S-fold coordina-

tion, and by the pairs of tetrahedrally-coordinated
copper atoms.-M(2), 

M(4), and M(5) have nearest neighbor ap-
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proaches of sulfur atoms at about 2.,7 A or less, in
agreement with the more covalent character of the
Bi-S bonds, while M(3) has longer bond distance of
2.9 to 3.4 A, in agreement with pb-S distance in
galena and other lead sulfosalts (Nowacki, 1969).
M(l) and M(6) both have M-S distances which are
not substantially different, so that although it would
be expected that M(6), the two-fold site, would be oc_
cupied by Pb and M(t) by Bi, to yield the ideal com_
position PbrBi,oCun(S,Se)rr, there appears to be no
distinction on the grounds of bond lengths for these
two sites (see Table 4).

While the copper is approximately described as
having tetrahedral coordination, it has in fact three
neighbors located at 2.32 A and one at a lonser than
average distance of 2.52 A. the coordinit ion is

evidenced by the bond angles which range from 100.2
to 122.2 as compared to 109.5 for  a resular
tetrahedron.

Final atomic positions and bond lengths and
angles are given in Tables 3 and 4. The observed and
calculated structure factors are listed in Table 5.

Ordering of Selenium

Refinement of the junoite structure, using an
average scat ter ing factor  of / (0.15 Se *  0.g5 S) ,
yielded a final R value of 12.0 percent. The Fourier
map indicated peak heights for S(3) and S(g) which
were about 50 percent and 30 percent greater than the
average height of the other six sulfur atoms (see
Table 6); the values given in Table 6 show that the
isotropic temperature factors for the sulfur atoms in

Frc. l. Junoite as an assemblage of octahedra and other coor_
dination polyhedra. The shaded portions are equivalent to frag_
ments of the PbS type. Hatched circles are at t/2, open circles at 0.
Small circles Cu; medium circles pb, Bi; large circles S.

JUNOITE, A NEW SULFOSALT

Ftc.2 Diagrams of  the bismuth sul fosal t  s t ructures:  (a)
CuoBioSr; (b) hodrushite. Notation is the same as in Fisure l.

sites S(3) and S(8) were significantly lower than those
for the other sites.

These observations suggested that the S(3) and S(g)
sites contained more selenium than the other six.
Calculations based on these assumptions gave a
sl ight ly lower R value of I  1.0 percent and
temperature factors for all the non-metal atom sites
which were more consistent, when refinement was

Tert-e 3. Atomic Coordinates in Junoite

Site Occupancy

" ( o ) '

o
o
\
\

o
\
\
t

0

B i

b a

Pb

B T
Pb

M1

tq2

M3

M4

M 5
M6

UU

s
(  . 7 5 s e  +  . 2 5 s )
s

s
s
s
( . 6 5 S e  +  . 3 5 S )

0 . 1 4 8 6  ( 3 )
. 3 r 0 2 ( 3 )
. 0 2 0 5  ( 3 )
. 3 5 6 0  (  3  )
. 3 2 4 4  ( 3 \
.oooo

. 1 3 2 3  ( 1 4 )

.  I 5 5 7  ( 1 3 )

. 2 a 7 O  ( 9 1

. 0 7 s 9  ( 1 4 )

. 4 0 3 6  G 4 )

. 2 5 3 9  G s )

. 4 3 4 1  ( r 4 )

. 0 r 3 9  ( 1 2 )

. 0 5 2 9  ( 1 1 )

\  o . 2 3 2 6 1 4 \  4 , O 7  ( r 5 )
o  . 4 7 9 9  ( 4 )  3  . 6 3  ( 1 4 )
o  . 2 7 7 2 ( 5 \  s . 1 3  ( 1 8 )
o  . 2 6 A 2 ( s )  4 . 2 5 ( 1 6 )
\  . 0 2 4 9  ( 4 )  4  . 1 1  ( 1 6 )
0  .0ooo 3 .97  (2L)

. I O 4 4 ( 2 2 )  3 . 4 ( 6 8 )

. 3 6 5 3  ( 2 0 )  3  . r ( 6 2 )

. 3 4 5 1 ( 1 4 )  3 . 0 ( 4 1 )

.4s1 .6(22)  3 .4  (66)

.1659 (22 \  3  .3  (67  )

. r 1 0 6 ( 2 3 )  3 . t ( 6 9 )

. 3 6 4 4 ( 2 2 ' t  3 . 7  ( 6 4 ,

. 1 3 1 5  ( 1 9 )  3 . 8  ( 5 5 )

. 4 8 5 9 ( 1 7 )  7 . I 5 ( s l )
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Teslr 4. Interatomic
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Distances and Bond Angles in Junoite*

Bond Angles
Bonal Lengths

Si te

MI  B i  ( 1 )  - s  ( r )
s  ( 8 )
s  ( 3 )
s  ( 2 )

M2 B i  (2 )  -s  (4 )
s ( 3 )
s  ( 2 )
s  ( 2 )  '

M3 Pb ( r )  -s  (2 )
s  ( 4 )
s  ( 8 )
s  (s )

M4 B i  ( 3 )  - s  ( 7 )
s  ( s )
s  ( 6 )
s  (3 )

M5 B i  (4 )  s  (5 )
c  l q \

s ( 6 ) '
s ( r )

M6 pb (2 )  -s  (1 )
s  ( 8 )

cu  ( I )  -s  (4 )
s  ( 7 )
s  ( 7 )  '

c u ( l ) - c u ( I ) '

2 . 7 9  { 4 )
2 , A 9  ( 4 )
2 . 9 5  ( 5 ' )
2  . e 6  ( 5 )

2  . 5 0  ( 4 )
2 . A 3  ( 4 )
3 . 0 0  ( 4 )
3 . 3 3 ( 5 )

2 . 9 4 ( 4 )
3  . 1 3  ( 5 )
3 . r 3 ( 5 )
3 . 2 1 ( 5 )

2  . 6 5  ( 4 )
2 . 6 8 ( 4 \
3 . 0 7  ( 5 )
3 . 5 0 ( s )

2 .7 4 (4 ' , ,
2 . A a ( 4 )
2 . 9 O  ( 4 1
3 . 0 7  ( s )

2 . 8 2 ( 4 )
2 . A 7  ( 5 \

2 . 3 2 ( 4 )
2 . 3 3 ( s )
2  . 5 2  ( 6 )

3 . 1 1

8 5 . 4 ( 1 )
8 8 . e  ( 1 )

9 1 . 4 ( 1 )
9 3 . 2  ( 1 )
8 5 . 4 ( 1 )
9 3 . 2 ( 1 )
o n  n / 1 1

9 7  . 3  ( 1 )
8 6 . 4  ( 1 )
8 6 . 9  ( l )
8 9 . 6 ( 1 )
8 s . 3 ( 1 )
e l . 8  (  r )
o 1  ?  I  l  \

8 3 . 9 ( r )
8 2 . 8 ( r )
e 9 . e ( 1 )
8 2 . 9 ( 1 )
8 7 . r ( 1 )

7 3 . 8 ( 1 )
6 7 . 8  ( 1 )
7 r . 0 ( 1 )

r 1 3 . 1  ( r )

L 2 7  . 6  ( r )

8 5 . 4 ( r )
8 8 . r ( 1 )

1 0 2 . 0  ( 1 )
8 4 . 4  ( t )
8 9  . 8  ( r )
8 8 . 1 ( I )
9 0 . 4  ( 1 )

8 3 . 0 ( r )
9 5 . 6 ( r )
6 4 . 3 ( r )
8 1 . 0  ( r )
7 8 . s ( r )
8 0 . 8 ( r )

6 9 . 3 ( 1 )
6 s . 0 ( 1 )

L Z 6 . Z \ L l

7 7  . 4  ( r )
8 2 . 5 ( r )

r 3 9 . 1  ( 1 )

8 8 . 7  ( 1 )
9 1  . 4 ( r )
9 0 . o  ( l )
9 0 . O  ( 1 )

r 2 2 . 2 ( 2 )
1 1 4 . 3 ( 2 )
L O O . 2 ( 2 )
too  .2  (2 )

x2

x 2
xZ

x2
x2
x 2

x2

x 2
x 2

x 2
x2

x2
x4

x2

Bismuth

s  (8 )  -B i  ( 1 )  - s  ( 2 )

s  ( 8 )  -B i  ( 1 )  - s  ( r )

s ( 3 ) - B i ( 1 ) - s ( 2 )
s  ( 3 )  -B i  ( 1 )  - s  ( r )

s  ( 2 )  -B i  ( 1 )  - s  ( 2 )  '

s ( r ) - B i ( 1 ) - s ( 1 ) '
s ( 1 ) - B i ( r ) - s ( 2 )

s (  2 )  -Bi  (  2 )  -s (  2 )  '

s  ( 2 )  - B i  ( 2 )  - s  ( 3 )

s ( 4 ) - B i ( 2 ) - s ( 2 ) '
s  ( 4 )  - B i  ( 2 )  - s  ( 3 )

s ( 2 ) ' - B i ( 2 ) - s ( 2 ) "
s  ( 3 )  - B i  ( 2 )  - s  ( 3 )  '

s  ( 2 )  - B i  ( 2 )  - s  ( 3 )

s ( 5 ) - B i ( 3 ) - s ( 7 )
s ( 5 ) - B i ( 3 ) - s ( 6 )
s  ( 7 )  -B i  ( 3 )  - s  ( 7 )  ' ,

s ( 6 ) - B i ( 3  - s ( 6 ) '

s  ( 6 )  - B i  ( 3 )  - s  ( 7 )

s ( 3 ) - B i ( 3 ) - s ( 7 )
s  ( 3 )  - B i  ( 3 )  - s  ( 6 )

s  ( 3 )  - B i  ( 3 )  - s  ( 3 ) '

s  ( 3 )  ' , -B i  (  3 )  - s  ( 6 )

s  ( 3 )  ' - B i  ( 3 )  - s  ( 7 )

s  ( 6 )  - B i  ( 4 )  - s  ( s )

s  ( 6 )  -B i  ( 4 )  - s  ( 6 )

s  ( r )  - B i  ( 4 )  - s  ( 5 )

s  ( 1 )  -B i  ( 4 )  - s  ( 6 )

s ( 5 ) - B i ( 4 ) - s ( 5 ) '
s  ( 6 )  -B i  ( 4 )  - s  ( 6 )  '

s  (  s )  -B i  ( 4 )  - s  ( 6 )

Lead

s ( 4 ) - P b ( r ) - s ( 5 )
s  ( 4 )  -Pb  (1 )  - s  ( 8 )

s  ( 5 )  -Pb  (1 )  - s  ( 8 )

s  ( 4 )  -Pb  (1 )  - s  ( 4 )

s  ( s )  -Pb  (1 )  - s  ( s )

s  ( 8 )  -Pb  (1 )  - s  ( 8 )

s  ( 7 )  -Pb  (1 )  - s  ( 4 )

s ( 7 ) - P b ( r ) - s ( 5 )
s ( 7 ) - P b ( 1 ) - s ( 8 )
s ( 2 ) - P b ( r ) - s ( 4 )
s ( 2 ) - P b ( 1 ) - s ( 8 )
s ( 2 ) - P b ( 1 ) - s ( 5 )

s  ( r )  -Pb  (2 )  - s  ( 8 )

s ( 1 ) - P b ( 2 ) - s ( 8 ) '
s ( 8 ) - P b ( 2 ) - s ( 8 ) '
s ( 8 ) - P b ( 2 ) - s ( 8 )  "

CoPPer

s ( a ) - c u ( r ) - s ( 4 ) '
s  (4)  -cu (1)  -s  (7)
s ( 4 ) ' - c u ( 1 ) - s ( 7 ) '
s ( 7 ) - c u ( 1 ) - s ( 7 ) '

* Eetimated stmdatd d'etsiations in patentheees'

for the M(l) site.
As an alternatiYe to the above explanation, a dis-

ordered arrangement of lead and bismuth atoms' par-

ticularly in the sites M(l) andM(6), must also be con-

sidered. Such disordering has been discussed by

Kohatsu and Wuensch (1973b) for nuffieldite (where

by necessity some of the lead and bismuth atoms

must be disordered), lillianite (Takagi and Takeuchi'

lg72), and hodrushite (Kupcik and Makovicky'

le68).

Bond Lengths in Bismuth Sulfosalts

tinction between the lead and bismuth positions'
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t imony to varying degrees in al l  metal  s i tes.
Interatomic distances for all these bismuth sulfosalts
are presented in Tables 7(a) and 7(b).

Takeuchi and Sadanaga(1971) have already shown
that the bond angles in ZS, pyramids-where Zis As,

Tlsle 5 Comparison of Calculated and Observed Structure Factors for Junoite
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TesI-r 6. Comparison of Temperature Factors for Random Se and Ordered Se

L 2 . O z
Relative
Fourier
Peak
Height

R  v a l u e  +  I l . o t

OccupancY

t r . 9 ?

Temp. Occupancy TemP' OccuPancy Temp'

Paclor Factor Factor

S4

s8

148

r52

222

r27

r54

t49

166

195

f  =  ( s )
( s )

( . 7 5 s e + . 2 5 s )

(s)
( s )
(s)
( s )

(  . 55se+  .  35s )

3 . 4

3 . r
3 . O

3 . 4

t 1

f = ( s )
(s)
( s )
( s )
( s )
( s )
( s )
(s)

z . )

t o

2 . 5

2 . 5

2 Q

2 . 3

I . 3 2

f = ( . 1 5 s e + . 8 5 5 )  4 . I

(  .  15se+ .  85S)  3  ' 4

( . 1 5 s e + . 8 5 s )  - 9

( . 1 5 s e + . 8 5 S )  3 . 9

( . I 5 s e + . 8 5 5 )  4 . 1

(  .  I 5Se+  . 85s )  4  ' 7

(  .  l 5 s e + . 8 5 s )  4 . O

( . 1 5 S e + . 8 5 S )  2 . 6

the angle A and the two equal angles B in those BiS'

groupJwhich are joined together to form chains and

In *tti"tt both bridge and non-bridge bonds occur

(see Fig. 3), with the mean of A greater than the mean

of B by about 70'
In these cases, as a reasonable measure of dimen-

sions of BiSs groups, the following values may be

proposed:

Bond angle Bridge ̂  bridge 94'2' (A)

Bridge ̂  non bridge 87'5" (B)

In wittichenite (Kocman and Nuffield, 1973) the

BiS, pyramids are isolated from each other and the

three-nearest sulfur atoms are closer to the bismuth

atom than in any other structure. The average bond

angle between these non-bridge bonds is 96'0o, and

thJ overall coordination is close to that of a regular

trigonal pyramid.

Classification of Bismuth Sulfosalts

Structural classifications for sulfides and sulfosalts

have been presented by Hellner (1958), Nowacki

(1969) and, more recently, Takeuchi and Sadanaga

( l e 7 l ) .
Bond length Bridge

Non bridge
2.76 A
2.63 A

TABLE ?a. Bismuth-sulfur Interatomic Distances in Sulfosalts

second and

Thi!d

Fourth and
Fif th

Others Shortest second and

Distance Third

Fourth and

F  i f r hshortest
Distance

caleno bisnut i te
R = l o t

Cosal i te

Aikini  te
R = l o t

KruDka i  te
R = l o t

Hoalrush i te
R = 1 6 r

C u 4 B i 4 S 9
R = 1 2 t

2 . 6 3  2 . ' 7 3  ( 2 )

2 . 1 a  2 . 1 A , 2 . 7 9

2 - 6 2  2 . a 3  ( 2 ' t

2 . 6 4  2 . 7 2 1 2 )
2 . 6 2  2 . 4 4 ( 2 )
2 . 5 4  2 . 6 6 ( 2 1

2 . 6 6  2 . 1 3 ( 2 1

2 . 6 5  2  , 7 9  l 2 l
2 . 5 4  2 . 1 9 1 2 1

2 . 6 4  2 . 6 3  1 2 )

2 . 6 0  2 . 6 7  ( 2 1

2 . 6 0  2 . ' 7 0 1 2 )
2 . 5 5  2 . ' 7 1 ( 2 )
2 . 6 5  2 . 7 4 ( 2 1
2 . 1 3 , 2  . 6 7  ( 2 )

2 . 7 5  , 2 . 6 ' 1  1 2 )
2 . 6 0  2 . A 3 ( 2 1
2 . 5 1  2 . 6 A  ( 2 '

2 . 6 5  2 . ' 7 3  ( 2 t

2 . 9 9 ( 2 )  3 . I 2

3 . 0 0 , 3 . 0 2 ( 2 )  3 . 1 0

2 . 8 5  ( 2 )  3 . 2 5

2 . 9 4  l 2 l  3 . 2 5

3 . 0 4 ( 2 )  3 - 4 4

3 . 0 4 ( 2 )  3 . 3 1

2 . 9 ' t  Q t  3  .  1 2 , 3 . 5 3

2 . 9 a Q l  3 . 1 r ' 3 ' 0 6

2 . 9 9 1 2 )  3 . 3 8 ( 2 )

2  . 9 9  1 2 \  3  .  r 0 , 3  . 5 7

3  . 4 6  \ 2 \
1 . 5 0  ( 2 )

3 . 0 8 ( 2 )
3 . 3 4 ( 2 )

Kobe l t i te  (B i :Sb)
R =  rOz L /3 '2 /3

s /6 ,L /6
5 /9 ,4 /9
2 / 3 , L / 3
5 /e ,4 /e
1 /2 , r /2
r / 2 , r / 2

JunolEe
R  =  1 2 ?

LiLI iani !e
R = 1 0 t

wit t ichenite

CuBi 5Sg
R = 8 t

Nuff ieldi te
Pb2cu (PbBi) Bi2s7

R  =  L 4 t

2 . 4 7  2 . ' 7 L ( 2 )

2 . 6 4  2 . A 2 \ 2 )

2 . 5 6  2 . 6 6 1 2 1

2 . 5 4  2  , ' 7 7  1 2 )
2 . 5 2  2 . 6 2 ( 2 1

2 . 5 a  2 . 6 3  1 2 )
2 . 4 A  2 . 7 5 ( 2 1

2 . 1 4  2 . e a  1 2 )
2 . s o  2 . a 3 l 2 l *

2 . 7 9 ( 2 ) , 2 . A 9 *
2 . 6 5  ( 2 )  , 2 . 6 4

2 . 6 4  2 . A 2  \ 2 )
2 , 6 9  2 . A O l 2 t

2  . 5 1  2 . 6 0  , 2  . 6 r

2 . ' 7 9  \ 2 )  2 . 8 1  ( 4 )

2 . 5 9  2 . 4 3  t 2 )

2 . 6 A  2  . ' 7 I ( 2 )

2 . 6 7  2 . 9 0 1 2 )

2 . 6 0 ( 2 )  2 . 6 2

2 . 7 4  2 . 7 5 ( 2 )

2 . 9 A l 2 l
2 . A 6 , 2 . A 8
2 . 9 9  t 2 )
2 . A 6 1 2 '
3 . 0 r  ( 2 )

3 . 0 3 ( 2 )
2 . a a  t 2 l

2  . 9 0  ( 2 )

3 . 0 0  ( 2 )

2 . 9 5 , 2  . 9 6  ( 2 1

3 . 0 7 , 3 . 5 0  ( 2 )

2  . 9 4  l 2 l
2 . 9 A ( 2 1

2  . A 6  t 2 )
2 . 9 4  \ 2 )

3 . 0 0 ( 2 )
2  . 9 9  1 2 )
2 , 9 3 1 2 )

3  . 4 3
3  . 3 3

3 ,  0 7

3  . 4 3 ,  3  .  s 5 8 , 3  . 7 13 . r1  l2 l
3  . t 2  ( 2 1
3 . 0 s  ( 2 )

3 .  0 8  ( 2 )

2 .93  ,3  .OA 12)
3  . 0 6  ( 2 )  1 . r 1  ( 2 1

3 . O 5 1 2 \  3 . 6 4 1 2 )
2 . 9 O t 2 \  1 . 4 1  1 2 )

3 " 3 3  ( 2 )

r  . 7  s e  i n  t h i s  s i t e
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Hellner's classification, devised before most of the
information on distortions of sulfur lattices due to
the formation of ZSs pyramids was available, was
based on close packings of sulfur atoms. Nowacki
d.iscussed the configurations of anionic groups con_
sisting of ZS, pyramids in terms of a 4 val"ue, the ratio
of the number of sulfur atoms to that of the Z atoms
in a formula unit. Nowacki then showed that possible
topological features of the anionic groups are
deduced for a given @ value.

Takeuchi and Sadanag a (197 l)concentrated on the
dimensional relationship between the coordination
polyhedra around monovalent and divalent metal
atoms (l atoms), and those around trivalent atoms
(Z atoms).

They concluded that the structural principle for
sulfosalts of general formula A^ToXp (2 : Ag, Cu,
P!; f : Bi, Sb, As; X : S) is tle dimensionat
relationship between the various coordination
polyhedra, and used the radii of the constituent
atoms as a measure for this classification. The prin_
cipal quantum number for the valence shells oi the
atoms was proposed to represent their atomic sizes.
The average principal quantum number n(A)_Le.,
the average size of the atoms in the unit cell_was
calculated and plotted >N( A)

was intendeo,o *.u"'u1tliTffi:::3m;H:
occupied by the I atoms relative to that occupied by
the.Z atoms. They then constructed a diagram which
indicated four distinct areas, each of whih grouped
together species having a common structural scheme.
The bismuth sulfosalts discussed here are plotted on

Tlnlp 7b. Bridge Bond and Non-Bridge Bonds on Bismuth
Sulfosalts

Mine.ar Blidqe Non_&rdse uinerat 

"-; 

- 

ff ir*--
tund bd b.d bd

cosa l i te  2  33
2 4 3
2 7 4
2 1 4
2 A 5

2 6 6
2 6 6

av =  2 .77

Ark in t te  2  73
2 1 3

A v , 2  7 3

Fupkaite 2 19
2 1 9
2 1 9

2 6 4
2 6 4
2 . 6 3

A v = 2 1 2

tsdn*lte 2 66
2 _ 6 6
2 . 1 2
2 1 2
2 1 3
2 1 7
2 6 6

2 7 6
2 1 4
2 J 5

A y = 2 1 1

oqBiqsg 2  69
2 6 9

2 . 9 3
2-64

2 7 2
2 1 2

A i - 2 7 3

Xobe l l i re  2  5 j  2 .57
2 6 1
2 1 7  2 5 4
2 1 1
2 1 4  2 4 A

2 4 2  2 6 4
2 A 2
2.66 2  56
2 6 6
2 6 2  2 s 2
2 , 6 2
2 1 7  2 4 1
2 1 I

A v  =  2 . 9 L  2 . 5 3

Junoite 2.aa 2 14
2 A A
2 . A 3 l 7 S e )  2 5 0
2  3 3 (  7  s e )
2 . 1 9  2  3 9 ( . ?  S e )
2 . 7 9
2 6 5

2-64

A v € 2 7 9  2 . 7 1

rillianit€r 2 82
2 e 2
2 . 6 4
2 a 0
2 AO 2 .69

A v = Z 1 A  2 6 9

Birtichenite z 51

2-61

2 5 9

fr BisSS 2 59

2 1 9  2 6 3
2 1 A
2 . 1 A
2 1 3
2 7 3

2 6 2

2 . 5 4

2 6 1

2 6 6

2 5 4

2 6 5

2 . 6 3

2 5 t

2 1 s

2 5 7

2 6 4

2 6 A
2 1 1
2 . 7 1

Nulfielditei 2 90
2 9 0

2.60
2 6 0

Av -  2 .?3 2 1 0

wEu!! awb@ Brldqe bd 2 76 Non-Bridge bd 2 63

TSz

(b)

Ftc. 3. (a) The ZSs group, showing angles A
TzSs chains.

this diagram (Fig. 4a) and fall into the expected
groups with the possible exception of aikinite
(PbCuBiS,).

In this respect Takeuchi and Haga (1969) have
already noted that the copper tetrahedra in
seligmanite (pbCuAsSr), the arsenic analog of
aikinite, are quite regular; they describe the structure

and Wuensch (1971) show that the copper
tetrahedron in aikinite is much more distorted than in
seligmanite, while the pbBiss chain is virtually iden_
tical with the Bi2S, quadruple chain in bismuihinite.
Thus seligmanite may be considered to be a copper
sulfosalt, while aikinite is a true stuffed derivative of

T.S.
L J

and A. (b) 7Sz and
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TABLE 7c. Bond Angles in Bismuth Sulfosalts

Bond Angle Average ConPound Bond Angle Average
compound

calenobisnut i te Bi ( l )

B i  ( 2 )

c o s a l i t e  M  ( t )

M ( 2 )

r , 1 ( 5 )

1 4 ( 6 )

Aikini .  te

Krupkaite Bi (1)

B i  ( 2 )

B i  ( 3 )

H o d r u s h i t e  B i  ( 1 )

B i  ( 2 )

B i  ( 3 )

B i  ( 4 )

B i  ( 5 )

c u 4 B i 4 s 9  B i  ( t )

B i  ( 2 )

B i  ( 3 )

B i  ( 4 )

9-7  .5  96 .3
9 2 . ' 1  l 2 l  8 7 . r ( 2 )
9 5 . 0
8 1 . 4  ( 2 )

9 1 . 8  9 4  . 1
8 9 . 3  ( 2 )  9 0 . 9 ( 2 1
9 8 . 7
9 3 . 9 1 2 )
9 1 .  1
9 r . 7  ( 2 )
9 9 , 2
e e . 7  1 2 \

9 4  - 9  9 4 . 9
8 4 , 2 1 2 )  a 4 . 2 ( 2 1

9 r . 5  9 4  .  I
8 r . 2 1 2 )  a 4 . 4 ( 2 )

8 5 . 6 ( 2 )

a 6  , 3  ( 2 1

9 5 . 6  9 3 . 6
8 A , 2 l 2 l  e 6 . 9 ( 2 \
9 2 . 8
s 6 .  s  ( 2 )
9 2 . 4
a a  . 2  ( 2 1
9 5  , 8
8 5 . 3 ( 2 )
9 1  . 6
8 6 . r ( 2 )

9 4 . 3  9 2 . 7
8 9 . r ( 2 )  8 8 . 5 ( 2 )
8 8  . 7
8 6 . 9  ( 2 )
9 4  . 1
8 8 . 7  ( 2 )

8 9 . 3 ( 2 )

f@bel l i ter *

Junoite 9 3 , 2  9 3  . 7
B s . 9  a 7 . o ( 2 1

a 9  . 6  l 2 l
1 0 0  . 0

8 3 . 9  ( 2 )

a 5  . 4  ( 2 )

9 4 . 3  9 3 . 8
s 6  . s  ( 2 1  9 2  . 9 5  ( 2 )

a 9 . 4 \ 2 )

9 4 . 2  9 6 . 0
9 5 . 2

9 0 . 5  9 3 . 1 5
7 A . 9 Q l  8 5 . 7 5 ( 2

9 2 . 6  ( 2 )

8 8  . 6
s6 .4  (2 )  95  '  t

1 0 2 . 4  8 6 . 9 ( 2 )
9 r . 2  ( 2 )

9 4 , 2
8 3 . 0 ( 2 )

M ( r ) , B i ( t )

M  ( 2 )  , B i  ( 2 )

M ( 4 )  , B i  ( 3 )

M  ( 5 )  , B i  ( 4 )

Lilt ianite* *

witt ichenite

Cu B i5S8

I,tuffielditei * *

* Kobel l i te
** 11iagd (pb

* * *  r h a  t h i r d

omitted from averages
+ B i )  s i tes
site is octahedral

It is possible to reconstruct Figure 4a using
>N(l - 

!b) as the ordinate, as is done in Figure 4b'
>N(r + Pb)
This has the effect of giving all lead-containing sul-
fosalts smaller values along the vertical scale, while

leaving unaltered any sulfosalt which does not con-
tain lead. As lead has a coordination more closely ap-
proaching that of bismuth, lead-bismuth-containing
sulfosalts are thus grouped into a more recognizable
category-e.g., aikinite, gladite (Kohatsu and
Wuensch, 1973a), and krupkaite. A disadvantage of

this arrangement may be that lead-sulfosalts are con-

centrated at the point (0,6) on the diagram. However,
following Takeuchi and Sadanaga, they can be treated

separately by plotting ?ry141 against n(7)''  >N(r)

Discussion
The structure of junoite is typical of lead-bismuth

sulflosalts where bismuth has coordination polyhedra

which simulate distorted octahedra although there

are only three closest neighbors. Together with the

lead octahedra, these octahedra tend to form a frag-

ment of the galena-type structure (Hellner, 1958;

Takeuchi and Sadanaga,1969)' For compounds with

a high lead:bismuth ratio, distortions in the galena

fragment are accommodated locally and the whole

structure tends towards galena type; for intermediate
values (e.g., cosalite, PbrBirSu) the extent of the frag-

ments is more limited and they join together to form

a structure with intermediate polyhedra (not oc-

tahedra) in the borders of the fragments where the

distortions in the structure are accumulated' In
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Frc. 4. (b) Classification of sulfosalts with ordinatery.
)N(T +Pb)

Area I (triangles): Cu-sulfosalts: l, binnite; 2, tetrahedrite; 3,
chalcostibnite; 4, Cu.Bi.S, and emplectite; 5, berthonite; 6,
seligmannite; 7, bournonite; 8, nowackiite; 9, wittichenite; 10,
hodrushite; ll, CuBLSr. Area II (squares) Ag-sulfbsalts: l,
polyargyrite; 2, pearceite; 3, polybasite; 4, stephanite; 5,
xanthoconite; 6, pyrargyrite. Area III (hexagons) Structures based
on PbS: l, diaphorite; 2, smithite; 3, miargyrite; 4, matildite; 5,
marrite; 6, hatchite; 7, freieslebenite. Area IV (circles) Lead sul-
fosalts: l, kobellite; 2, frzelyite; 3, jamesonite; 4, andorite; 5,
meneghenite; 6, lengenbachite; 7, junoite; 8, krupkaite; 9, aikinite;
10, nuffieldite; ll, gladite.
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