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ABsrRAcr

The crystaL structure of syntletic pavonite,
AgBirSo, was determined using intensity data from
integrated Weissenberg photographs. Its'space group
is C2/m, Z-4, and from powder diffractometer data,
a 13.305" b 4.042, c L6.4174., p 94.02". There are 3
independent Bi, 2(Ae/2) and 55 atoms in the asvm-
metric unit. Bi(l) and Bi(2) are both nearly.octahe-
drally coordinated, Bi(3) is square-pyramidal, [Bi-
Sg*r*,ol. Ag(1) and AgQ) are flattened octahedral.
Two types of slabs parallel to (001) are presetrt. In
the thinner slabs, octahedra of Ag(2) alternate with
paired square pyramids of Bi(3). The thicker, gale-
nalike slabs are composed of parallel octahedra
chains Bi(2)-Bi(1)*Ag(l)-Bi(l)-Bi(2) and are
interconnected, via common sulfur atoms. with the
thinner slabs.

Tho pavonite homologous series represents sulfo-
salt structures with thinner slabs of the above-
defined type (octahedra and paired square pyra-
mids) with galena-like slabs of variable thickness.
Compounds wrth 2, 3, 4o 5 and 7 octahqdra per
diagonal chain of the galena-like layer are denoted
as the pavonite homologues 2P through ?. In gen-
eral, NP has N octahedra in the diagonal chain and
its chemical formula is MepafeBi2q.ps.S*+5. Mem-
bers of the series are, in tho order of increasing N,
-PbBLSz, -CuBisSe (or Cu1.uBi".6Se), AgrBisSro
(pavonite) and -Ag"Bi^t, (benjaminite).

SorvrMerns

La structutre cristalline de la pavonite synth6ti-
que AgBfS5 a 6:t6 ifiablie i l'aide d'intensit6s mesu-
r6es sur des photographies int6gr6es de Weissenberg.
Ir groupe spa.tial est C2/m, avec Z-4. Les para-
mdtres cristallins tir6s du diagramme de poudre sont:
4 13.305, b 4.042, c 16.417!*, p 94.02". L'6l6ment
asym6trique comprend 3 atomes ind6pendants de
Bi, 2 d'(Ag/2) et 5 de S. B(1) et Bi(2) sont, tous les
deux, en coordinence octa6drique, Bi(3) a pour poly-
Cdre de coordinence une pyramide i base carr6e
lBiSs+z+(s)1. Ag(l) et Ag(2) sont des octaBdres apla-
tis. On y trouve deux genres de couches parallbles l
(001). Dans les couches les plus minces, les octa-
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ddres de Ag(2) alternent avec les pyramides i base
carr6e appari6es de Bi(3). Les couches les plus
6paisses sont de type galdne et sont compos6es de
chaines paralldles d'octabdres B(2)-B(1)-Ag(1)-
B(1)-B(2) et sont li6es aux couches plus minces
par des atomes de soufre.

On trouve parmi les homologues de la pavomte
de$ structure$ de sulfosels avec des couches minces
du type de celle d6crite ci-dessus (octaddres et pyra-
mides ir base carr6e appariEs) ainsi que des couches
do diffdrentes 6paisseurs de type galdne. Les com-
pos6s i 2o 3, 4,5, et 7 octabdres par chaine diago-
nale dans la couche de type galdne sont d6finis com-
me les homologues ? d ? de la pavonite. De fagon
g6n6rale, NP pr6sente N octaddres dans la chalne
diagonale et sa formule chimique est MeN+LerBi2pY''
'*'Sr+s. ks membres de la s6rie sont, par ordre
croissant de N, -PbB;nSr, -CuBirSe (ou Cur.eBie.aSr),
AgrBieSro fuavonite) et -AggBizSr, @enjaminite).

(fraduit par la R6daction)

INrnouucrrou

As part of an investigation to establish phase
relationships in the copper- and silver-rich re-
gions of the AgrS-BLSB and Curs-BizSls systems,
we prepared and examined crystals of synthetic
Pb- and Cu-free pavonite. The present paper de-
scribes the crystal structure of pavonite and its
relationship with the other members of an
homologous series of which it is a type member.

Pavonite was identified by Nuffield (1954)
when he studied "benjaminite" (previously "alas-
kaite") from Bolivia. He found that the Boli
vian mineral was a new mineral. which he ntmed
pavonite, wilh a L3.35, b 4.O3, c L6344, B
94.5", space group C2/ m, and with an empirical
chemical composition interpreted as (Ag,Cu)
BLSs. Nuffield also described synthesis experi-
ments in which charges of elements in the stoi-
chiometris proportions Ag:Bi:S=1:3:5 were
heated in evacuated. sealed silica tubes. After
melting and slow cooling, the X-ray powder pat-
terns of the crystals produced agreed "to the
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last detaif' with the powder patterns of the min-
eral from Bolivia. Polished sections showed that
a perfectly homogeneous product was formed
in these experiments, and this observation to-
gether with density measurements led Nuffield
to suggest AgBLSs to be the ideal structural
formula of pavonite.

SussreueNr SrunEs oF SvNTHETTc AND
NATURAL PAvoNITE

Van Hook (1960) apparently verified Nuf-
field's results (without reference) when he pre-
pared single crystals from the composition Ag:
Bi:S=1:3:5 by flux-growth methods, and ob-
tained Weissenberg photographs which have
unit-cell dimensions a 13.3, b 4.03, c 16.54, t)
94o, space group alternatives C2/m, Cm or C2.

Karup-Mlller (1972) determined optical and
physical data for natural pavonite from several
Iocalities. His refined lattice parameters for pa-
vonite from Silver Bell mine, Colorado, were a
13.333, b 4.039, c 163464, B 94.2I". The spe-
cimens from Alaska mine, Colorado, contained
visible lamellae formed by exsolution. X-ray pat-
terns of these composite crystals ryere described
as showing a single, distinctly triclinic lattice
with a doubling of the c axis. The following cell
dimensions were recorded,: a I3,2, b 3.86, c 2X
76,2A., a 92.O", P 94.5o, y-not determined.
Microprobe analyses showed that, in addition to
Ag, Bi, and S, pavonite may contain upto L3,l/o
Pb, 5.6Vo Cu &oth in the exsolved lamellae of
the sample from the Alaska mine) and 1.0%
Sb. Karup-Mlller suggested [(Bi,Sb),-"PbJ,Ags-
CuSrs.a (r-**0.1) as the strucfural formula'!
of pavonite. Harris & Chen (1975) studied the
type material fro,m Bolivia, confirmed Nuffield's
data from 1954, and specified the composition
of type pavonite as Cuo.aAgo.eaPbo.rsBiz.aoSs.rz.

Chen & Chang (1974), in an investigation of
the Ag:S-CuzS-BirSb system, reported co'mplete
solid solution between CuBi$$ (for which they
used the old name eichbergite; see Dana p. 485)
and AgBiaSo (pavonite). At 454'C the series was
reported to have a wedge shape in the ternary
system because of the extensive solid solution in
CuBisSr along the CurS-BirSh join, and almost
negligible solid solution along the AgzS-BizSa
join. However, tle phase CuBLST reported by
Sugaki & Shima (1965, l97l) has been studied
by Ohmasa & Nowacki (1973), who concluded
that it has the structural formula CuBisSs. Ohma-

*It has been pointed out by Harris & Chen (1975)
that the formula as given in Karup-Mgller (1972)
has a typographical error.

sa (1973) has also described another phase
Cu:+'Bie--Se (x-1.2L) closely rclated to CuBisSa,
in which Bi atoms are partly replaced by Cu
atoms. Recent studies (Mumme & Watts, un-
published data) have demonstrated that at 450'C
the "solid solution" region referred to by Chen &
Chang (1974) as eichbergite (ss,) is in fact a two-
phase region between the CuBisSo-fype (Ohmasa
& Nowacki 1973) and Cua+"Bie-"So-type (Ohmasa
1973) structures. However, the end member
with the CuBioSeaype structure has a composi-
tion close to, if not equal to, CuBiaSs. i.e. it
should have the structural formula Cur.eBi..oSe.
The otler end member, with the Cuz+'Bio-"Ss-
type strusture has the composition CuaBisSs (or
very close to this formula), suggesting that x
in the complicated formula proposed by Ohmasa
(1973) is equal to 1. Our experimental composi-
tions are close to those obtained by Buhlmann
(197I) and Sugaki & Shima (1971).

Hoda & Chang (L975) have described exten-
sive solid solution between AgBiaSs (synthetic
pavonite) and 73 PbS'27Bi'Sa (synthetic lillia-
nite) at 400oC and 500'C. A more limited solid-
solution range of AgBiaSs towards PbBLS, (gale-
nobismutite) was also suggested. AgBisSs was
repeatedly deter,mined as a line phase in the
Ag:S-BizSs system (cf Van Hook 1960; Chen &
Chang L974), A 1,6/o increase in volume is re-
ported with increasing Pb substitution from the
end member containing 257o AgzS,75Vo BirS",
to pavonite (ss) containing 207o PbS, 18% AgS,
62Vo BizSa.

Karup-Mlller & Makovicky (in prep.) have
revised the chemistry and crystallography of the
natural pavonites (and benjaminites) described
by Karup-M{ller (1972). Comparison of their
data with the lillianite homologous series allowed
them to derive a linkage pattern for this mineral,
confirm the basic formula as AgBiaSr, and devise
formulae for distinguishing pavonites from ben-
jaminites, using chemical data. Natural pavo-
nites were found to have a composition range
Ago.so-o.zoCuo.ru-o.nrPbo.oo-o.trBig.su-r.toSbo.oz-o.oo
Sa. The exsolved lamellae, the only "pavonite"
with a doubled c axis, have tJre composition
Ago.c Cuo.rr Pbo.og Biz.aa Sbo.or Sa.

Exprnrr"rBxrer-

Synthetic pavonite was prepared by reacting
AgrS and Bi:Sis in the stoichiometric proportions
l:3 in a sealed silica tube at 60O"C followed by
rapid cooling to room temperature in water. The
AgzS-BirSa system (cl Van Hook 1960; Chen &
pure elements. High-purity Koch-Light sulfur
(99.999970 ) was used together with high+urity
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AgeS to react. Thus, regrinding and further re-
heating were necessary. We also observed that,
in the sealed tubes, a small amount of crystal-
line rnaterial formed away from the main charge.
This was found, when investigated by single-
crystal techniques, to be BieSia. The amounts were
small, less than 5 rng in a charge of 400 mg.
This effect could be a compensation for a loss
of Ag:S (to walls) which was undetected. or
could indicate only a lVo departure from stoi-
chiometry towards a silver-rich phase. Polished

40 50 Aers-.+ sections of our synthetic material confirmed
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Frc, l. ?-X diagram showing synthetic runs ftlresent
work and published data) for determination of
the chemical composition of synthetic pavonite.
Solid circles: one-phase runs; half-filled circlesl
two-phase runs.

Merck bismuth ((50 ppm total metallic) and
Koch-Light Ag-wire (99.98Vo).

Synthetic pavonite has been described as a
line phase by Van Hook (1960), Craig (1967),
Chen &Chang(l97q and Hoda & Chang (1975).
Evidence for even a limited solid-solution ranse
along the AgzS-BirSa join has never been givei.
Our X-ray powder-pattern peaks were extr-mely
sharp, indicating that the bulk crystalline mate-
rial which we prepared was a single phase. How-
ever, in vierv of the results of the structure refine-
ment, it seemed possible that there could be some
replacement of Bi by Ag in some of the octahe-
dral sites. Therefore, we thought it necessary to
re-investigate the possibility of a range of jofid
solution in pavonite. Our results and those of
others (summarized in Fig. 1) confirm that
synthetic pavonite has, at most, a very limited
solid-solution range. However, the following
point should be mentioned.

In preparing synthetic pavonite we have
found it somewhat difficult to get all of the

Bhss t 0 m 3 0
l.lol%
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Caption: AgBieS" should be AgBiaSr
*Measured- ln  CHBr3 a t  25oC.  Nuf f le ld  (1953)  ob ta ined a  va lue
of 6.46 for natuial mterlal of non-ideal composltion.
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Nuf,field's (L954) earlier result that only a horno;.
gdhtiouspslngle phase'can be recognized.'I,hgr 

pdwdef. diffractometer pattern from the
conpdrind, thusr forrned" co.rresponded closely
with those of previously reported synthetlc pa-
vonite ,(Van Hook 1960) and natural pavotrite
(Nuffield 1954; Karup-Mlller 1972). The unit-
cell dimensions and space-group alternatives
(Table 1) obtained from Weissenberg films from
small single crystals were also close to those re-
ported previously. Powder data (Iable 2) were
collected with a Philips diffractometer from
specimqns internally calibrated with KCI(a=
6.29294) using CuKa radiation and slow scans
(1/2"/mln), The data were refined by a least-
squares procedure to a 13.305(2), b 4.042(L),
i 16.4L7(2)4, B 94.02(L)". The systematic ab-
sences of the hUl, hl"l and ft2l Weissenberg films
recorded about the short 4A axis, namely hkl,
h*k*2n; hol)( h+Ln, defined the space group
alternatives as C2/m, Cm or C2.

Intensity data were collected using an integrat-
ing Weissenberg carnera, multiple film packs and
CuKa radiation, and were corrected for Lo-
rentz and polarization effects. Corrections for
absorption were performed with the program
ABSNTST @lount 1966) in which the crystal
shape was approximated by seven planar sur-
faces, and calculations were accomplished with
a 4x16x16 gdd.

The departure of the crystal from a flat plate
bounded by the "pinacoids" {100}, {010}, t001}
only took into account a small chip off one of
the edges normal to [0101. Good agreement be-
tween equiva.lent reflections on the Weissenberg
films was observed. The discrepancy between
ninety equivalent reflections, thirty from each
level, when averaged overall was found to be
less than SVo after the absorption corrections
wero applied. Ifowever the high linear absorp-
tion coefficient (L428 cm-') and the only approx-
imate description of the crystal shape due to its
$mall size (.03x0.3X.007 mm) were obviously
the main factors which limited both the accuracy
of the final set of structure factors and the sub-
sequent level of refinement of the structure.

TABLE 3. ATOMIC COORDINATE5 IN SYNTHETIC PAVONITE, AgBI3S5

"  a(Az)
. l l  t o (4 )  r . 85 (  15 )
.216s(41 2.07( ' t7)
.38e1(5) 2.17(r7)

As( l )  0 0 0
As(2) o 3 ,

SrnucrunE, DnrsnMrNerloN, REFTNEMdNT aNo
DescnrPt@N ii'103

Structure d.etermination and refinemenl

Because of the short }-repeat distarice, the
structure solution was attempted usiug . the
hol data to constrrlct a Pdtterson functioh p
(u,O,w). Reflections with.& =0, 2 showed the
same intensity distribution, a reciprocal-space
feature which is characteristic of many Bi-sulfo-
salt structures, and which indicated that all of
the atoms in this structure were in planes normal
to the b axis, $eparatedby Yz the repeat distance
of 4A. Therefore, only the two-fold and four-
fold sites at y=Q and r/z of the most probable
space group C2/ m were considered in the model
derived from the Patterson projection. Using the
hol data, three Bi, two Ag and five S atomic sites
were located by structure-factor and Fourier
calculations. Neutral scattering curyes were used
(Cromer & Waber 1965) and anomalous disper-
sion corrections were made for Bi. The atomic
positions, their temperature factors and occu-
pances refined by a least-squares version of
ORFIS (Busing et al. 796L) are given in Table
3. The weighting scheme of Cruickshank el c/.
(1961) was used.

In order to ensure that the displacements of
tho nearly octahedral atoms of Bi from the ideal
octahedral position were correct, several attempts
were made to move them in various directions
off the refined positions. In all the subsequent
refinement cycles these atoms returned to the
same (above) positions which suggests their
correctness.

Refinement proceeded to give an R-value of
0.11 when the shifts of all parameters were less
than ls of their esd's. This is a relatively high
value, but without doubt due to the high absorp-
tion coefficient. The observed and calculated
structure factors are presented in Table 4{'. Inter'
atomic distances and angles are tabulated in
Table 5.

Description ol the sftucture

The structure contains three independent Bi
atoms (Fig. 2). Bi(1) is nearly octahedrally co-
ordinated with bond distances (2.73(x7), 2.83
(x2),2.88(x2),2.96(xDA. Bi(2) is also in an
octahedral site, with bond distances 2.65(x1)'
2.82(x2), 2.9a|u(2), and 2.93(x1)A. si(:) is
coordinated by five close and three additional,

sTable 4 is available, at a nominal charge, from the
Depository of Unpublished Data, CISTI, National
Research Council of Canada" Ottawa, Canada,
KIA 0s2.

Atom o !

Br(r) .2369(6) t
Bi(2)  .4722(6) 0
B i (3 )  . 21e2 (5 )  o

s(r )
s  (2 )
s(3)
s(4)
s (5)

.3688(32) o

.0979(38) o
. J 5 6 O [ J U '  t
.0772(331 B
.3439(33) t

.0534(26)

.1479 ( 30)

.2612(24)

.3603(26)

.4664(27)

2.s l  (44)
2.43(43)

i . 20 (75 )
2.20 0 00)
.ee( i5)

i  .38(82 )'1.50(85)
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o n 4
90.3
89.7
94.9
81,2
87.4
t a . o

Bond anqles

s ( l ) I -B l ( r  ) - s ( r  )
s(r  ) -Br ( t  ) -s ( l  )
s (3 ) -B i ( r  ) - s ( l  )

3[i]i:l{il;:{?1,
s (3 ) -B r ( l  ) - s (2 )
s (1  ) -B l ( 1  ) - s (2 )

![]i:Bl Ii]:!t3l i
s(4)-Bt  (2)-s(2)  |
s(r  ) -Bt  (2)-s(3)
s(3) :Br(2)-s(3)
s(4) .1 -Bt  (2)-s(3)
s (2 )  r -B i ( 2 ) - s (3 )

s1s1 1-rr  1r1-s1+1
s(4):Br(3)-s(4)
s(5)  r -Bi(3)-s(s)
s(5)-Br(3)-s(5)
s (4 ) -B i ( 3 ) - s ( s )
s(z)-Ag( l  ) -s( l  ) l
s(2)rAs( l  ) -s( l  )  r -
s ( l ) . j - r s ( l ) - s ( l ) j .
s ( l  )  r -As ( t  ) - s ( l )  |  |
s(4)-As(2)-s(5) l -
s(4)-As(2)-s(s) . j  I
s(5)-As(2)-s(5) .1_
s(s)-As(2)-s(5)  |  |

2.73(3)x l
2.83(4)12
2.88(3)x2
2.96(4)xl
2 .65(4)x l
2.82(3lxz
2.9o(4)x2
2.93(4)x1
2.57(3)x l
2.78(3)x2
2.86 (3)x2
3.39(4)x2
4.1  7(5)x l
2.67(5)x2
2,85(3)x4
2.58(3)x2
2,92(3)x4

Bi (r )-s(3)

itil,
sfl)

Bl (2)-s(4)
s(3)
s(2)
s (1  )

Bl (3)-s(5)t
s(4)
s(5)
s(3)
s(2)

As( I  )-s(2)
s ( l  ) I

IABLE 5. INITRATOIiIIC DISTAI{CES MD MilD AilCTES I!{ SYII'IIIETIC PAVONITE

Int€ratomlc dlstance

87.8
8 9 . 1
91,2
90.9
85.4

89.6
83.6
8 .2

88.4

94.2
89.6

84.0
93.0
74,9
90. 1
a < o

much more distant, sulfur atoms at bond dis-
tances of 2.57(xl), 2.78(x2), and 2.86(x2),
3.39(x2) and 4.17(xl)A.

The coordination polyhedron of Bi(3) is a
square pyramid [BiSa+:J (the pad's' configura-
tion). The deformed octahedra of Bi(l) and

Bi(2), however, approach the [BiSr+s] type of
Kupcik (1,972). The latter case suggests consider-
able p-d hybridization of the bonds in the planes
perpendicular to the remaining short p bond.

Ag(1) has octahedral coordination with bonds
2.67(x2) and 2.85(x4)4. T'ne Ag(2) site is also
flattened octahedral with bonds of 2.58(x2) and
292$$4. Both silver sites, especially Ag(2),
tend towards a 2-fold linear coordination.

The crystal structure of pavonite (Fig. 2) is
composed of two types of slabs, parallel to (001).
The thicker slabs represent continuous layers of
little-deformed galena-like structure with only
small departures from the cubic close packing
of sulfur atoms. The slabs are parallel to (113)
of the galena submotivg and [1l0]rus corresponds
to twice the 6 parameter of pavonite. [00U*s is
parallel to f2/z0L)p*"n". The slabs l;rave ag-zag
boundaries, with the coordination octahedra of
Bi(2) protruding. All thick slabs have the same
orientation and, with good approximation, adja-
cent slabs are out of phase by Vzf@Ilms. It is
convenient to describe the thickness of the slab by
the number of octahedra in a chain of octahedra
(sharing conunon edges) that stretch across the
slab in the direction 11f0;0", i.e. [.0p]**","".
In the pavonite structure this number, N, is
equal to 5.

,..4

2

Frc. 2. Crystal structure of synthetic pavonite, AgBi3Sr, viewed along the b
axis. Empty circles denote atoms with y-0, shaded-circle atoms with y-
1/2. Tbick galena-like slabs with five octahedra per chain are hatched.
Very long Bi-S distances are indicated by broken lines.
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The thinner slabs contain only one octahedron,
that of Ag(2), which alternates with paired
squared pyramids of Bi(3). The two layers are
mutually connected by the short Bi(2)-S(4)
bonds. S(4), shared by Bi(2) and Ag(2), is
sommon to both types of slabs.

Srnucrunr ArrrNrrtns oF PAvoNrrE

Pavonite represents a type member of a homo-
logous series which will hereafter be called the

pavonite homologow senes. Phases of this series,
in their idealized forrn, are composed of two
alternative types of slabs (Fig. 2):
(1) Thinner slabs composed of single [MeSu]
coordination octahedra alternating with paired
square pyramids [8iSs]. Thus, the slabs have the
composition W*tBirSA where Bi stands for Bi,
and partly also for Sb and (Bi,Pb).
(2) Thicker "galena-like" slabs with a variable
number N of complete, little-deformed coordina-
tion octahedra. Their composition is [Mer*tSn+sJ

Frc. 3. Idealized structure of the pa.vonite homologue eP (phase V of Ta-
keuchi el c/. -PbBiaSz). Large circles denote sulfur atoms, small circles
metal atoms. Thick circles indicate atoms with y=0, thin circles atoms
with y=t/2. Loog Bi-S distances are indicated by broken lines.

Ftc. 4. Idealized structure of the pavonite homologue 3P (-CuBisSe). Al
explanations are given in Fig. 2.
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with two out of (N*3) sulfur atoms in common
with the thinner slabs.

The two types of slabs are mutually oriented
in such a way that the complete structure ap-
proximates the ag-zag pattern of lillianite homo-
logues (Makovicky & Karup-Mpller L977). T:he
slabs are interconnected via common sulfur
atoms shared by the most protruding octahedron
of the thicker slabs and the single octahedron of
the thinner slabs. This arrangsment ensures that
the Bi atoms of the square pyramids only have
(three) very long distances to the sulfur atoms
of the thicker slabs.

Different members of the pavonite homolo-
gous series may be denoted by the symbol "P,
where N is the number of octahedra pei one
diagonal octahedral chain of their ihicker slabs
(see above). The general chemical formula of
the pavonite homologues is then:

Meutr+tBis Sr+o

Different pavonite homologues may contain
different metals, as well as Bi, in the octahedral
Me positions. In the known homologues these
metals are Pb, Ag and Cu, sometimes partly sub-
stituting for each other. Thus, the pavonite homo-
logous series can be thought of as "heteroele-
mental"*, contrary to the related lillianite homo-
logous series (Makovicky & Karup-Mlller 1977)
which is composed of only Pb, Bi and Ag in
variable proportions, and is thus "isoelemental".

The first known member of the series is
PbBiaSz with N=2 (phase V of Takeuchi er a/.
l974a,b), The general formula applied to this
N, Mes*IBi2Sz requhes one divalent and two tri-
valent atoms in the octahedral positions of the
structure (Fig. 3). Takeuchi et al. (1974) believe
that Pb and Bi are statistically distributed over
the available metal sites, with the Bi site repre-
senting primarily a Bi site. Univalent metals can-
not form the ? structure unless they are accom-
panied by at least quadrivalent rnetals.

? (Fig.4) is represented by the structural ar-
rangement ascribed to CuBisSs by Ohrnasa &
Nowacki (L973). Recent studies (Mu,mme &
Watts unpublished) support Buhlmann's (L97L)
results which indicate that, in the pseudo-binary
system Cu$-BirSa, the-phase -CuBi"Sr .does not
exist at the temperature at which it was pur-
ported to have formed. The composition CuBisSe
forms a mixed-phase assemblage of Bi:Sia and a
phase very close to, if not equal to, CuBieSr (see
also Chen & Chang 1974), but which has the ?

*Such terms relate only to the principal components
of the phases in the series. There are no pure "hele-
ro" or "iso-elemental" types.

structure and apparently has the structural for-
mula Cur.8io.rS". Due to this as yet unresolved
compositional problem, we prefer to refer to the
? structure determined by Ohmasa & Nowacki
(1973) as -CuBirSs.

The configuration of the boundary area be-
tween.the thinner and thicker slabs in the struc-
turo of -CuBLSe closely resembles that in pa-
vonite. Copper'occupies' the single coordination
octahedron of tlte thinner slabs split into two
statistical 'half atoms' situated in the 'upper' and
'lower' (along D) flat-tetrahedral halves of the
coordination octahedron.

Ohmasa (L973) described the crystal structure
of Cur+"Bio-"Sa (x-7.21) that represents oP. The
o-ejahedral columns parallel to b, of. the thinner
slabs, are supposedly occupied by copper atoms
split into four statistical positions and placed at
the same height, y, as the S and Bi atoms. Also,
the marginal Bi atoms of the thicker layers show
partial occupancies and partial substitutions by
Cu atoms. The latter are placed in the trigonal
planar sites in those faces, parallel to D, of the
Bi coordination octahedra which are oriented
towards the interlayer space (Fig. 2 in Ohmasa
1973). The observed superstructure along the D
axis is interpreted by Ohmasa (personal comm )
as a periodical alternation of Cu-rich and Bi-
rich portions of the columns of octahedra in
this direction. Ohmasa's proposal features cor-
rectly the thinner structural slabs and the N
value of his thicker slabs (equal to 4) agrees fully
with the expectations based on the lattice geo-
metry of ? (cl Makovicky & Karup-M/ller
1977). Mumme & Watts (unpublished) have iso-
latect crystals which contain large-scale oriented
intergrowths of ? and ?; thus, it is possible that
Ohrnasa examined an integrowth of 3P and ?
and treated it as ?. Therefore, it is also possible
that although the basic features of the structure
proposed for Cur+"Bie--So (x=1.21) are probably
correct, not all features described bv Ohmasa
(1973) might be real and the structure rnay need
some revision.

oP is known only as the structure of pavonite
(Ag"Bi$o in the above notation). ? remains un-
described. ? (Fig. 5) has not been found among
solved structures but both the .crysta[ogIeBhy
and tle chemistry of benjaminite-sugg#t'ihat
this mineral is the pavonite homologue with N
equal to 7. In all known cases its composition is
basically AgBi'Su" with Ag and Bi partly substi-
tuted by other metals, principally Cu and Pb
(Karup-Mlller & Makovicky, iu prep.).

The thinner slab in its classical form [HgSb:S,]
is also present in livingstonite HgSb,S" (Niizeki
& Buerger 1957; Srikrishnan & Nowacki 1975).
Hg is octahedrally coordinated but the octahedra
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are very much flattened so that the Hg atoms
actually have linear coordination with only two
close sulfur neighbors. The size and shape of the
Hg octahedra require arrangement of shorter
and longer Sb-S bonds different from those in
pavonite.

The matching [SbrS4] slab only vaguely ap-
proximates an octahedral layer with N equal to
2. In comparison to the pavonite homologues it
is shifted by b/2. Therefore, the octahedral
bonds, which connect the two kinds of slabs in
the pavonite homologues, disappear. The two
kinds of layers are bound only by weak inter-
actions. The occurrence of the .Sl" gfoup can be
explained by the necessity to build a slab which
is coherent with the [HgSb,S.] slab from only
relatively small [SbS[] pyramids. The structure
of livingstonite $uggests that purely Sb structures
of pavonite type may not exist due to the reluc-
tance of Sb to form nearly regular coordination
octahedra, i.e. galena-like layers composed near-
ly of pure Sb.

The pavonite structuxe type is closely related
to the lillianite structure type (Makovicky &
Karup-Mlller 7977). If the idealized linkage
patterns,(illustrated in Figs. 2-5) of the two types
are compared, the principal difference rests in
the replacement of the square-pyramidal bismuth
atom with the three additional long Bi-S dis-
tances (i.e. [tsiSs+o+<srl) by a Pb atom in a tri-
gonal prismatic coordination, capped on two
prismatic faces (i.e. [PbSe+zJ). The geometrical
configuration of the sulf,ur atoms remains nearly
unchanged in this exchange. Favonite homo-
logues in this way parallel hypothetical lillianite
homologues wiih only one octahedron in one
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Ftc. 5. Idealized structure of the pavonite homologue ? (benjaminite). All explana-
tions as in Figure 2.

(thinner) set of alternating slabs and with lI
octahedra'in the other (thicker) set of slabs.

PevoNrrn Sorn-Sorurrou Rexcrs

The continuous solid solution between AgBiaS",
CuBigSr, and CuaBisSs reported by Chen & Chang
(L974) has been mentioned above. Howevern
there are actually three compounds here whicb
represent the three distinct pavonite homologues
3P, aP and. ? described above. Thus, the com-
pounds are not isostructural and a true solid
solution among them cannot exist within the sta-
biiity range of the above three structures. The
existence of oriented intergrowths with fully pe-
riodic or disordered slabs sequences is a likely
alternative, and large-scale oriented intergrowths
have been observed by us between the two Cu-Bi
sulfosalts where the dimensional misfit is mini-
mal. It should also be stressed that the powder
patterns of various pavonite homologues ryill in
general resemble each other (compare the powder
data for pavonite and benjaminite which are
given in Harris & Chen i975), and the powder
pattern of a mixture of two or more "P's might
easily be interpreted as a solid solution of them.

The structural data.(present work and Takagi
& Takeuchi L972) and, the compositions of na-
tural phases (Makovicky & Karlp-Mlller 1977\
contradict Hoda & Changis (1975) proposal of a
solid solution between lillianite and pavonite.
The crystal structure of pavonite can be paral-
leled to a hypothetical lillianite homologue llt
(Makovicky & Karup-Mlller 1977), which has
a set of one-octahedron-wide galena-like slabs
alternating with a set of five-octahedra-wide slabs
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(for the definition of the nurnber of octahedra
per slab, see above). In lillianite, both alternating
sets of slabs are four octahedra wide. and are
related by mirror planes (the "chemical twin-
ning" of Andersson & Hyde 1,974). Gustavite
(ideal formula PbAgBiaSo) is a lillianite homo-
Iogue with 4 octahedra ,per one galena-like layer
and forms, at geological temperatures, an incom-
plete solid solution with lillianite. Exsolution
phenomena in this series were described by
Karup-Mlller (1970) and are .discussed at length
by Makovicky & Karup-M{Iler (1,977). The most
likely structure of gustavite is that resembling the
substructure of andorite VI (Kawada & Hellner
1.97l), wlth regularly alternating Ag and Bi atorns
in the rows parallel to [0O1]. Chemical formulae
of natural pavonites (Karup-Mlller & Makovicky,
in prep.) and lillianites-gustavites (Makovicky &
Karup-Mlller 1977) indicate a constant aver-
aged number of octahedra per slab (-4 for lil-
lianites, -3 for pavonites) along their entire
respective solid-solution ranges. In other words.
on the Pb-Bi-Ag projection of the Pb-Bi-Ag-S
system, the line describing the solid-solution se-
ries lillianite-gustavite (Pb"BirS'-PbAgBi,So) and
tho line describing the natural pavonite solid'solution 

will be parallel.
Although there is no solid solution between

lillianite and pavonite, oriented intergrowths of
(gustaviteao lillianite:o) with pavonite, of an un-
known mode of formation, have been observed
(Karup-M@ller & Makovicky, in prep.). Similarly,
exsolution lamellae of gustavite (or a gustavite-
like mineral, Nuffield 1975), have been detected
in benjaminite.

For the basic substitutional mechanism 2Pb€
Ag+Bi, the refined structure offers at least two
basic possibilities that involve either Ag(1) or
Ag(2) and one of the adjacent Bi atoms. Re-
placement of either Bi(1) or Bi(2) by Pb would
involve only a small expansion of the coordina-
tion octahedra in question. The sulfur configura-
tion around Bi(3) also is slightly smaller than
the corresponding trigonal coordination prism
[PbSo+2l in lillianite (fakagi & Takeuchi 1972t.
Although substitution of Bi(3) by Pb might be
feasible, it is difficult to speculate about the con-
sequences of this expansion and of the changes
in adjacent Ag octahedra, for the whole structure.

Chemical analyses 'KarueMlller & Mako-
vicky, in pre1.) show that up to one-half of
the copper atoms in natural pavonite is in
excess of the formula MeqSs and should be in-
terstitial (perhaps in tetrahedral voids). The
other half should replace the basic metals of pa-
vonite, either in tho manner suggested by the
structures of -CuBirSa (Ohmasa & Nowacki
1973) and of C\re+;Bio.Ss ,(Ohmasa 1973) Out

see above for the discussion of these strucflrres
iu relation to the compounds CuBir$ and Cu.Bis
Ss) or by the structure of cuprobismutite (Ozawa
& Nowacki 1,975). Consequently, we cannot
assess the exact role of copper in the pavonite
structure without a structure determination on
a copper-rich natural crystal. We may conclude
by noting that the two principal substitution
metals in pavonite, Cu and Pb, change the lat-
tice parameters of the mineral in opposite ways.
Thus, their combined presence may be the main
reason why the change of lattice dirnensions with
substitution is much lower in natural pavonite
than in natural lillianite-eustavite.
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