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absTraCT

The crystal structure of Ag-bearing paděraite, ideally Cu7(Ag0.33Pb1.33Bi11.33)S13	S22,	a	17.585(4),	b	3.9386(9),	c	28.453(7)	Å,	
b	105.41(1)°,	V	1899.8(8)	Å3,	space	group	P21/m	and	Z = 2, from a skarn deposit at Băiţa Bihor in Romania, has been solved by 
direct methods and refined to an R1 index of 7.72% for 2429 unique reflections [Fo ≥ 4s(Fo)]	measured	with	MoKa	X-radiation	
on a three-circle diffractometer equipped with a CCD detector. The crystal structure of Ag-free, Cu-enriched paděraite, ideally 
Cu7(Cu0.33Pb1.33Bi11.33)S13S22,	a	17.573(2),	b	3.9426(4),	c	28.423(3)	Å,	b	105.525(2)°,	V	1897.3(6)	Å3,	space	group	P21/m	and	
Z = 2, from a rare-metal granitic pegmatite at Swartberg, South Africa, has been solved by direct methods and refined to an 
R1 index of 5.04% for 3200 unique reflections [Fo ≥ 4s(Fo)]. In the crystal structures, there are 12 Bi sites, one Pb site, seven 
triangular and flat-tetrahedral Cu sites and 22 S positions. The crystal structure, in most features corresponding to that described 
earlier, can be represented as a intergrowth of kupčíkite-like “K slabs” and “Q slabs”, which on their own make up a structure 
related to nordströmite or kobellite. We provide the chemical formulae and unit cells of potential KQn homologues of paděraite, 
as well as of regular intergrowths of paděraite and cuprobismutite homologous series.

Keywords: paděraite, crystal structure, single-crystal X-ray diffraction, cuprobismutite homologous series, Băiţa Bihor, Romania, 
Swartberg,	South	Africa.

sOmmairE

Nous avons résolu la structure cristalline de la paděraite argentifère, dont la composition idéale serait Cu7(Ag0.33Pb1.33	
Bi11.33)S13S22,	a	17.585(4),	b	3.9386(9),	c	28.453(7)	Å,	b	105.41(1)°,	V	1899.8(8)	Å3,	groupe	spatial	P21/m	et	Z = 2, provenant 
d’un gisement de skarn à Băiţa Bihor en Roumanie, par méthodes directes, et nous l’avons affinée jusqu’à un résidu R1	de	7.72%	
pour 2429 réflexions uniques [Fo ≥ 4s(Fo)] mesurées avec rayonnement MoKa et un diffractomètre à trois cercles muni d’un 
détecteur CCD. La structure de la paděraite riche en Cu et dépourvue de Ag, dont la composition idéale serait Cu7(Cu0.33Pb1.33
Bi11.33)S13S22,	a	17.573(2),	b	3.9426(4),	c	28.423(3)	Å,	b	105.525(2)°,	V	1897.3(6)	Å3,	groupe	spatial	P21/m	et	Z = 2, provenant 
d’une pegmatite à éléments rares à Swartberg, en Afrique du Sud, a été résolue par méthodes directes et affinée jusqu’à un résidu 
R1 de 5.04% pour 3200 réflexions uniques [Fo ≥ 4s(Fo)] mesurées avec rayonnement MoKa. Dans ces structures, il y a 12 sites 
Bi, un site Pb, sept sites Cu, soit triangulaires ou tétraédriques applatis, et 22 positions S. On peut représenter la structure, dans 
la plupart des aspects correspondant à celle qui est déjà connue, comme intercroissance d’un module ressemblant à la kupčíkite 
(plaquettes “K”) et de plaquettes “Q”. Ces dernières peuvent former leur propre structure, apparentée à la nordströmite ou à la 
kobellite. Nous présentons les formules chimiques et les mailles élémentaires des homologues KQn potentiels de la paděraite, de 
même que des intercroissances régulières de la paděraite avec la série des homologues de la cuprobismutite.

 (Traduit par la Rédaction)

Mots-clés: paděraite, structure cristalline, diffraction X sur monocristaux, série des homologues de la cuprobismutite, Băiţa Bihor, 
Roumanie, Swartberg, Afrique du Sud.
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berg contains parallel intergrowths or clearly defined 
replacement-induced aggregates in which paděraite 
replaces	 hodrushite	 (Fig.	 1).	 Subhedral	 contacts	 are	
developed against the bismuthinite–gladite aggregates 
or	homogeneous	aikinite;	these	aggregates	replace	both	
paděraite and hodrushite. Emplectite forms by late 
replacement of both hodrushite and paděraite, as does 
late	bismuthinite.

ChEmiCal	COmPOsiTiOn

The composition of paděraite (Table 1) was deter-
mined	by	means	of	electron-microprobe	analyses	before	
its extraction from a polished section. A JEOL JXA–
8600 electron microprobe controlled by a LINK–eXL	
system with on-line ZAF–4 correction program was 
used.	Analytical	conditions	employed	were	25	kV	and	
40	 nA.	The	 following	 standards	 (all	 synthetic	 except	
galena	 and	 chalcopyrite)	 and	 emission	 lines	 were	
selected:	 Bi2S3	 (BiLa,	 SKa),	 galena	 (PbLa),	 chalco-
pyrite (CuKa,	FeKa),	Ag	metal	(AgLa), CdTe (CdLb,	
TeLa),	Sb2S3	(SbLa)	and	Bi2Se3	(SeLa). Standard devi-
ations (error in wt.%) of elements detected in paděraite 
are: Bi 0.18, Pb 0.19, S 0.06, Te and Se 0.04, Cu, Ag 
and Se 0.03. The chemical data for paděraite and the 
resulting	empirical	 formulae	are	presented	 in	Table	1.	
The	analytical	results	are	plotted	in	Figure	2,	in	the	same	
way	as	done	by	Topa	et al.	(2003b)	for	members	of	the	
cuprobismutite	homologous	series.	This	scheme	groups	
together	the	elements	that	occupy	the	same	type	of	sites	
in the structure: Cu + Fe, Bi + Ag + Pb + Cd and S (Fig. 
2a); the partial substitution of Bi by Cu reveals itself 
as deviations from the simple ratio of available cation-
sites.	In	addition,	we	use	a	plot	based	on	the	atomic	ratio	
of	minor	substituting	elements	(Fig.	2b),	a	plot	in	which	
the substituting lead was “back-calculated” to Ag and Bi 
(Fig.	2c),	and	a	plot	showing	the	Bi:Ag:Pb	proportions	
(Fig. 2d). A relatively minor exception to the scheme 
used	in	Figure	2a	arose	in	the	case	of	hodrushite	from	
Swartberg,	explained	in	Topa	et al.	(2003b)	as	a	result	
of the presence of Cu-for-Bi substitution. For the case 
of paděraite from the same locality, the exception is 
explained	 in	 the	 discussion	 of	 cation	 substitutions	 at	
the	site	Bi3,	in	this	paper.

Figure 2a shows that the good resolving power of 
this	 diagram	 for	 the	 members	 of	 the	 cuprobismutite	
homologous series does not extend to paděraite. The 
latter lies close to, and partially overlaps, the field 
of cuprobismutite. The fields of cuprobismutite and 
paděraite become separated in the Fe – Ag – (Pb + Cd) 
and Bi – Ag – Pb plots (Figs. 2b, d), the former being a 
high-Ag	species,	whereas	the	latter	is	a	high-Pb	species.	
Both are distinguished from kupčíkite and hodrushite 
by	 the	 near-absence	 of	 Fe.	 The	 third	 plot	 (Fig.	 2c)	
reflects the proportion of typical Cu(Fe) sites in each 
structure, resulting in better separation of paděraite from 
cuprobismutite than the plot in Figure 2a. However, 
Ag-free paděraite from Swartberg, with the Cu-for-Bi 

inTrODuCTiOn

Paděraite was described by Mumme & Žák (1985) 
as a new member of the cuprobismutite–hodrushite 
group with a composition Cu5.9Ag1.3Pb1.6Bi11.2S22.	 It	
was found in the museum material from Băiţa Bihor 
(formerly Rezbanya), labeled as “rezbanyite”, now 
a	 discredited	 species;	 this	 material	 also	 contained	
bismuthinite–pekoite intergrowths and hammarite 
(Mumme	 1986).	All	 the	 crystals	 used	 for	 structure	
investigation were found to be intergrown with these 
bismuthinite derivatives, so that the crystal structure of 
paděraite was refined to R1	=	17%	only	using	single-
crystal	diffractometer	data.	The	c	and	b values of the 
monoclinic	 unit-cell	 (space	 group	 P21/m),	 17.55	 and	
3.90 Å, respectively, as well as d010 of paděraite, as 
defined	 by	 Mumme	 (1986),	 are	 nearly	 identical	 to	
those	of	hodrushite	(space	group	A2/m).	Because	of	a	
substantially	different	b value (106.0° instead of 92.2° 
for	hodrushite),	the	a values differ, 28.44 Å for paděraite 
versus 27.21 Å for hodrushite (Kupčík & Makovicky 
1968). However, this situation simply means that 2a	
+ c of paděraite is equal to a	of	hodrushite.	Mumme	
(1986)	found	that	the	complex	slabs	composed	of	tetra-
hedrally	coordinated	copper	and	paired	Bi	pyramids	are	
identical	for	both	structures,	but	the	PbS-like	layer	of	
hodrushite	is	replaced	by	a	broad,	split	PbS-like	layer	
with prominently inserted “aikinite-like ribbons”. A 
three-component	 scheme,	 slicing	 this	 structure	 and	
those of the cuprobismutite–hodrushite group into 
C,	 H	 and	 T	 elements,	 was	 used	 to	 describe	 relations	
between these structures. Makovicky (1989) classified 
paděraite as a species related	to	(and	not	belonging	to)	
the cuprobismutite homologous series. Recent chemical 
and HRTEM data on paděraite were published by Cook 
& Ciobanu (2003) and Ciobanu et al.	(2004).

New material from Băiţa Bihor, Apuseni Mountains, 
Romania and Swartberg, northern Cape Province, South 
Africa,	with	chemical	compositions	somewhat	different	
from	the	type	material,	and	from	one	another,	was	used	
for new refinements of the structure. Its better quality 
allowed us to refine further this remarkable structure and 
to	draw	additional	conclusions	about	the	role	of	different	
elements	in	it.	Furthermore,	new	understanding	of	this	
structure was achieved; it is a simple 1:1 intergrowth 
of	a	member	N	=	1	of	the	cuprobismutite	homologous	
series with a layer of a novel structure-type.

miCrOsCOPiC	CharaCTErisTiCs

Paděraite invariably occurs in intimate association 
with	the	members	of	the	cuprobismutite	series	and	with	
the members of the bismuthinite–aikinite homologous 
series. Whereas Cook & Ciobanu (2003) and Ciobanu et 
al. (2004) described intimate intergrowths of paděraite 
with	 cuprobismutite,	 with	 some	 hodrushite	 present,	
in the material from Ocna de Fier, our observations 
suggest that the material from Băiţa Bihor and Swart-
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Fig. 1. Back-scattered-electron images of paděraite assemblages from: a) and b) Băiţa 
Bihor material, c) and d) Swartberg material. Abbreviations: pad: paděraite, hod: 
hodrushite,	emp:	emplectite,	aik:	aikinite,	bmt:	bismuthinite,	gld:	gladite.	Where	not	
specified, the bars represent 100 mm.
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substitution proven by the structure determination, lies 
separately.	In	this	way,	it	is	similar	to	Ag-free	hodrushite	
from	Swartberg	(Topa	et al.	2003b).	Figures	2a	through	
2d	indicate	that	a	suitable	combination	of	least	two	of	
the	plots	is	needed	for	reliable	discrimination	of	these	
minerals.

X-raY	DiFFraCTiOn	anD	DETErminaTiOn		
OF	ThE	CrYsTal	sTruCTurE

Fragments of paděraite with an irregular shape and 
a diameter of 0.05–0.09 mm from Băiţa Bihor and 
Swartberg	were	measured	on	a	Bruker	AXS	three-circle	
diffractometer equipped with a CCD area detector using 
graphite-monochromated	 MoKa radiation. Crystal 
data	 for	 the	 fragments	 studied	 are	 listed	 in	Table	 2.	

The	 smarT	 (Bruker	AXS,	 1998)	 system	 of	 programs	
was	 used	 for	 unit-cell	 determination	 and	 data	 collec-
tion,	 sainT+ (Bruker AXS, 1998) for the calculation 
of	 integrated	 intensities,	 and	 XPrEP	 (Bruker	AXS,	
1998)	 for	 the	 empirical	 absorption-correction	 based	
on	pseudo	f-scans.	The	centrosymmetric	space-group	
P21/m,	 proposed	 by	 the	 XPrEP	 program,	 was	 chosen,	
and	it	is	consistent	with	the	monoclinic	symmetry	of	the	
lattice and intensity statistics (mean |E*E–1| = 1.119 for 
Băiţa Bihor and mean |E*E–1| = 1.085 for Swartberg 
[expected 0.968 for centrosymmetry and 0.736 for non-
centrosymmetry]). The structures were solved by direct 
methods	(program	shElXs	of	Sheldrick	1997a),	which	
revealed most of the cation positions. In subsequent 
cycles of the refinement (program shElXl	of	Sheldrick	
1997b),	atoms	positions	were	deduced	from	difference-

Fig. 2. Compositional diagrams for paděraite and the members of the cuprobismutite homologous series (data and provenance 
for	the	latter	are	listed	in	Topa	et al.	2003b).	An	explanation	of	the	element	combinations	and	of	the	use	of	the	diagrams	for	
discrimination of the species involved is presented in the text.
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Fourier	syntheses	by	selecting	from	among	the	strongest	
maxima	at	the	appropriate	distances.

Experimental and refinement data are given in 
Table	2,	 fractional	coordinates	and	 isotropic	displace-
ment	parameters	of	the	atoms	are	listed	in	Table	3	and	
4,	 and	 the	 Me–S bond distances for paděraite from 
Swartberg	are	presented	 in	Table	5.	Selected	geomet-
rical parameters for individual coordination-polyhedra 
(Balić-Žunić & Makovicky 1996, Makovicky & 
Balić-Žunić 1998), calculated with the iVTOn	program	

(Balić-Žunić & Vicković 1996), are given in Table 6. 
The structure of paděraite (for both occurrences) is 
presented	in	Figure	3,	and	the	site	labeling,	in	Figure	4.	
The	tables	of	structure	factors,	anisotropic	displacement	
parameters,	as	well	as	of	bond	distances	and	geometrical	
parameters of polyhedra in paděraite from Băiţa Bihor 
may be obtained from the Depository of Unpublished 
Data, CISTI, National Research Council, Ottawa, 
Ontario K1A 0S2, Canada.

DEsCriPTiOn	OF	ThE	sTruCTurE

Coordination polyhedra

The crystal structure of paděraite contains 13 large-
cation polyhedra, seven triangular and flattened tetra-
hedral Cu sites, and 22 sulfur sites. All of them lie on 
reflection planes of the space group, but have general 
x	and	z	coordinates.
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The	 only	 internal	 Bi	 site	 in	 the	 block	 of	 the	 PbS	
archetype	 is	Bi2,	 the	 rest	 being	on	 the	 surface	of	 the	
block.	From	these,	Bi1	Bi3	and	Bi4	are	most	exposed.	
Atoms	Bi9	and	Bi10	form	columns	of	paired	Bi	coor-
dination	pyramids	at	z	=	1/2,	whereas	Bi6	(central)	and	
Bi7	(apical)	form	four-fold	ribbons	of	Bi	pyramids	at	
z	=	0	(Fig.	4).	These	were	interpreted	in	the	literature	
(Mumme	 1986)	 as	 bismuthinite-like	 ribbons,	 but	 the	
complete	 coordination-polyhedra	 of	 Bi6	 and	 Bi7	 are	
just the opposite of the coordinations observed at each 
respective site in bismuthinite.

In	their	complete	monocapped	trigonal	coordination	
prisms,	Bi1,	Bi4,	Bi6,	Bi9	and	Bi10	exhibit	 the	most	
pronounced lone-electron-pair activity, as confirmed by 
the	highest	eccentricity	in	their	coordination	polyhedra	
(Table 6). The minimum eccentricity is observed for the 
sites	Bi2	and	Bi11,	surrounded	by	other	polyhedra	of	

the	PbS-like	portion	of	the	structure.	The	spread	of	the	
Bi–S distances (Table 5) follows the same trend. The 
sites Bi2 and Bi7 show anomalously long values (2.72 
Å)	for	 the	shortest	Me–S distances in both structures, 
if	compared	to	Bi1	or	Bi4.	Therefore,	they	apparently	
host	the	excess	Pb	shown	by	chemical	analyses	(Table	
1),	but	not	accounted	for	by	the	typical	single	Pb	site	
with	 low	 eccentricity,	 situated	 at	 one	 corner	 of	 the	
PbS-like	block.

Bi3	 is	 a	 partially	 occupied	 octahedral	 site	 (~70%	
occupancy),	combined	with	a	~30%	occupied	trigonal	
planar Cu (in the Băiţa Bihor material) or Ag site (in the 
Swartberg material). The problematically long Bi3–S17 
bond	(>2.8	Å)	should	be	the	shortest	bond	of	the	Bi3	
coordination	polyhedron,	expected	to	be	about	2.6	Å.	In	
parallel, the Cu(Ag)–S17 bond is unacceptably short by 
about	0.2	Å.	Therefore,	we	deem	the	S17	position	to	be	
an average of S positions from the mixture of about 30% 
of a Cu(Ag) polyhedron and 70% of a Bi polyhedron in 
the “Bi3” string of polyhedra along [010].

The arrays of copper sites can be divided into three 
categories:

1) the trigonal planar Cu(Ag) in a trigonal planar 
“X” site in a triangular wall of an unoccupied Bi3 
octahedron,	as	already	discussed.	Although	it	has	been	
successfully refined as Ag for the Băiţa Bihor material, 
giving a very reasonable value of the occupancy, the 
Me–S distances are compatible with those of Cu as well, 
if,	in	the	light	of	the	statistical	nature	of	the	S	positions	
described above, they can be used at all. The X	site	is	the	
only	Ag-containing	site	found	in	the	current	structural	
determination;	in	the	Ag-free	Swartberg	material,	it	is	
the site of a Cu-for-Bi substitution.

2) distorted tetrahedral sites Cu1 to Cu6, transitional 
to	 the	 trigonal	 planar	 coordination,	 especially	 in	 the	
case of Cu1 and Cu2. All of them can be completed 
to trigonal bipyramidal coordinations with varying 
degree of deviation from the central trigonal planes of 
the three coordination bipyramids. The pair Cu1–Cu4 
has an analogy in kupčíkite (Topa et al.	2003a)	as	sites	
Cu(Fe)2–Cu3, whereas Cu6 is located in a manner anal-
ogous to Cu1 in cuprobismutite (Topa et al.	2003b).

3) a distorted linear coordination Cu7 with two 
additional longer and two very long distances to four 
additional S atoms, forming a very flattened coordi-
nation octahedron [2 + 4]. This is the site in which 
Mumme (1986) placed Ag, with the Ag–S distances 
2.16 and 2.37 Å. Our occupancy and Me–S distances 
of 2.13–2.22 Å suggest a pure copper site.

The [010] string of trigonal coordination bipyramids 
of Cu1 and Cu4 leads to a string of Cu–Cu distances 
equal to 3.2 Å, parallel to [010]. The edge-sharing 
tetrahedron Cu2 and Cu5 and the edge-sharing, very 
distorted tetrahedron Cu7–Cu7 generate Cu–Cu 
distances of 3.32 Å and 3.37 Å, respectively, along 
[100]. The Cu3–Cu7 distance is 2.97 Å, whereas Cu6 
and CuX appear to have no cation neighbors. This 
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survey shows that only the Cu3–Cu7 distance suggests 
a weak cation–cation interaction.

Our structure determinations show that the chemical 
differences between the two samples of paděraite have 
only a minor influence on the structure configurations. 
The	 principal	 difference,	 the	 presence	 or	 absence	 of	
Ag,	 concentrates	 in	 a	 single	 structural	 site,	 Bi3/X.	A	
limited variation in the chemical composition of the 
mineral	can	be	expected,	 in	which	the	 increase	 in	 the	
(Cu + Ag) substitution in the Bi3 site is correlated 
with	 the	 reduction	 of	 the	 Pb	 contents	 in	 the	 mixed	
(Bi, Pb) sites. This leads to a formula Cu7Pb[(Cu, 
Ag)xBi1–x(Bi2–yPby)]Bi9S22,	where	y = 1 – 2x. Preserving 
the	same	scheme	of	cation	sites,	hypothetical	extreme	
compositions for paděraite are Cu7Pb[Bi(BiPb)]Bi9S22	
and Cu7Pb[(Cu,Ag)0.5Bi0.5(Bi2)]Bi9S22. The observed 
chemical and structural composition for paděraite from 
both	localities	has	x	=	y	≈	0.33	(Tables	1,	3,	4).

Modular description

Our studies confirm the structure derived by Mumme 
(1986)	 in	all	 important	 features	and	site	assignments.	
The only substantial difference is that in our refine-
ments, the Cu7 site results in a clear Cu position, 
whereas	Mumme	(1986)	assigned	this	position	to	Ag.	
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The Bi3 site combines with the “X site” into a column 
of	octahedra	with	a	mixed	cation-occupancy;	this	was	
beyond	the	quality	limitations	of	Mumme’s	material.

The crystal structure of paděraite can be understood 
in a number of ways. Mumme (1986) defined “C layers” 
comprising	a	repeat	period	d(001) of Cu4Bi5S10	(Mario-
lacos	et al.	1975)	minus	the	Bi	octahedron	at	0,	0,	0,	and	
“D layers”, which are the excess zig-zag layers (100) in 
cuprobismutite	once	the	C layers have been subtracted. 
Then Mumme approximated paděraite as a 1C4D	poly-
some, whereas Cu4Bi5S10	is	1C0D,	cuprobismutite	1C1D,	
and	hodrushite	2C1D, not involving the complex centers 
of	4D layers in paděraite and the “leftover” octahedra 
in Cu4Bi5S10.	For	details	of	this	scheme,	the	reader	is	
referred	to	the	original	paper	by	Mumme	(1986).

The	 new	 interpretation,	 presented	 here	 (Fig.	 3),	
describes paděraite as a regular 1:1 intergrowth of K 
and Q modules. The K modules are complete kupčíkite 

slabs,	 i.e., (Cu4Bi5S10)-like,	 with	 boundaries	 drawn	
through the central regular Bi octahedra of the kupčíkite 
structure	(Topa	et al.	2003a)	and	between	planar	copper	
sites.	Thus	their	thickness	is	the	d100 value of kupčíkite, 
and they are not identical with the “kupčíkite-like 
layers” used in the definition of the cuprobismutite 
homologues	(Topa	et al.	2003a,	b).

The Q modules (Fig. 3) are a type of slab with a 
close structural and configurational affinity to nord-
strömite	(Mumme	1980).

If the Q slabs are removed, the kupčíkite-like K 
slabs	 collapse	 directly	 into	 a	 complete,	 undistorted	
structure of kupčíkite (not presented here; see Topa 
et al. 2003a, b). The alternating Q slabs can be joined 
either by a direct collapse along [101] of paděraite, 
yielding a QQ structure of a sheared layer type (Fig. 5) 
similar	 to	 nordströmite,	 or	 with	 a	 shift	 of	 ½	 (a + b),	
resulting in another structure (QQ’), composed of rods 

Fig. 3. The crystal structure of paděraite in projection on (010), with atoms at y =	0.25	(white)	and	at	0.75	(grey	shading),	
respectively. In the order of decreasing size, the circles represent S, Pb (blue), X position (Cu or Ag, green), Bi, and Cu (red). 
The right-hand side of the figure shows Q modules (unshaded) between slabs (001) of kupĕikite-like structure denoted as K 
modules (shaded in grey). Orange and intervening uncolored slabs in the left-hand side of the figure are the OD layers of Type 
1 and Type 2, respectively. Arrows 1 and 2 show vectors (a + b)	discussed	in	the	text,	whereas	line	segment	3	interconnects	
configurations of Cu polyhedra used to illustrate the potential OD phenomena in paděraite.
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Fig. 4. Site labels for the paděraite structure.

Fig. 5. A hypothetical Cu–Pb(Ag)–Bi sulfosalt composed of a pure QQ module sequence. Sheared levels of triple octahedra are 
yellow, “Bi4S6” elements are grey. Figures 5–6 and 8–10 are collages combining segments of known structures.
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of	 PbS-like	 arrangement	 interconnected	 by	 layers	 of	
octahedra	(Fig.	6).

The structure of nordströmite, CuPb3Bi7(S,Se)14,	
(Mumme	1980)	(Fig.	7),	considered	in	connection	with	
the Q modules, is composed of double layers of octa-
hedra that are periodically sheared every 2½ pseudohex-
agonal subperiods, altering the octahedra involved into 
split octahedra (CN = 7). These layers are interleaved 
by	fragments	of	pseudotetragonal	layers,	four	tetragonal	
subcells long. Adjacent fragments are offset en échelon	
by	the	same	shear	planes	as	the	layers	of	octahedra.	The	
loci	 of	 the	 offsets	 are	 occupied	 by	 a	 pair	 of	 trigonal	
planar Cu atoms; their full coordination-polyhedra are 
trigonal bipyramids. In the hypothetical layered QQ 
structure derived from paděraite (Fig. 5), the pseudo-
tetragonal	fragments	are	two	subcells	(i.e.,	coordination	
pyramids)	wide,	and	the	paired	trigonal	bipyramids	of	
Cu in shear planes correspond to those in nordströmite. 
The	pseudohexagonal	layers	(marked	in	yellow	in	Fig.	
5)	are	three	layers	of	octahedra	thick,	and	the	sheared	
portions differ from those in nordströmite. In the QQ 
structure, they are filled by linearly coordinated Cu, the 
coordination	of	which	is	completed	to	extremely	broad	
and somewhat asymmetrically occupied octahedra (CN 

= 2 + 4). If we compare the scheme of Bi, Pb octahedra 
in the adjacent yellow fragments, we can describe their 
displacement	as	a	shear	of	layers	of	octahedra	by	½	d100	
of the PbS-like array. This Cu-rich, sheared interval 
is capped on both sides by Cu tetrahedra, absent in 
nordströmite.

In the other, QQ’ structural alternative (Fig. 6), the 
rods	of	PbS	archetype	remind	one	of	those	in	kobellite	
(Miehe 1971). They are, however, reduced in width, and 
have a parallel orientation. They are interconnected by 
short	(111)PbS	intervals; the intervening space hosts the 
Bi4S6 ribbons, and the rod–rod contacts are filled with 
Cu polyhedra. This structural arrangement reminds one 
of the “boxwork” structure-type of complex sulfosalts 
(e.g., the structure of neyite, Makovicky et al.	2001).

The structural formula of the hypothetical QQ phase, 
or of its QQ’ variant, is [4]Cu [3]Cu [2]Cu [7]M	 [8]M2	
[6]M5	S12, where “Cu” = Cu, Ag, and M	=	Bi,	Pb.	This	
results in the possible formula Cu3–xAgxPb3Bi5S12;	 in	
paděraite, less Pb is present in this layer because the 
kupčíkite portion requires additional positive charges 
(Topa	et al.	2003a,	b),	which	causes	a	part	of	the	Pb	to	
be	replaced	by	Bi.

Fig. 6. A hypothetical derivative of paděraite with a QQ’ sequence of Q modules. Configurations based on the PbS-archetype 
are	outlined	in	pink.
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POlYTYPism

In the crystal structure of paděraite, the (001) slabs, 
composed	 of	 Bi2S4 columns and of the paired CuS4	
tetrahedra, have a (100) periodicity equal to a half of 
the	 (a + b) period valid for the bulk of the structure 
(Fig.	 3).	This	 can	 be	 seen	 if	 one	 follows	 the	 pair	 of	
nearly identical Cu2 and Cu5 tetrahedra along the (a 
+ b)	direction	(arrow	1	in	Fig.	3)	and	notes	the	nature	
of adjacent structural configurations (e.g.,	along	arrow	
2	 in	 Fig.	 3).	This	 1:2	 mismatch	 leads	 to	 a	 potential	
polytypism in paděraite.

For	a	description	of	this	phenomenon,	two	distinct	
OD layers have to be selected (Fig. 3). The first OD 
layer (ODL1, Fig. 3) includes the Bi9 and Bi10 columns 
and the paired Cu2 and Cu5 tetrahedra; the boundary 
with the second OD layer (ODL2, Fig. 3) runs through 
Bi1	and	Bi4,	as	well	as	S1	and	S20	(Fig.	4),	which	also	
obey the halved periodicities of the C-centered ODL1 
layer. In the ODL2 layer, however, Bi1 forms part 
of a “cuprobismutite-like” arrangement around Cu6, 
whereas Bi4 forms part of a “kupčíkite-like” arrange-
ment of Cu1 and Cu4 (Figs. 3, 4); therefore, these two 
cation sites are crystallographically non-equivalent.

In the paděraite structure growing along the d001	
direction, an ODL2 layer can attach itself to the ODL1 
layer	in	two	positions,	(a + b)/2 of paděraite apart. They 
can be recognized by inspecting the above-mentioned 
copper configurations Cu1, Cu4 and Cu6, which face 
one another across ODL1, when passing through the 
Cu2–Cu5 configuration. Different configurations face 
one another in the known polytype of paděraite (line 
segment 3 in Fig. 3), whereas the identical configura-
tions	face	one	another	in	the	hypothetical	polytype	(line	
segments 1 and 2 in Fig. 8). The latter configuration 
might	be	marginally	less	stable	than	the	former	one,	and	
has not been observed in nature to date. The resulting 
unit-cells	are	presented	in	Table	7.	The	symmetry	of	the	
OD layers is C2/m for ODL1, and P21/m for ODL2. In 
projection onto the OD layers, the origins of the two 
layers	are	shifted	by	1/8	a for paděraite and ~1/4	a	 for	
the	hypothetical	polytype.	The	resulting	unit-cells	are	
P21/m	and	A2/m,	the	latter	with	doubled	d001	(entries	1	
and	8	in	Table	7).

sTruCTural	sEriEs

The structural compatibility of paděraite and cupro-
bismutite	 homologues,	 noticed	 already	 by	 Mumme	

Fig. 7. The crystal structure of nordströmite, CuPb3Bi7(S,Se)14 (Mumme 1980), a structure related to the hypothetical QQ 
sequence described in Figure 5. A description is provided in the text.
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(1986), has been confirmed by HRTEM observations 
of Ciobanu et al. (2004), who observed parallel inter-
growths of paděraite and cuprobismutite. None of the 
observed sections revealed longer-range superperiodici-
ties;	up	to	two	or	three	repetitions	of	1:1,	1:2	and	1:3	
combinations of paděraite and cuprobismutite cells were 

observed intergrown with longer sequences of pure 
phases separated by mixed transitional zones.

These observations lead us to the models of 
paděraite–kupčíkite, paděraite–hodrushite, and 
paděraite–cuprobismutite intergrowths (Fig. 9), limited 
here	to	1:1	ratios	because	of	their	large	unit-cells.	The	

Fig. 8. The alternative, hypothetical polytype of paděraite with the adjacent ODL2 layers displaced by (a + b)/2	across	each	
intervening ODL1 layer. Line segments 1 and 2 interconnecting the copper configurations are used to illustrate the nature of 
OD phenomena. They should be compared with the line segment 3 in Figure 3.
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Fig. 9. a–c. Hypothetical coherent 
1:1 intergrowths of paděraite 
and, respectively, cuprobis-
mutite (a), kupĕikite (b), and 
hodrushite	 (c).	 The	 slabs	 of	
cuprobismutite	homologues	are	
indicated in green. Compare 
with	Table	7.

a

c

b
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structure	of	natural	Ag-bearing	cuprobismutite,	deter-
mined	by	Topa	et al.	(2003b),	was	used	instead	of	the	
Cu-rich synthetic version used by Ciobanu et al.	(2004)	
in their modeling. Idealized unit-cell data for these inter-
growths	are	presented	in	Table	7.	The	general	formula	
of the paděraite:cuprobismutite = 1:N series PCn	 is	
then: Cu14+8NMe2+

4+2NBi22+12NS44+24N,	where	N	 is	 the	
number	 of	 cuprobismutite-like	 slabs	 alternating	 with	
one paděraite-like slab. The thickness of these unit slabs 
is defined in Figures 9a–c. The general formulae for 
the paděraite:kupčíkite = 1:N series PKn and paděraite:

hodrushite =	1:N	series	PHn can be also derived, using 
data	from	Table	7.

The decomposition of paděraite into two slabs, a 
kupčíkite-like one (K in Fig. 3) and the “remaining” 
one (Q in Fig. 3), leads to a potential homologous series 
KQn : Cu8+6NMe2+

6N–2Bi12+10NS20+24N exemplified by 
paděraite itself (a KQ homologue, n = 1) (Fig. 3) and the 
next higher homologues KQ2 of both kinds (KQQ and 
KQQ’), shown in Figures 10a and 10b, respectively (see 
also Table 7). The opposite trend, KnQ, is exemplified 
by the paděraite–kupčíkite intergrowth, which actually 
is the homologue K2Q.

Fig. 10. a, b. The hypothetical kupĕikite-Q layer homologues KQQ and KQQ’ (compare 
with Figs. 5 and 6). The kupĕikite K modules are colored in blue.

a

b
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The	origin	of	these	intergrowths	seems	to	be	compli-
cated. Our observations by reflected light microscopy 
suggest a replacement of Cu-enriched hodrushite by Cu-
enriched paděraite in the material from Swartberg. The 
Băiţa Bihor material suggests the same trend. As already 
mentioned, the later replacements by makovickyite and 
bismuthinite–aikinite derivatives help to obscure the 
original	replacement-intergrowth	relationships.
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