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THE CRYSTAL STRUCTURE OF NEYITE, Ag2Cu6Pb25Bi26S68
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ABSTRACT
The crystal structure of type neyite from Alice Arm, British Columbia, was determined from single-crystal X-ray diffraction
data with the agreement factors R1 = 0.037 (0.072 for all) and R2 = 0.078. The structural formula supported by the new electronmicroprobe data is AgCu3Pb12.5Bi13S34 (Z = 4); the lattice parameters are a 37.527(6), b 4.0705(6), c 43.701(7) Å,  108.801(2)°,
space group C2/m. The structure contains 26 independent large-cation polyhedra, one Ag site and three Cu sites. It can be
described as an alternation of triple-octahedron (111)PbS-like layers with (100)PbS-like layers two atomic planes thick. Both sets
of layers are (a) sheared, giving rise to tetrahedral Cu sites, and (b) truncated by wavy PbS-like layers (001)ney, three atomic
planes thick. The resulting structure can be described as a box-work of (100)PbS-like layers enclosing (111)PbS-like fragments.
Several hypothetical structures based on the neyite principle have been derived.
Keywords: neyite, crystal structure, sulfosalt, Alice Arm, British Columbia.

SOMMAIRE
Nous avons déterminé la structure cristalline de la neyite provenant de la localité-type, Alice Arm, en Colombie-Britannique,
à partir de données en diffraction X prélevées sur cristal unique, jusqu’à un résidu R1 = 0.037 (0.072 pour toutes les réflexions)
et R2 = 0.078. La formule structurale qui répond aux nouvelles données de microsonde électronique est AgCu3Pb12.5Bi13S34 (Z
= 4); les paramètres réticulaires sont a 37.527(6), b 4.0705(6), c 43.701(7) Å,  108.801(2)°, groupe spatial C2/m. La structure
contient 26 polyèdres contenant un cation à large rayon, un site Ag et trois sites occupés par le Cu. On peut la décrire en termes
d’une alternance de couches ressemblant à (111)PbS à multiples de trois octaèdres et des couches ressemblant à (100)PbS ayant une
épaisseur de deux plans d’atomes. Les deux séries de couches sont (a) cisaillées, ce qui donne des sites tétraédriques occupés par
le Cu, et (b) terminées par des couches ondulantes ressemblant au PbS le long de (001)ney, d’une épaisseur de trois plans d’atomes.
On décrit la structure qui en résulte comme un agencement en boîtes de couches ressemblant à (100)PbS et renfermant des fragments
de couches rappelant (111)PbS. Nous dérivons plusieurs structures hypothétiques à partir du principe de la neyite.
(Traduit par la Rédaction)
Mots-clés: neyite, structure cristalline, sulfosel, Alice Arm, Colombie-Britannique.

INTRODUCTION
Neyite was described in 1969 by Drummond et al.
as a new sulfosalt from Alice Arm, British Columbia,
with a composition (Cu,Ag)2Pb7Bi6S17 and a remarkably large unit-cell: a 37.5, b 4.07, c 41.6 Å,  96.8°,
space group C2/m. In addition to an occurrence at the
Alaska mine, Colorado (Karup-Møller & Makovicky
1992), neyite was also reported from Benson, Arizona
(Gaines et al. 1997), Chishawasha, Zimbabwe
(Kalbskopf & Ncube 1983), and Vale das Gatas, Portu-

§

gal (Gaspar & Bowles 1985), and it was recently found
by us at Felbertal, Austria (unpubl. data). Still, its crystal structure remained unknown, and its chemical formula, uncertain.
The current determination of the crystal structure of
neyite was performed on a crystal extracted from the
type specimen (National Mineral Collection of Canada,
No. 68067), collected in the Lime Creek BC molybdenum mine, at Alice Arm. The sample studied was kindly
provided by Mr. A.C. Roberts, of the Geological Survey of Canada, Ottawa.

E-mail address: emilm@geo.geol.ku.dk
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EXPERIMENTAL
The chemical composition of the type neyite was
determined by analyzing the other half of the elongate
crystal used for structure analysis. It was embedded in
epoxy and polished for a wavelength-dispersion electron-microprobe analysis. The JEOL–8600 apparatus at
the University of Salzburg was used. It is equipped with
Link EXL detector used with an on-line ZAF–4 correction program. Experimental conditions and analytical
results are summarized in Table 1.
The electron-microprobe results differ significantly
from the original chemical data reported in the contents
of Pb, Bi and, to a lesser degree, sulfur. However, the
crystallographic data confirm the identity of the crystal
investigated as neyite, i.e., we assume that there was a
small admixture of other sulfosalts in the bulk material
prepared for the standard chemical analysis by
Drummond et al. (1969). Inspection of Table 1 reveals
that the new composition of type-locality neyite is close
to the ideal formula Ag2Cu6Pb25Bi26S68. Without considering Ag and Bi substituting for Pb, this large structure requires 26 (Bi + Pb) sites, one site occupied by
silver and three distinct Cu sites in an asymmetric unit.
The amount of Ag in neyite is not fixed at two atoms
per formula unit (apfu); in the neyite from Felbertal, it
reaches only 1 apfu, whereas in the material from the
Alaska mine, Colorado, it attains 4 apfu Ag. Both
samples have crystallographic properties identical to
those of the type neyite.
A crystal with a needle-like shape and dimensions
0.15  0.035  0.015 mm was measured on a Bruker–
AXS four-circle diffractometer equipped with CCD
1000K area detector (6.25 cm  6.25 cm active detec-

tion area, 512  512 pixels) and a flat graphite monochromator using MoK radiation from a fine-focus
sealed X-ray tube. The distance from sample to detector was 6 cm. We made1800 exposures 0.3° apart, with
measurement time 45 s in each case. A total of 19063
reflections with 2 between 4° and 53° and Miller indices covering the range 4̄5̄ ≤ h ≤ 43, 5̄ ≤ k ≤ 4, 4̄9̄ ≤ l ≤ 53
were measured, giving 6809 unique ones, of which 4324
with I > 2I were classified as observed. The SMART
system of programs was used for unit-cell determination and data collection, SAINT+ for the calculation of
integrated intensities and lattice refinement, and
SHELXTL for the structure solution and refinement (all
Bruker–AXS products). For the empirical absorptioncorrection based on reflection measurements at different azimuthal angles, and measurements of equivalent
reflections, the program XPREP from the SHELXTL
package was used. It yielded a merging RINT factor (for
equivalent reflections) of 0.0551 compared to 0.1454
before the absorption correction. Minimum and maximum transmission factors were 0.0140 and 0.0558, respectively. The only systematic absences were those of
a C-centered Bravais lattice. In accordance with the
monoclinic symmetry of lattice and intensity statistics
(| E*E – 1 | = 1.145), the centrosymmetric C2/m space
group was chosen. The positions of the metal atoms
were found by direct methods. In subsequent refinements, the positions of S atoms were deduced from the
difference-Fourier syntheses.
Owing to a very small difference in their atomic
number, the distribution of Pb and Bi among the heavy
atom positions cannot be derived from conventional
diffraction measurements and had to be inferred on the
basis of crystal-chemical considerations. According to
the coordination characteristics, some heavy-atom positions were assumed to be filled with Pb, some others,
with Bi, and others to represent mixed Pb,Bi occupancies. During the refinement, each position was assigned
a Pb or a Bi scattering factor according to its coordination characteristics. As evidence of the incorporation of
Ag at some Pb,Bi positions was also found, the occupancies of all heavy cation sites were released during
the refinement. Only for four positions was less than
full occupancy registered, and for them also, the partial
occupancy of Ag was refined. The distribution of Pb
and Bi over the mixed-occupancy positions was based
on specific crystal-chemical calculations described later
in the text, and was completed after the refinement.
After the final refinement based on F2 with anisotropic
displacement-factors for all atoms, the highest residual
maximum and minimum were 2.04 e/Å3 and –2.01 e/
Å3, respectively. The reliability factors obtained are:
(wFc2 – wFo2)/<wFc2> = 0.078; (Fc – Fo)/<Fc> =
0.037 (for Fo > 4Fo), (0.072 for all); goodness of fit:
[w(| Fo | – | Fc |)2/(m – n)]1/2 = 0.881 for m observations and n parameters with the weighting factors w =
1/{ σ 2F 2 + [0.0244(Max(Fo2,0) + 2Fc2)/3]}.
0
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octahedron”, is equal to 0.1333, whereas for an ideal
monocapped trigonal prism, is equal to 0.1590
(Makovicky & Balić-Îunić 1998).
The structure of neyite is best described by referring
to building units larger than individual polyhedra and to
the structure of PbS as an archetypal structure.
Polyhedra and their aggregates

The results of the refinement are represented in
Tables 2 and 3. Tables of structure factors and interatomic distances and angles may be obtained from the
Depository of Unpublished Data, CISTI, National Research Council, Ottawa, Ontario K1A 0S2, Canada.
Besides the C2/m unit cell with  108.8° and c 43.70
Å used here (Table 2), an F2/m cell can be chosen, with
 96.5° and c/2 equal to 41.56 Å. Such a choice explains the difference between the current unit-cell data
and those of Drummond et al. (1969), who overlooked
the F-centering, mistaking it for C-centering.

DESCRIPTION OF THE STRUCTURE
Atom positions
The structure of neyite contains 26 independent large
cation polyhedra, one silver position and three copper
sites, together with 34 independent sulfur sites (Figs. 1,
2, Table 3). It is therefore one of the largest sulfosalt
structures, alongside izoklakeite (Makovicky &
Mumme 1986, Armbruster & Hummel 1987),
hodrushite (Kupčík & Makovicky 1968), weibullite
(Mumme 1980), and scainiite (Moëlo et al. 2000).
Over 50% of large cation positions are mixed-occupancy positions (Figs. 1, 2, Table 4); positions occupied by Ag and Cu do not indicate mixed occupancies.
These characteristics are also reflected in the interatomic
distances and other coordination parameters (Table 4).
The coordination volumes for cations of coordination number (CN) 6 are closely related to the proportion
of Pb and Bi in the mixed-occupancy sites, a fact used
in the occupancy analysis below. Volume-based distortions (Makovicky & Bali ć-Îuni ć 1998) calculated
from comparisons with ideal octahedra deviate by generally less than 2% of the polyhedral volumes, with the
exception of Me21 and Ag1. As usual for sulfosalts, Bi
shows in general larger eccentricity than Pb in the
same type of coordination. CN7 polyhedra are close to
the type described as “split octahedron” (Makovicky &
Balić-Îunić 1998), as witnessed by their volume-based
distortions (calculated from the comparison with an
ideal pentagonal bipyramid as the CN7 polyhedron with
the maximum effective volume). For the ideal “split
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As is the case with many Pb–Bi sulfosalts, the fundamental features of the neyite structure can be described by referring to the modules cut out of the
archetypal PbS structure. Thus, this structure contains
(111)PbS slabs three octahedra thick parallel to d→001 of
the neyite lattice (ruled in Fig. 3), alternating with
(100)PbS slabs two atomic layers thick (stippled in
Fig. 3). This stack of alternating slabs with pseudohexagonal and pseudotetragonal surfaces is periodically
sheared by a step one octahedron high at z = 0 which,
for the (100)PbS layer, creates an empty octahedrally coordinated position flanked by two tetrahedra populated
asymmetrically by Cu1 (Cu–Cu = 2.77 Å). This is
matched by a simple slip the height of one octahedron
in the (111)PbS layers. The step configuration and the
adjacent straight-layer portions correspond almost entirely to the hypothetical third homologue of the stepped
layer structure of the junoite–felbertalite homologous
series (Topa et al. 2000), junoite having single, felbertalite double and the current structure triple (111)PbS
layers. Furthermore, the stack of alternating slabs is periodically interrupted, sheared and separated by corrugated PbS-like (922)PbS layers at z = ½; these are parallel
to (001) of neyite. The latter layers are three to four atomic
layers thick, their corrugation proceeds as a result of
differences in size and coordination between the tetrahedrally coordinated Cu3 and the opposing Me14 (Figs.
1, 2, 3). Further problems in accommodation are addressed in these layers by incorporation of a single, flattened-octahedron site of Ag1 in their straight portion.
Altogether, the (111)PbS slabs contain 12 unique,
regular to slightly distorted octahedrally coordinated
sites (Me1 – Me12). Two bicapped trigonal prismatic
sites are shared with (100)PbS slabs (Me24), and (922)PbS
layers (Me26). The square-pyramidal Me coordinations
in the (100)PbS slabs that form sheared “partitions” perpendicular to [100]ney are completed by interslab Me–S
bonds (distances) into coordination octahedra (Me17,
Me21) or into lying (Me19, Me23) or standing (Me18,
Me20) monocapped (“split octahedra”) or bicapped
trigonal prisms (Me22, Me24) (Fig. 2). There are nine
unique cation positions in these layers, one of which is
the Cu1 position, and two are shared either with the
(111) PbS slabs (Me24) or with the (001) ney layers
(Me23).
The interlayer space and the polyhedra involved correspond fully to those in junoite CuPb3Bi7(S,Se)14
(Mumme 1980). The Cu2 and Cu3 positions are confined to tetrahedral voids in the extension of this space;
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Cu2 is closer to a trigonal planar coordination, whereas
Cu3 is closer to a tetrahedral one (Fig. 2). These Cu atoms cover bases of an empty horizontal coordination
prism subparallel to [001] and do not show Cu...Cu interaction.
The third type of building blocks, the distorted layers (001)ney (white in Fig. 3) consist of [010] “rods”,
which contain twelve cations (Me13, 15, 16, 23, 25 and
26) and twelve sulfur atoms (S18, 19, 21, 31, 32, 33)
each. These rods are centered on a single flattened octahedron formed around linearly coordinated Ag1; they
are interconnected by a pair of “split” Pb14 coordination octahedra, each facing a Cu3 tetrahedron. These
latter polyhedra cause periodic changes of direction of
the (001)ney layer, warping it in order to fit the varying
attachment requirements of pseudohexagonal and
pseudotetragonal slabs perpendicular to [001]. This type
of layer can also be described as a (100)PbS slab three
atomic planes thick, displaced periodically on (111)PbS
by an increment equal to ½d→(100)PbS.
Occupancies of the Pb and Bi positions
An attempt was made to characterize those metal
positions in the neyite structure that show characteristics of mixed Pb,Bi occupancy as either Bi-dominated,
Pb-dominated or mixed. This attempt is based on several semi-empirical models.
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In the first instance, the occupancies were determined from the bond-valence calculations using the formula:
s = exp[(rO – r)/B]
where rO is an element-specific bond-valence parameter, r the bond distance, and B is a constant equal to
0.37 (Brown & Altermatt 1985). The bond-valence parameters for Bi–S and Pb–S bonds quoted by Brese &
O’Keeffe (1991) are the same (2.55), which allows an
easy determination of occupancies from the calculated
valence-sums for cation positions. For positions that also
include Ag, the amount of Ag determined by structure
refinement was subtracted first.
Subsequently, the volume of a circumscribed sphere,
least-squares-fitted to the cation polyhedron, and the
volume of the coordination polyhedron itself, were used
to calculate the occupancies. We noted that the heavy
cation position No. 3 shows the largest, and the position
No. 8, the smallest volume among the CN6 coordinations (Tables 4, 5). The calculated valences for these
two positions are 1.95 and 2.93 valence units (vu), and
the bond distances also suggest practically full occupancy by Pb and Bi, respectively. Taking their volumes
as representative for Pb and Bi in the structure studied,
and assuming that the volumes change linearly with the
extent of Pb-for-Bi substitution, the observed volumes
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FIG. 1. The crystal structure of neyite. Pb atoms are blue, Bi atoms are red, mixed Pb–Bi positions, purple with shades varying
according to the Pb/Bi ratio; Ag atoms are grey, Pb–Bi positions partly substituted by Ag are brown to dark violet, Cu atoms
are green, and S atoms are yellow. Oblique projection on (010); four atomic layers parallel to (010) are shown.
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FIG. 2. Asymmetric unit of neyite structure projected parallel to [010], with atomic labels.
Atoms at y = 0 are unshaded, those at y = ½ are shaded. Color scheme as in Figure 1.

can be used to calculate the fractional occupancy of each
position by these two elements. For positions with a
contribution from Ag, the appropriate volume-contribution by Ag was calculated using the Ag occupancy obtained from the structure refinement, as well as the
volumes of the sphere and of the coordination polyhedron for the Ag1 position.
The calculations were done only for the positions
with CN6. Similar calculations were attempted for the
six positions with CN7, but the calculations did not give
satisfactory results. The calculated valences were found
to be too low (the same is true for the CN8 positions),
and it is hard to define a typical volume for positions
occupied exclusively by Pb and Bi. From the experimentally determined composition and the calculated
occupancies of CN6 positions, it follows that there are
approximately two Bi atoms distributed over the remaining six CN7 and three CN8 positions. Positions 19 and
20, with CN7, have the largest eccentricities (Table 4)
and were interpreted to be fully occupied by Bi, and the
others, fully occupied by Pb. The largest eccentricities
for Pb with CN = 7 occur in the “split octahedra” of
Me14 and Me18. Values of sphericity vary throughout
the structure; in general, they are reduced for the cations of the central row of the (111)PbS slab and for the
bicapped trigonal prisms of Pb.
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The results are represented in Table 5. There is a
generally good concordance among results of the various methods of calculation, the largest discrepancy being found in position 21, for which the first two
calculations give a significant occupancy by Pb, whereas
the volume of the coordination polyhedron suggests that
it is practically filled by Bi. The sum obtained from the
volumes (VP) of coordination polyhedra shows the best
concordance with the microprobe-established composition, which indicates 12.43 Pb and 13.04 Bi positions,
the rest of the positions (0.53) being occupied by Ag.
Four octahedral positions were found to be partly
occupied by silver: three of them (Me6, Me9 and Me11)
are in the central row of the triple-octahedron layer, and
one (Me16) is in the distorted (001)ney layer, where two
Bi16 positions flank the Ag1 position. In all these cases,
the Ag content was modeled as 0.1–0.2 Ag atoms.
Modular character
As mentioned above, the structure of neyite can be
described as a stacking of pseudotetragonal (100)PbS and
pseudohexagonal (111) PbS slabs that are regularly
sheared. Shear by steps that are one octahedron or one
pseudotetragonal double layer high, and situated at
z = 0, alternates in neyite with shear by compositionally
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FIG. 3. Modular interpretation of the neyite structure. Pseudohexagonal blocks (111)PbS are ruled, the interleaved pseudotetragonal slabs (100)PbS are stippled, and the corrugated (922)PbS layers are left unshaded.

non-conservative (001) boundaries at z = ½ (Fig. 3).
These non-conservative boundary-layers, 4 to 3 atomic
layers wide, are related to the pseudohexagonal blocks
by the local unit-cell twinning on (311)PbS: two bicapped
trigonal coordination prisms of lead (Me25 and distorted
Me26) following each other are situated in this lillianitelike boundary region of the structure (Figs. 1, 2, 3). The
local twin-relationship of (111)PbS between the (001)ney
layers and (100)PbS slabs is less prominent. The joining
of two distinct pseudotetragonal building-blocks creates
a “box-work” structure, which accommodates the
pseudohexagonal blocks. The latter have a non-commensurate match on both the (111) and the (111̄)PbS surfaces (Fig. 3). For the terminology used in this section,
we recommend the review by Makovicky (1997a, b) and
the references therein.
Because of its complexity, the structure of neyite
belongs to a new, “advanced” generation of complex
sulfide structures. It is doubly-non-commensurate, of a
novel “box-work” type and of a highly complex character. Whereas the typical complex sulfosalt structures
with sheared layers or those of the rod-based category
(Makovicky 1989, 1993, 1997a, b) have non-commensurate match on one type (set) of interfaces, neyite and
other box-work structures have two types of non-com-
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mensurate interfaces, in two sets that are oblique to each
other. The best other examples of this category are the
recently described sulfosalt pillaite Pb9Sb10S23ClO0.5
(Meerschaut et al. 2001) and the rare-earth sulfide
Er9La10S27 (Carré & Laruelle 1973, Makovicky 1992).
The majority of complex sulfide structures have one
or two kinds of layers or blocks or rods recombined into
a large-scale structure. Neyite and other structures of
“box-work” type have three such building-blocks: two
types of (100)PbS layers/fragments with pseudotetragonal character and one type of pseudohexagonal
(111)PbS layers/blocks. The two pseudotetragonal elements differ from each other to various degrees in distinct members of the “box-work” family.
Hypothetical derivatives of neyite
Several new structures can be derived from the
neyite structure, either by homologous expansion or
contraction, or by truncations in either of the two types
of sheared areas.
Homologous contraction of pseudohexagonal
(111)PbS layers, reducing their thickness respectively, to
a single- or a double-octahedron layer, leads to lower
homologues, of the order N = 1 and 2, of the neyite
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FIG. 4. The hypothetical N = 1 homologue of the neyite homologous series, with the model composition Cu6Pb12Bi20S45. Collage
based on homologous contraction of the refined structure of neyite.
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structure-type (N = 3). The second homologue displays
problems in the interface match and may require a substantial change in at least one (pseudohexagonal) coordination polyhedron in order to materialize. However,
the N = 1 homologue, with single-octahedron pseudohexagonal layers of the same length as those in neyite,
is a perfectly viable structure. It has model composition
Cu6Pb12Bi20S45, space group A2/m (a 12.7, b 4.1, c 85.4
Å,  ≈ 90.5°) (Fig. 4).
Truncation of the structures of neyite homologues
(N = 1 to N = 3) by deleting the compositionally nonconservative interlayer leads to sheared layer-structures
of the junoite family, such as junoite CuPb3Bi7(S, Se)14,
N = 1 (Mumme 1975) and the newly discovered
felbertalite Cu2Pb6Bi8S19, N = 2 (Topa et al. 2000,
2001).
Truncation of neyite homologues by deleting the
stepped areas at zney = 0 leads to a new homologous
series of typical box-work structures. Homologues N =
1 and 3 do not have coordination problems (Figs. 5, 6);
the N = 2 homologue experiences the same problems
for some coordination polyhedra as those observed in
the full, neyite-like N = 2 structure. Homologue N = 1
has space-group symmetry P21/m, a 12.7, b 4.1, c 30.3
Å, and  ≈ 94°, model formula Cu2Pb5Bi6S15. Homologue N = 3 has space-group symmetry C2/m, a 37.5, b
4.1, c 30.1 Å, and  ≈ 94°, model formula AgCu4Pb22
Bi13S44 if no Ag + Bi substitution for 2Pb is envisaged.

FIG. 5. The hypothetical N = 1 truncation derivative of the neyite homologous series. Model composition Cu2Pb5Bi6S15; collage
based on neyite.
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FIG. 6. The hypothetical N = 3 truncation derivative of neyite. Model composition AgCu4Pb22Bi13S44; collage based on neyite.

Variation of the length of the (111)PbS and (100)PbS
elements appears to be restricted. In neyite and the
“stepped” neyite homologues, the total, long non-commensurate match can be described approximately as 7½
pseudotetragonal subcells (coordination polyhedra) facing 4½ orthohexagonal subcells (i.e., 8 coordination octahedra and one more such interval for the terminal
trigonal coordination prism) (Figs. 2, 3). In the above
“box-work” truncation derivatives, four pseudotetragonal subcells match with two and a half orthohexagonal subcells. Other matches were attempted but
discarded because they create contradictions either in x
and y or in z values of certain atoms. None of these structures have yet been detected; they may require a certain
amount of element substitutions away from the model
compositions to become stabilized.
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