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ABSTRACT

The crystal structure of type neyite from Alice Arm, British Columbia, was determined from single-crystal X-ray diffraction
datawith the agreement factors Ry = 0.037 (0.072 for all) and wR; = 0.078. The structural formula supported by the new electron-
microprobe datais AgCusPbi25Bi13Ss4 (Z = 4); the | attice parameters are a 37.527(6), b 4.0705(6), ¢ 43.701(7) A, B 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)p,s-like layers with (100)pps-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).ey, three atomic
planes thick. The resulting structure can be described as a box-work of (100)ps-like layers enclosing (111)pps-like fragments.
Several hypothetical structures based on the neyite principle have been derived.
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SOMMAIRE

Nous avons déterminé la structure cristalline de la neyite provenant de lalocalité-type, Alice Arm, en Colombie-Britannique,
apartir de données en diffraction X prélevées sur cristal unique, jusqu’ a un résidu R; = 0.037 (0.072 pour toutes les réflexions)
et wR, = 0.078. Laformule structurale qui répond aux nouvelles données de microsonde électronique est AgCusPbi2 5Bi13Ss4 (Z
= 4); les paramétres réticulaires sont a 37.527(6), b 4.0705(6), ¢ 43.701(7) A, B 108.801(2)°, groupe spatial C2/m. La structure
contient 26 polyedres contenant un cation alarge rayon, un site Ag et trois sites occupés par le Cu. On peut |a décrire en termes
d’' une alternance de couches ressemblant a (111)p,s amultiples de trois octaédres et des couches ressemblant a (100)p,s ayant une
épaisseur de deux plans d’atomes. Les deux séries de couches sont (&) cisaillées, ce qui donne des sites tétraédriques occupés par
leCu, et (b) terminées par des couches ondulantes ressemblant au PbSlelong de (001) ey, o une épaisseur detroisplansd’ atomes.
On décrit lastructure qui en résulte comme un agencement en boites de couches ressemblant & (100)pys €t renfermant desfragments
de couches rappelant (111)p,s. Nous dérivons plusieurs structures hypothétiques a 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).Pb;BigS;7 and a remark-
ably large unit-cell: a 37.5, b 4.07, c 41.6 A, B 96.8°,
space group C2/m. In addition to an occurrence at the
Alaska mine, Colorado (Karup-Mgller & Makovicky
1992), neyite was also reported from Benson, Arizona
(Gaines et al. 1997), Chishawasha, Zimbabwe
(Kalbskopf & Ncube 1983), and Vale das Gatas, Portu-
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ga (Gaspar & Bowles 1985), and it was recently found
by us at Felbertal, Austria (unpubl. data). Still, its crys-
tal structure remained unknown, and its chemical for-
mula, 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 molybde-
num mine, at Alice Arm. The sample studied waskindly
provided by Mr. A.C. Raoberts, of the Geologica Sur-
vey of Canada, Ottawa.
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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 elec-
tron-microprobe analysis. The JEOL—8600 apparatus at
the University of Salzburg was used. It isequipped with
Link EXL detector used with an on-line ZAF4 correc-
tion program. Experimental conditions and analytical
results are summarized in Table 1.

The electron-microprobe results differ significantly
from the original chemical datareported 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 sulfosaltsin 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 neyiteisclose
to the ideal formula Ag,CugPh,sBizsSss. Without con-
sidering Ag and Bi substituting for Pb, this large struc-
ture requires 26 (Bi + Pb) sites, one site occupied by
silver and three distinct Cu sitesin 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 materia 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 X 0.035 X 0.015 mm was measured on a Bruker—
AXS four-circle diffractometer equipped with CCD
1000K area detector (6.25 cm X 6.25 cm active detec-

TABLE 1. ELECTRON-MICROPROBE DATA FOR NEYITE
FROM ALICE ARM, BRITISH COLUMBIA

Measured® Calculated

wt%  at%®  wt%®  at%® wt%®  wi%®  wit%®
Bi 40.4(1)  205(1) 40.4(1) 20.1(1) 36.62 387 40.6
Pb 37.9(1) 193(1) 37.8(2) 19.0(1) 41.76 415 387
Cu 290(3) 4.84(5) 2912y 4774y 284 2.83 2.85
Ag 1.58(3) 1.55(3) 156(6) 1.50(5) 1.52 038 1.61
Sb 0.103) 0.08(3) 0.11(2) 0.10(2) - - .
cd 0.30(6) 0.28(5) 031(6) 028(6) - - -
S 16.2(1)  53.5(1) 1671) 542(2) 1565 16.2 163
Total  99.4(3) 99.8(3) 98.39 100.0 100.0

Analytical conditions: accelerating voltage 25 kV, sample current 35 nA, analytical
time 20 s. Wavelength and standards: BiLa (Bi,S;), SbLa (Sb,S;), PbLo (PbS),
CdLa (CdTe), Agla {Ag), CuKa (CuFeS,); SKa; sulfur was alternatively calculated
using (1) Bi,S; and (2) PbS as reference standard.

(3) Chemical composition of type-locality neyite from analysis by H. V. Sharples in
Drummond et al. (1969).

(4) Chemical composition expected for the model formula AgCugPb,;Bi,Ss.

(5) Chemical composition expected for the model formula Ag,Cu,Pb,Bi,Ses.

(6) The mean analysis gives Ag, sCug Pb,,;Cdy (Biys Sy Sess calculated for 127
atoms.
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tion area, 512 X 512 pixels) and aflat graphite mono-
chromator using MoKa radiation from a fine-focus
sealed X-ray tube. The distance from sample to detec-
tor was 6 cm. We made1800 exposures 0.3° apart, with
measurement time 45 s in each case. A total of 19063
reflections with 26 between 4° and 53° and Miller indi-
cescoveringtherange4d5<h<43,5<k<4,49<1<53
were measured, giving 6809 unique ones, of which 4324
with | > 20, were classified as observed. The SMART
system of programs was used for unit-cell determina-
tion 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 absorption-
correction based on reflection measurements at differ-
ent azimuthal angles, and measurements of equivalent
reflections, the program XPREP from the SHELXTL
package was used. It yielded amerging R\t factor (for
equivalent reflections) of 0.0551 compared to 0.1454
before the absorption correction. Minimum and maxi-
mum transmission factors were 0.0140 and 0.0558, re-
spectively. The only systematic absences were those of
a C-centered Bravais lattice. In accordance with the
monoclinic symmetry of lattice and intensity statistics
(|JE*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 refine-
ments, 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 po-
sitions were assumed to be filled with Pb, some others,
with Bi, and others to represent mixed Pb,Bi occupan-
cies. During the refinement, each position was assigned
aPb or aBi scattering factor according to its coordina-
tion characteristics. As evidence of theincorporation of
Ag at some Pb,Bi positions was aso found, the occu-
pancies 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 /A3 and —2.01 ¢
A3, respectively. The reliability factors obtained are:
S (WFZ — WFA)/<wF2> = 0.078; S(F; — Fo)/<F> =
0.037 (for Fo > 4or), (0.072 for al); goodness of fit:
EwW(| Fo | = | Fc D(m — n)]¥2 = 0.881 for m observa-
tions and n parameters with the weighting factors w =
1 cﬁoz + [0.0244(Max(Fo2,0) + 2F)/3]}.
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TABLE 2. CRYSTAL DATA FOR NEYITE

Formula: AgCu;Pb,, Bi;S;, (Z=4)
Measurement temperature: 298K
Space group: C2/m (No. 12)
Unit-cell parameters:

a 37.527(6) A

b 4.0705(6) A

c 43.701(7) A

108.801(2)°

V,. (refined from 4523 reflections with [>100)  6319(3) A®
[ 7.037 glem’
® 71.62 mm™

The results of the refinement are represented in
Tables 2 and 3. Tables of structure factors and inter-
atomic distances and angles may be obtained from the
Depository of Unpublished Data, CISTI, Nationa Re-
search Council, Ottawa, Ontario K1A 0S2, Canada.

Besidesthe C2/munit cell with 8 108.8° and ¢ 43.70
A used here (Table 2), an F2/mcell can be chosen, with
B 96.5° and c/2 equal to 41.56 A. Such a choice ex-
plains 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 (Kuptik & Makovicky 1968), weibullite
(Mumme 1980), and scainiite (Moélo et al. 2000).

Over 50% of large cation positions are mixed-occu-
pancy positions (Figs. 1, 2, Table 4); positions occu-
pied by Ag and Cu do not indicate mixed occupancies.
These characteristicsare also reflected in theinteratomic
distances and other coordination parameters (Table 4).

The coordination volumes for cations of coordina
tion 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 distor-
tions v (Makovicky & Balic-Zunitc 1998) calculated
from comparisons with ideal octahedra deviate by gen-
eraly lessthan 2% of the polyhedral volumes, with the
exception of Me21 and Agl. Asusua for sulfosalts, Bi
shows in general larger eccentricity A than Pb in the
same type of coordination. CN7 polyhedra are close to
the type described as “ split octahedron” (Makovicky &
Balic-Zunit 1998), aswitnessed by their volume-based
distortions (calculated from the comparison with an
ideal pentagonal bipyramid asthe CN7 polyhedron with
the maximum effective volume). For the ideal “split
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octahedron”, v is equal to 0.1333, whereas for an idea
monocapped trigonal prism, v is equal to 0.1590
(Makovicky & Balic-Zunic 1998).

The structure of neyiteis best described by referring
to building unitslarger than individual polyhedraand to
the structure of PbS as an archetypal structure.

Polyhedra and their aggregates

As s the case with many Pb-Bi sulfosalts, the fun-
damental features of the neyite structure can be de-
scribed by referring to the modules cut out of the
archetypal PbS structure. Thus, this structure contains
(111)pys Slabs three octahedra thick parallel to @' ooy of
the neyite lattice (ruled in Fig. 3), alternating with
(100)pps slabs two atomic layers thick (stippled in
Fig. 3). This stack of alternating slabs with pseudo-
hexagonal and pseudotetragonal surfacesisperiodically
sheared by a step one octahedron high at z= 0 which,
for the (100)pys layer, creates an empty octahedrally co-
ordinated position flanked by two tetrahedra popul ated
asymmetrically by Cul (Cu-Cu = 2.77 A). This is
matched by a simple dip the height of one octahedron
in the (111)pps layers. The step configuration and the
adjacent straight-layer portions correspond almost en-
tirely to the hypothetical third homologue of the stepped
layer structure of the junoite—felbertalite homologous
series(Topaet al. 2000), junoite having single, felberta-
lite double and the current structure triple (111)pys
layers. Furthermore, the stack of alternating slabsis pe-
riodically interrupted, sheared and separated by corru-
gated PbS-like (922)pys layersat z=Y; theseare parallel
to (001) of neyite. Thelatter layersarethreeto four atomic
layers thick, their corrugation proceeds as a result of
differences in size and coordination between the tetra-
hedrally coordinated Cu3 and the opposing Mel4 (Figs.
1, 2, 3). Further problems in accommodation are ad-
dressed in these layers by incorporation of asingle, flat-
tened-octahedron site of Agl in their straight portion.

Altogether, the (111)p,s Slabs contain 12 unique,
regular to slightly distorted octahedrally coordinated
sites (Mel — Mel2). Two bicapped trigonal prismatic
sitesare shared with (100)p,s Slabs (Me24), and (922)pyps
layers (Me26). The square-pyramidal Me coordinations
in the (100)pys Slabs that form sheared “partitions” per-
pendicular to [100] ey are completed by interslab Me-S
bonds (distances) into coordination octahedra (Mel7,
Me21) or into lying (Mel9, Me23) or standing (Mel8,
Me20) monocapped (“split octahedra’) or bicapped
trigona prisms (Me22, Me24) (Fig. 2). There are nine
unigue cation positions in these layers, one of which is
the Cul position, and two are shared either with the
(111)pps slabs (Me24) or with the (001),e, layers
(Me23).

Theinterlayer space and the polyhedrainvolved cor-
respond fully to those in junoite CuPbsBi;(S,S€)14
(Mumme 1980). The Cu2 and Cu3 positions are con-
fined to tetrahedral voidsin the extension of this space;
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TABLE 3. ATOMIC COORDINATES, ANISOTROPIC DISPLACEMENT FACTORS,
AND EQUIVALENT ISOTROPIC FACTORS FOR NEYITE

Atom sf  occ

X

Mel Bi 1.000

Me2 Bi 1.000

Me3 Pb 1.000

Med4 Pb 1.000

Me5 Bi 1.000

Me6 Pb 0.904

0.008

Me6 Ag0.096
0.008

Me7 Pb 1.000

Me8 Bi 1.000

Me9 Pb 0.895
0.008

Me9  Ag0.105
0.008

Mel0 Bi 1.000
Mell Bi 0.801
0.008

Mell Ag0.199

0.008
Mel2 Bi 1.000
Mel3 Bi 1.000
Me14 Pb 1.000
Mel5 Bi 1.000
Mel6 Bi 0.863

0.008

Mel6 Ag0.137

0.008
Mel7 Bi 1.000
Me18 Pb 1.000
Mel9 Bi 1.000

Me20 Bi 1.000

Me21 Bi 1.000

0.09485
0.00002

043197
0.00003

0.31775
0.00002

0.20505
0.00002

004111
0.00002

015591
0.00003

0.15591
0.00003

0.27003
0.00003

0.48389
0.00002

037102
0.00003

0.37102
0.00003

025656
0.00003

0.09861
0.00003

0.09861
0.00003

021150
0.00002

0.40313
0.00002

0.29628
0.00003

0.18405
0.00002

0.08231
0.00003

0.08231
0.00003

0.37470
0.00003

0.33236
0.00003

0.31808
0.00003

0.02902
0.00003

0.06808
0.00003

0.94977
0.00002

0.13675
0.00003

0.07448
0.00003

0.01414
0.00003

0.77668
0.00003

0.83870
0.00003

0.83870
0.00003

0.90052
0.00003

0.30940
0.00003

0.24759
0.00003

0.24759
0.00003

0.18688
0.00003

0.66520
0.00003

0.66520
0.00003

0.72539
0.00003

0.52831
0.00002

0.54313
0.00003

0.53673
0.00002

0.55326
0.00003

0.55326
0.00003

0.85626
0.00003

0.75102
0.00003

0.65130
0.00003

0.08656
0.00003

0.19264
0.00003

0.02640
0.00049

0.03259
0.00050

0.03180
0.00051

0.03017
0.00048

0.02971
0.00049

0.03044
0.00060

0.03044
0.00060

0.03404
0.00052

0.02786
0.00048

0.02831
0.00061

0.02831
0.00061

0.03329
0.00051

0.03421
0.00068

0.03421
0.00068

0.03095
0.00049

0.02756
0.00047

0.03273
0.00051

0.02807
0.00048

0.03376
0.00066

0.03376
0.00066

0.03488
0.00053

0,03931
0.00056

0.03385
0.00051

0.04216
0.00058

0.03612
0.00053

0.02369
0.00043

0.02462
0.00043

0.02571
0.00045

0.02364
0.00042

0.02479
0.00044

0.02626
0.00054

0.02626
0.00054

0.02748
0.00046

0.02338
0.00042

0.02491
0.00054

0.02491
0.00054

0.02543
0.00044

0.02729
0.00058

0.02729
0.00058

0.02523
0.00043

0.02246
0.00041

0.02698
0.00044

0.02379
0.00042

0.02467
0.00055

0.02467
0.00055

0.02888
0.00046

0.02629
0.00045

0.02470
0.00044

0.02745
0.00046

0.02708
0.00046

0.02781
0.00063

0.02950
0.00063

0.03291
0.00067

0.02947
0.00064

0.03062
0.00065

0.02916
0.00075

0.02916
0.00075

0.03314
0.00067

0.03039
0.00064

0.03309
0.00077

0.03309
0.00077

0.03106
0.00065

0.03160
0.00083

0.03160
0.00083

0.02981
0.00064

0.02770
0.00061

0.03488
0.00068

0.02739
0.00063

0.04061
0.00085

0.04061
0.00085

0.03594
0.00070

0.03668
0.00071

0.03407
0.00068

0.03636
0.00071

0.03431
0.00068

0.01082
0.00044

0.01038
0.00045

0.00858
0.00046

0.00783
0.00044

0.00939
0.00045

0.01113
0.00048

0.01113
0.00048

0.01085
0.00048

0.00837
0.00045

0.00922
0.00049

0.00922
0.00049

0.01075
0.00046

0.01014
0.00054

0.01014
0,00054

0.01366
0.00045

0.00876
0.00044

0.01244
0.00048

0.00811
0.00044

0.01830
0.00055

0.01830
0.00085

0.01166
0.00049

001034
0.00051

0.01360
0.00048

0.00574
0.00051

0.01078
0.00049

0.02658
0.00023

0.02881
0.00023

0.03058
0.00024

0.02819
0.00023

0.02845
0.00023

0.02825
0.00039

0.02825
0.00039

0.03155
0.00024

0.02746
0.00023

0.02893
0.00040

0.02893
0.00040

0.02984
0.00023

0.03115
0.00043

0.03115
0.00043

0.02773
0.00023

0.02594
0.00022

0.03116
0.00024

0.02661
0.00023

0.03150
0.00042

0.03150
0.00042

0.03317
0.00025

0.03455
0.00026

0.03024
0.00024

0.03698
0.00027

0.03264
0.00025

Atom x z Uy, U, U, Uy U,
S1 0.06509-0.00405 0.03437 0.02061 0.02830 0.02029 0.02532
0.00016 0.00016 0.00327 0.00270 0.00407 0.00303 0.00140
S2 0.45381 0.08328 0.02563 0.02987 0.02693 0.01151 0.02675
0.00015 0.00016 0.00307 0.00297 0.00405 0.00291 0.00143
S3 035138 0.01729 0.02988 0.02977 0.03741 0.00411 0.03397
0.00016 0.00018 0.00333 0.00311 0.00467 0.00316 0.00163
S4 0.02053 0.83397 0.02788 0.02845 0.03684 0.00907 0.03138
0.00016 0.00017 0.00322 0.00303 0.00457 0.00308 0.00157
kR 0.12798 0.89323 0.02887 0.02965 0.03067 0.01017 0.02959
0.00016 0.00017 0.00324 0.00301 0.00433 0.00301 0.00150
S6 0.24064 0.95702 0.03161 0.03263 0.03362 0.01346 0.03191
0.00017 0.00017 0.00333 0.00310 0.00441 0.00314 0.00153
S7 0.49131 0.74704 0.02811 0.03496 0.03601 0.00979 0.03316
0.00016 0.00018 0.00326 0.00318 0.00463 0.00312 0.00160
S8 0.39963 0.19231 0.02930 0.02925 0.03025 0.01275 0.02885
0.00016 0.00017 0.00321 0.00297 0.00420 0.00302 0.00146
$9 0.28778 0.12866 0.03069 0.02694 0.02876 0.01204 0.02820
0.00016 0.00016 0.00320 0.00290 0.00418 0.00294 0.00145
S10 0.17830 0.06508 0.02837 0.02279 0.04126 0.01771 0.02925
0.00016 0.00017 0.00320 0.00281 0.00468 0.00318 0.00154
s11 0.03077 0.33529 0.02492 0.02256 0.03777 0.00457 0.02974
0.00016 0.00017 0.00307 0.00283 0.00453 0.00298 0.00155
S12 0.07383 0.72412 0.02480 0.02734 0.03125 0.00530 0.02869
0.00016 0.00017 0.00305 0.00289 0.00427 0.00289 0.00148
S13 0.18465 0.78494 0.03292 0.02875 0.03438 0.01708 0.03052
0.00017 0.00017 0.00334 0.00300 0.00442 0.00315 0.00152
S14 0.29140 0.84375 0.02667 0.03315 0.03760 0.01492 0.03138
0.00016 0.00017 0.00321 0.00318 0.00460 0.00310 0.00156
S15 0.45320 0.35905 0.02479 0.03417 0.02797 0.00785 0.02913
0.00016 0.00017 0.00306 0.00312 0.00411 0.00286 0.00146
S16 0.34311 0.30519 0.02638 0.02703 0.03696 0.00106 0.03231
0.00016 0.00017 0.00321 0.00299 0.00464 0.00309 0.00164
$17 0.23804 0.24290 0.02606 0.02601 0.02953 0.00797 0.02744
0.00016 0.00016 0.00306 0.00280 0.00414 0.00289 0.00144
S18 0.05158 0.47919 0.02802 0.02600 0.02709 0.00904 0.02700
0.00016 0.00016 0.00311 0.00288 0.00407 0.00291 0.00143
S19 0.14986 0.46080 0.02996 0.02623 0.02506 0.01033 0.02673
0.00016 0.00016 0.00321 0.00283 0.00397 0.00288 0.00142
$20 0.26838 0.47394 0.02964 0.02589 0.02856 0.01438 0.02683
0.00016 0.00016 0.00323 0.00285 0.00410 0.00296 0.00143
s21 036281 0.45286 0.02871 0.01965 0.05161 0.01793 0.03213
0.00016 0.00018 0.00323 0.00273 0.00511 0.00330 0.00164
822 0.46661 0.44262 0.03523 0.03165 0.03123 0.01018 0.03283
0.00017 0.00017 0.00347 0.00309 0.00438 0.00318 0.00156
8§23 0.10346 0.09562 0.03551 0.02531 0.03297 0.01055 0.03138
0.00017 0.00017 0.00348 0.00288 0.00442 0.00316 0.00154
S24 0.13871 0.19270 0.02688 0.02404 0.02803 0.00784 0.02656
0.00016 0.00016 0.00309 0.00276 0.00410 0.00288 0.00143
825 0.16670 0.29547 0.02870 0.02890 0.03290 0.00784 0.03067
0.00016 0.00017 0.00323 0.00302 0.00439 0.00305 0.00153
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TABLE 3. ATOMIC COORDINATES, ANISOTROPIC DISPLACEMENT FACTORS,
AND EQUIVALENT ISOTROPIC FACTORS FOR NEYITE

Me22 Pb 1.000 0.07804 0.28881 0.05235 0.02915 0.03493 0.01064 0.03963
0.00003 0.00003 0.00064 0.00048 0.00072 0.00055 0.00027

Me23 Pb 1.000 0.10255 0.38733 0.03386 0.02364 0.03605 0.01148 0.03113
0.00003 0.00003 0.00052 0.00044 0.00069 0.00048 0.00025

Me24 Pb 1.000 0.38789 0.95725 0.05105 0.03752 0.04466 0.00092 0.04788
0.00003 0.00003 0.00067 0.00056 0.00084 0.00060 0.00032

Me25 Pb 1.000 0.00264 0.41019 0.03531 0.03068 0.05300 0.00681 0.04144
0.00003 0.00003 0.00055 0.00049 0.00085 0.00054 0.00029

Me26 Pb 1.000 0.32008 0.37164 0.04594 0.03660 0.05878 0.02089 0.04614
0.00003 0.00003 0.00063 0.00054 0.00091 0.00061 0.00031

Agl 0.50000 0.50000 0.05235 0.08567 0.03271 0.00844 0.05817
0.00000 0.00000 0.00198 0.00239 0.00221 0.00168 0.00094

Cul 0.46888 0.01065 0.03832 0.04203 0.04918 0.00881 0.04445
0.00009 0.00009 0.00182 0.00178 0.00267 0.00177 0.00092

Cu2 0.23194 0.30895 0.03775 0.03468 0.05888 0.01476 0.04397
0.00009 0.00009 0.00183 0.00166 0.00284 0.00182 0.00094

Cu3 0.74956 0.59064 0.03167 0.03338 0.05584 0.01017 0.04124
0.00008 0.00009 0.00169 0.00161 0.00274 0.00172 0.00091

826 0.18636 0.39239 0.02668 0.03133 0.02923 0.01101 0.02860
0.00016 0.00017 0.00311 0.00298 0.00419 0.00295 0.00146

$27 0.47100 0.95417 0.02853 0.02457 0.03150 0.01053 0.02799
0.00016 0.00017 0.00314 0.00283 0.00426 0.00295 0.00146

S28 0.44556 0.85669 0.02891 0.02503 0.03177 0.01099 0.02828
0.00016 0.00017 0.00321 0.00284 0.00425 0.00300 0.00147

S29 0.40732 0.76003 0.02768 0.02508 0.02912 0.01145 0.02674
0.00016 0.00016 0.00310 0.00281 0.00411 0.00289 0.00142

S30 0.39053 0.66252 0.02958 0.02170 0.02377 0.00963 0.02477
0.00015 0.00016 0.00317 0.00269 0.00391 0.00286 0.00138

$31 0.44003 0.59079 0.02516 0.02205 0.02852 0.00964 0.02500
0.00015 0.00016 0.00302 0.00271 0.00410 0.00284 0.00141

8§32 0.22310 0.59748 0.02695 0.02212 0.02742 0.00945 0.02534
0.00016 0.00016 0.00306 0.00271 0.00399 0.00285 0.00139

833 0.12364 0.61611 0.02472 0.03417 0.03490 0.01179 0.03074
0.00016 0.00017 0.00314 0.00316 0.00446 0.00303 0.00154

S34 023842 0.67783 0.03210 0.02711 0.03117 0.01607 0.02872
0.00016 0.00017 0.00333 0.00294 0.00427 0.00309 0.00149

Note that y, U,,, and U, are equal to O for all atoms. For the heavy atoms (Mel — Me26), the scattering factors used (sf) and the

occupancies (occ) also are shown.

Cu2iscloser to atrigonal planar coordination, whereas
Cu3iscloser to atetrahedral one (Fig. 2). These Cu at-
oms cover bases of an empty horizontal coordination
prism subparallel to [001] and do not show Cu...Cuin-
teraction.

The third type of building blocks, the distorted lay-
ers (001)ney (white in Fig. 3) consist of [010] “rods”,
which contain twelve cations (Mel3, 15, 16, 23, 25 and
26) and twelve sulfur atoms (S18, 19, 21, 31, 32, 33)
each. Theserods are centered on asingle flattened octa-
hedron formed around linearly coordinated Agl; they
are interconnected by a pair of “split” Pb14 coordina-
tion octahedra, each facing a Cu3 tetrahedron. These
latter polyhedra cause periodic changes of direction of
the (001)e, layer, warping it in order to fit the varying
attachment requirements of pseudohexagonal and
pseudotetragonal slabs perpendicular to [001]. Thistype
of layer can also be described as a (100)p,s Slab three
atomic planes thick, displaced periodically on (111)pys
by an increment equal to ¥d'(100)pys.

Occupancies of the Pb and Bi positions

An attempt was made to characterize those metal
positions in the neyite structure that show characteris-
tics of mixed Pb,Bi occupancy as either Bi-dominated,
Pb-dominated or mixed. This attempt is based on sev-
eral semi-empirical models.

In the first instance, the occupancies were deter-
mined from the bond-val ence cal cul ations using the for-
mula

s=exp[(ro—r)/B]

where rg is an element-specific bond-valence param-
eter, r the bond distance, and B is a constant equal to
0.37 (Brown & Altermatt 1985). The bond-valence pa-
rameters 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-sumsfor cation positions. For positionsthat also
include Ag, the amount of Ag determined by structure
refinement was subtracted first.

Subsequently, the volume of acircumscribed 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 showsthelargest, and the position
No. 8, the smallest volume among the CN6 coordina-
tions (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 occu-
pancy 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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according to the Pb/Bi ratio; Ag atoms are grey, Pb—Bi positions partly substituted by Ag are brown to dark violet, Cu atoms

Fic. 1. Thecrystal structure of neyite. Pb atoms are blue, Bi atoms are red, mixed Pb—Bi positions, purple with shades varying
are green, and S atoms are yellow. Obligque projection on (010); four atomic layers parallel to (010) are shown.



THE STRUCTURE OF NEYITE

s
Sy

[ued s3|

74

)/ \m”@@
9 5.

A

el =2

= /‘\‘;/
w\

1371

—— ]

Fic.2.  Asymmetric unit of neyite structure projected parallel to [010], with atomic labels.
Atoms at y = 0 are unshaded, those at y = ¥ are shaded. Color scheme asin 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-contribu-
tion by Ag was calculated using the Ag occupancy ob-
tained from the structure refinement, as well as the
volumes of the sphere and of the coordination polyhe-
dron for the Agl position.

The calculations were done only for the positions
with CN6. Similar calculations were attempted for the
six positionswith 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 experi-
mentally determined composition and the calculated
occupancies of CN6 positions, it follows that there are
approximately two Bi atoms distributed over theremain-
ing 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
Mel4 and Mel8. Values of sphericity vary throughout
the structure; in general, they are reduced for the cat-
ions of the central row of the (111)pys Slab and for the
bicapped trigonal prisms of Pb.

The results are represented in Table 5. There is a
generally good concordance among results of the vari-
ous methods of calculation, the largest discrepancy be-
ing found in position 21, for which the first two
calculationsgive asignificant occupancy by Pb, whereas
the volume of the coordination polyhedron suggeststhat
itispractically filled by Bi. The sum obtained from the
volumes (Vp) of coordination polyhedra shows the best
concordance with the microprobe-established composi-
tion, 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 Mel1)
areinthe centra row of thetriple-octahedron layer, and
one (Mel6) isin the distorted (001),e, layer, where two
Bi16 positionsflank the Agl 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)p,s and
pseudohexagonal (111)pys slabs that are regularly
sheared. Shear by steps that are one octahedron or one
pseudotetragonal double layer high, and situated at
z=0, aternatesin neyite with shear by compositionally
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Fic. 3. Modular interpretation of the neyite structure. Pseudohexagonal blocks (111)p,s are ruled, the interleaved pseudo-
tetragonal slabs (100)qs are stippled, and the corrugated (922)p,s layers are left unshaded.

non-conservative (001) boundaries at z = ¥ (Fig. 3).
These non-conservative boundary-layers, 4 to 3 atomic
layers wide, are related to the pseudohexagonal blocks
by thelocal unit-cell twinning on (311)pys: two bicapped
trigonal coordination prismsof lead (Me25 and distorted
Me26) following each other are situated in thislillianite-
like boundary region of the structure (Figs. 1, 2, 3). The
local twin-relationship of (111)pys between the (001)ney
layers and (100)pps Slabsis less prominent. Thejoining
of two distinct pseudotetragonal building-blocks creates
a “box-work” structure, which accommodates the
pseudohexagonal blocks. The latter have a non-com-
mensurate match on both the (111) and the (111)pys SUr-
faces (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 char-
acter. Whereas the typical complex sulfosalt structures
with sheared layers or those of the rod-based category
(Makovicky 1989, 1993, 19974, b) have non-commen-
surate match on one type (set) of interfaces, neyite and
other box-work structures have two types of non-com-

mensurate interfaces, in two setsthat are obliqueto each
other. The best other examples of this category are the
recently described sulfosalt pillaite PbgSb10S,3ClOq5
(Meerschaut et al. 2001) and the rare-earth sulfide
ErglaygS,7 (Carré & Laruelle 1973, Makovicky 1992).

The mgjority 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)p,s layers/fragments with pseudotetra-
gonal character and one type of pseudohexagonal
(111)pps layers/blocks. The two pseudotetragonal ele-
ments differ from each other to various degreesin dis-
tinct 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)pps layers, reducing their thicknessrespectively, 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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TABLE 4. COORDINATION CHARACTERISTICS FOR CATION POSITIONS
IN THE STRUCTURE OF NEYITE

%Pb %Bi %Ag CN  <d> i oy L, V. v A G
Mel 13 87 0 6 2853 2604 3105 2857 30918 0.0054 0.2497 0.9996
Me2 24 76 0 6 2.873 2.713 3.045 2.868 31.441 0.0005 0.2399 0.9937
Me3 100 0 0 6 2974 2.903 3.142 2977 34970 0.0059 0.1185 0.9524
Med 60 40 0 6 2.921 2.722 3.188 2927 33.143 0.0086 0.2294 0.9760
Mes 38 62 0 6 2.891 2.785 2.998 2.887 32.071 0.0005 0.1531 0.9976
Mes 58 32 10 6 2918 2.884 2949 2918 33.087 0.0008 0.0240 0.9774
MeTl 56 44 0 6 2918 2845  3.011 2915 32939 00025 0.0992 0.9908
Me8 0 100 0 6 2.837 2.690 2.988 2.834 30.300 0.0011 02206 0.9972
Med 69 21 10 6 2.933 2.883 3.023 2.934 33586 0.0026 0.0541 0.9610
Mel0 33 67 0 6 2887 2753  3.124 2881 31.859 0.0006 0.2288 0.9578
Mell 6 74 20 6 2.848 2.604 3.006 2850 30.691 0.0059 0.2384 0.9633
Mei2 10 90 0 6 2.849 2.588 3.078 2.852 30771 0.0055 0.2412 0.9862
Mel3 27 73 0 6 2874 2634 3152 2886 31.546 0.0152 0.2968 0.9856
Mel4d 100 0 0 7 3.079 2.865 3.365 3.088 41.166 0.1180 0.2958 0.9530
Mels 3 97 0 6 2.843 2.587 3.148 2.853 30421 0.0170 0.2691 0.9874
Mel6 24 62 14 6 2876 2.683 3.066 2875 31495 0.0057 02261 0.9907
Mel7 6 94 0 6 2.851 2.655 2995 2.860 30575 0.0201 0.1646 0.9705
Mel8 100 0 0 7 3.074 2.711 3411 3.088 40.563 0.1311 0.3550 0.9942
Mel9 0 100 0 7 3.035 2602 3582 3026 39172 0.1079 0.4686 0.8981
Me20 0 100 0 7 3.031 2.694 3.446 3.046 38812 0.1333 0.4433 0.9363
Me2l O 100 0 6 2.875 2.649 3.148 2896 30274 0.0647 0.2414 0.9953
Me22 100 0 0 8 3.119 2.906 3.227 3.121 53343 0.0333 0.1611 0.9016
Me23 100 0 0 7 3.013 2911 3.129 3.018 38.724 0.1115 0.1168 0.9648
Me24 100 0 0 8 3.138 3.018 3.328 3.14 54.167 0.0365 0.0482 0.9099
Me25 100 0 0 7 3.042 2973 3.149 3.048 39266 0.1249 0.1109 0.9763
Me26 100 o] 0 8 3.152 2.858 3.393 3.152 54776 00363 0.1305 0.8374
Agl 0 0 100 6 2.898 2.416 3.139 2898 30.809 0.0505 0.0007 0.6135
Cul 0 0 0 4 2.379 2.284 2.494 2.363 6.525 0.0369 0.1624 1.0000
Cu2 0 0 0 4 2.475 2.302 2.968 2.423 7.262 0.0051 05364 1.0000
Cu3 0 0 0 4 2.402 2275 2.68 2.382 6.896 0.0060 0.3321 1.0000

Atomic percentages are determined from the structure refinement (% Ag) and ¥, (% Pb,% Bi: see text). CN:
coordination number, <d> = average bond-length, d_,d,, = minimum and maximum bond-length, r,: radius of
circumscribed sphere, ¥, polyhedron volume, v: volume-based distortion, A: volume-based excentricity, o:
volume sphericity. For the description of coordination-distortion parameters, see Makovicky & Bali¢-Zuni¢
(1998).

Fic.4. Thehypothetical N = 1 homologue of the neyite homol ogous series, with themodel composition CugPb;,Bi»0Sss. Collage
based on homologous contraction of the refined structure of neyite.
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TABLE 5. CALCULATED Pb/Bi OCCUPANCIES FOR
THE 26 HEAVY-METAL POSITIONS IN THE STRUCTURE OF NEYITE

Position CN Pb,., Pb,, Pby, Bi, Biy, Biy,
1 6 0.13 0.16 0.13 0.87 0.84 0.87
2 6 03 0.23 0.24 0.7 0.77 0.76
3 6 1.00 1.00 1.00 0 0 0
4 6 0.65 0.64 0.60 035 036 0.40
5 6 0.54 0.36 0.38 0.46 0.64 0.62
6* 6 0.7 0.53 0.58 0.2 0.37 032
7 6 0.76 0.56 0.56 0.24 0.44 0.44
8 6 0.07 0 0 0.93 1.00 1.00
o* 6 0.76 0.64 0.69 0.13 0.26 0.21

10 6 0.42 0.32 0.33 0.58 0.68 0.67
11* 6 0.09 0.03 0.06 0.71 0.77 0.74
12 6 0.1 0.13 0.10 0.90 0.87 0.90
13 6 0.19 035 0.27 0.81 0.65 0.73
14 7 1 1 1 o] 0 0
15 6 0.02 0.13 0.03 0.98 0.87 0.97
16* 6 0.30 022 024 0.56 0.64 0.62
17 6 023 0.18 0.06 0.77 0.82 0.94
18 7 1 1 1 0 0 0
19 7 0 0 0 1 1 1
20 7 0 0 0 1 1 1
21 6 031 042 0.00 0.69 0.58 1.00
22 8 1 1 1 0 0 0
23 7 1 1 1 0 0 0
24 8 1 1 1 0 0 4]
25 7 1 1 1 0 0 0
26 8 1 1 1 0 0 0
sum 13.57 12.9 12.27 11.88 12.56 13.19

The values indicated follow from bond-valence calculations (val), volumes of
circumscribed spheres (Vs), and volumes of coordination polyhedra (¥p). Positions
denoted by asterisks are partially occupied by silver.
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structure-type (N = 3). The second homologue displays
problemsin the interface match and may require a sub-
stantial changein at least one (pseudohexagonal) coor-
dination polyhedron in order to materialize. However,
the N = 1 homologue, with single-octahedron pseudo-
hexagonal layers of the same length as those in neyite,
isaperfectly viable structure. It has model composition
CugPb12Bi20Sss, spacegroup A2/m (a12.7,b4.1,¢85.4
A, B =~ 90.5°) (Fig. 4).

Truncation of the structures of neyite homologues
(N = 1to N = 3) by deleting the compositionally non-
conservativeinterlayer leadsto sheared layer-structures
of the junoite family, such asjunoite CuPb3Bi+(S, Se)14,
N = 1 (Mumme 1975) and the newly discovered
felbertalite Cu,PbgBigS19, N = 2 (Topa et al. 2000,
2001).

Truncation of neyite homologues by deleting the
stepped areas at z,o, = 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 P2;/m, a 12.7, b 4.1, ¢ 30.3
A, and B =~ 94°, model formula Cu,PbsBigS;s. Homo-
logue N = 3 has space-group symmetry C2/m, a 37.5, b
4.1,¢30.1 A, and B =~ 94°, model formula AgCu,Pby,
Bi13S44 if no Ag + Bi substitution for 2Pb is envisaged.

Fic.5. Thehypothetical N = 1 truncation derivative of the neyite homologous series. Model composition Cu,PbsBisS;s; collage

based on neyite.
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Fic. 6. Thehypothetical N = 3 truncation derivative of neyite. Model composition AgCu4Pb»,Bi13S44; collage based on neyite.

Variation of the length of the (111)p,s and (100)pns
elements appears to be restricted. In neyite and the
“stepped” neyite homologues, the total, long non-com-
mensurate match can be described approximately as 7v2
pseudotetragonal subcells (coordination polyhedra) fac-
ing 4v» orthohexagonal subcells(i.e., 8 coordination oc-
tahedra and one more such interval for the terminal
trigona coordination prism) (Figs. 2, 3). In the above
“box-work” truncation derivatives, four pseudotetra-
gonal subcells match with two and a half orthohexa-
gonal subcells. Other matches were attempted but
discarded because they create contradictions either in x
andy or in zvaluesof certain atoms. None of these struc-
tures have yet been detected; they may require acertain
amount of element substitutions away from the model
compositions to become stabilized.
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