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Favreauite, a new selenite mineral from the El Dragén mine, Bolivia
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Abstract: Favreauite, ideally PbBiCugO4(SeO3)4(OH) - H,0, is a new secondary selenite mineral from the El Dragén mine, Antonio
Quijarro Province, Potosi Department, Bolivia. The mineral occurs in vughs in a matrix of (Co, Cu)-rich penroseite, dolomite and
goethite. Associated minerals are: ahlfeldite, allophane, calcite, chalcomenite, malachite, molybdomenite and an unnamed Al
selenite. Favreauite forms tiny green square tabular crystals, flattened on {001}, up to 0.1 mm on edge and 0.01 mm thick, occurring
in subparallel and divergent groups. The Mohs hardness of favreauite is estimated as ~3; it has perfect cleavage on {001}, an irregular
fracture and a vitreous lustre. The calculated density based on the empirical formula is 4.851 g cm . Favreauite is uniaxial (=), with
mean refractive index estimated as 1.854 from the Gladstone—Dale relationship. It is pleochroic in shades of green, O < E. Electron
microprobe analyses gave the empirical formula Pbg ¢5Cag 17Big.00Cus.g1Se4.10016(OH) - 1H,0, based on 18 O pfu. The Raman
spectrum shows strong SeOs bands at 847 em™ ! (vy), 764 and 795 cm™" (v3), 493 and 542 cm ™' (v,), and 320 and 392 cm ™" (v4).
Favreauite is tetragonal, space group P4/n, with the unit-cell parameters: a = 9.860(4) A, ¢ =9.700(5) 10\, V' =943.009) AlandZ=2.
The eight strongest lines in the X-ray powder diffraction pattern are [dobs/z& (D) (hkD)]: 5.67(100)(111), 3.470(76)(220,202),
3.190(35)(003), 2.961(40)(311,113), 2.709(33)(302,203), 2.632(34)(231,312), 2.247(36)(331,133), and 1.6652(33)(305,513,531).
The crystal structure was refined to R; = 0.0329 for 1354 observed reflections [F, > 46 F,] and 0.0356 for all 1432 unique reflections.
Favreauite is a close structural relative of nabokoite, KCu;Te*t0,(S0,)sCl, and atlasovite, KCugFe>"Bi04(S0,)sCl. In all cases,
oxygen-centred tetrahedra share edges to form corrugated [CugMO,] layers (M = Bi or Te) which can be derived from the framework
structure of murdochite, Pb4+Cu2+6Og_X(C1,Br)2X by selective deletion of atoms. In favreauite, additional OH and H,O between the
layers are weakly bound to Cu, giving it Jahn-Teller distorted 4 + 2 coordination. The Cu-Bi-O layer is braced by SeO; pyramids.
The Bi** and interlayer Pb®" form an approximately face-centred cubic array analogous to the Pb*" sites in murdochite. Unlike Bi* ™,
Pb>" is in a site with nonpolar 4 point symmetry, which suppresses the stereoactivity of its lone pair.

Key-words: favreauite; nabokoite; murdochite; selenite; crystal structure; anion-centred tetrahedra; synchrotron; El Dragon mine;
Bolivia.

1. Introduction krut’aite, CuSe,, varying in composition to penroseite,

NiSe,, and also often containing significant amounts of

The new mineral favreauite occurs at the El Dragon mine,
Antonio Quijarro Province, Potosi Department, Bolivia
(19°49°15°S, 65°55°0’W). The most detailed description
of the El Dragdn mine is given by Grundmann et al. (1990),
while more recent information is provided by Paar et al.
(2012). The El Dragén mine exploited a telethermal
deposit consisting of a single selenide vein hosted by
sandstones and shales. The principle ore mineral was

DOI: 10.1127/ejm/2014/0026-2405

Co. Later solutions rich in Bi, Pb and Hg resulted in the
crystallization of phases such as clausthalite, watkinsonite,
petrovicite and the recently described mineral eldragénite,
CugBiSe4(Se,) (Paar et al., 2012). Oxidation produced a
wide range of secondary phases, including several rare
selenites, one of which is favreauite.

The species is named for Mr Georges Favreau, amateur
mineralogist and professional engineer, for his
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contributions to mineralogy. Mr Favreau has been
involved in the discovery_and/or description of 10 new
minerals: yvonite (Sarp & Cerny, 1998), jacquesdietrichite
(Kampf & Favreau, 2004), bouazzerite (Brugger et al.,
2007), afmite (Kampf et al., 2011), bariopharmacoalumite
Mills et al., 2011), maghrebite (Meisser et al., 2012),
angarfite (Kampf et al., 2012a), omsite (Mills et al.,
2012a), forétite (Mills et al., 2012b) and jasrouxite (Topa
etal.,2013). He is also one of the discoverers of favreauite,
the other discoverer being one of the co-authors (BT). Mr
Favreau was the President of the Association Frangaise de
Microminéralogie (AFM) between 1993 and 2007, and
developed the crystal drawing program, FACES. He is an
author of more than 50 scientific publications, and was
inducted into the Micromounters’ Hall of Fame in 2000.
The mineral and name (IMA2014-013) were approved by
the IMA—-CNMNC prior to publication. One co-type speci-
men is housed in the Geosciences collections at Museum
Victoria, Australia, registration number M53004, and three
are deposited in the collections of the Natural History
Museum of Los Angeles County, Los Angeles, USA, cat-
alogue numbers 64111 to 64113.

2. Occurrence, location and physical and
optical properties

The new mineral occurs in vughs in a matrix composed
mostly of Co- and Cu-rich penroseite, dolomite and
goethite. Other secondary minerals found in direct associa-
tion with favreauite are: ahlfeldite, allophane, calcite, chal-
comenite, malachite, molybdomenite and another new
mineral with the composition Al,(SeOs); - 6H,O, which
is currently under study. Favreauite forms tiny green
square tabular crystals, which are flattened on {001}, up
to 0.1 mm on edge and 0.01 mm thick (Fig. 1), and occur in
subparallel and divergent groups. Crystals are transparent
with a vitreous lustre, brittle with an irregular fracture, and
have perfect cleavage on {001}. The Mohs’ hardness is
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estimated to be about 3, based upon behaviour when
broken.

The density could not be measured because insufficient
material is available for direct measurement and the den-
sity exceeds that of available density liquids. The calcu-
lated density is 4.851 g cm °, based on the empirical
formula. Optically, favreauite crystals are uniaxial (-),
and are very slightly pleochroic in green tints, with O < E.
Due to the very limited amount of material available, the
small size of the crystals and the high values of the indices of
refraction (1.854 based on the Gladstone—Dale relationship),
the measurement of the indices of refraction was impractical.

3. Chemical composition

Quantitative chemical analyses (6) of favreauite were car-
ried out using a JEOL8200 electron microprobe (WDS
mode, 15 kV, 5 nA and 1 pm beam diameter) at the
Division of Geological and Planetary Sciences, California
Institute of Technology. Analytical results are given in
Table 1. The elements S, Te and CI were all analysed for,
but were found to be below their detection limits. No other
elements were detected in EDS analyses on several crystal
fragments. There was insufficient material for CHN ana-
lyses, so H,O was calculated on the basis of 18 O apfu and

Table 1. Analytical data for favreauite.

Const. wt% Range SD Standard
CaO 0.64 0.58-0.72 0.06 anhydrite
CuO 30.63 30.02-31.26 0.52 Cu metal
PbO 14.08 13.58-14.50 0.33 galena
Bi,03 13.95 13.71-14.22 0.21 Bi metal
SeO, 30.16 29.35-31.29 0.83 Se metal
H,0ca1c 1.79

Total 91.25
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Fig. 1. Raman spectrum of favreauite.
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charge balance. Note that favreauite is prone to electron
beam damage (even using the relatively mild conditions
noted above), which contributes to the low analytical total.

The empirical formula for favreauite (based on 18 O apfit)
is: PbgosCag.17Big.00Cus 815€4.10015.96(OH) 1 .04 IH20. The
simplified formula is: PbBiCugO4(Se0O5)4(OH)-H,0, which
requires CuO 33.99, PbO 15.89, Bi,O5 16.59, SeO, 31.60 and
H>0 1.92 wt%, total 100 wt%. Detailed consideration of a
disordered part of the crystal structure suggests that the hydro-
xide is at least partly replaced by species such as HCOjs,
CO;> and/or H,0, although these could not be quantified
(see below). Hence, the formula may be expressed more
completely as PbBiCugO4(Se0;3),(OH,HCO3,CO3,H,0)-H,0.

4. Raman spectroscopy

Raman spectra were obtained with a Renishaw M-1000
microRaman spectrometer system with a 514.3 nm laser
through a 20x objective that produced 2.3 mW on an
approximately 4 pm diameter spot on a crystal of fav-
reauite. Twenty five spectra were acquired and corrected
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for a sloping background. A representative spectrum is
shown in Figure 1.

In favreauite, the most intense band is at 847 cm™ ' and
corresponds to the v; symmetric stretching mode for SeOs;.
Other SeO; bands occurring at 764 and 795 cm ™' can be
assigned to v; antisymmetric stretching modes, at 493 and
542 cm™ ! to v, bending modes, and 320 and 392 cm o \
bending modes (Verma, 1999). In the O-H stretching region
abroad band is seen at 3525 cm ™ '. An unassigned weak band
at 989 cm ™! may be due to minor Se042’, but may alterna-
tively arise from minor components replacing OH, along
with other weak bands at 1065, 1240 and 1341 cm ™! (Fig. 1).

5. Powder X-ray diffraction

Powder X-ray diffraction data for favreauite were obtained
on a Rigaku R-Axis Rapid II curved-imaging-plate micro-
diffractometer utilising monochromatised MoK, radiation.
Observed d spacings and intensities were derived by pro-
file fitting using JADE 9.3 software (Materials Data Inc.).
Data are given in Table 2. The tetragonal unit-cell

Table 2. Powder X-ray data for favreauite (d-spacings in A), 8 strongest lines in bold face.

Iobs dobs dcalc Icalc hkl Iobs dobs dcalc Icalc hkl Iobs dobs dcalc Icalc hkl
7 9.81 9.7000 6 001 2.1499 2 241 9 1.5938 1.5988 2 611
7 6.92 { 6.9721 1 110 2.0880 2 323 ' 1.5967 1 352
’ 6.9148 5 101 12 1.9951 { 2.0071 8 422 4 1.5567 1.5590 1 620
100 5.67 5.6614 100 111 ' 1.9907 3 224 ’ 1.5564 1 602
6 4.93 4.9300 1 200 19 1.9296 { 1.9337 2 510 1.5392 1 261
5 4.35 4.3520 3 102 ' 1.9325 3 431 15 15037 1.5300 6 504
6 4.05 4.0142 4 121 1.9227 4 143 ' 1.5245 3 405
3.9814 1 112 24 1.8885 { 1.8964 12 151 1.5208 3 541
76 3.470 { 3.4860 30 220 ' 1.8871 10 333 1.5179 3 216
: 3.4574 45 202 1.8690 6 115 1.4984 1 353
14 3.251 3.2626 8 212 9 1.8192 { 1.8268 3 502 1.4893 1 335
35 3.190 3.2333 6 003 ’ 1.8216 2 423 27 1.4830 1.4842 26 262
3.1180 4 310 1.8144 2 234 1.4666 12 226
28 3113 { 3.1128 20 301 1.7992 2 251 13 1.4648 1.4612 1 254
3.0724 3 103 1.7962 1 512 7 1.4102 1.4153 6 444
40 2.961 { 2.9684 30 311 7 1.7788 1.7757 4 215 ’ 1.4067 1 362
2.9333 14 113 33 17318 { 1.7430 13 440 1.4043 1 623
68 2.831 2.8307 65 222 ’ 1.7287 20 404 1 1.3834 1.3944 2 550
33 2.709 { 2.7208 7 302 18 1.7029 { 1.7155 2 441 ’ 1.3940 1 701
: 2.7037 17 203 ’ 1.7130 5 252 1.3917 2 326
2.6321 30 231 1.7027 3 414 1.3903 1 543
3 2.632 { 2.6228 2 312 1.6952 1 225 1.3830 2 505
24 2462 { 2.4650 24 400 1.6910 1 530 1.3802 7 711
’ 2.4250 4 004 1.6836 2 503 8 1.3676 1.3722 2 107
2.3891 1 401 1.6779 1 334 1.3696 5 155
2.3706 19 223 1.6707 2 305 1.3673 1 460
2 2.368 { 2.3548 5 104 3 1.6652 { 1.6659 14 531 1.3591 2 117
2.3240 1 330 1.6596 11 513 1.3540 1 461
2.3219 2 141 2u 1.6451 { 1.6472 9 135 1.3527 1 702
3 2.308 2.3049 3 303 ' 1.6433 3 600 1.3519 2 406
2.2601 10 331 1.6403 3 442 1.3414 3 271
302247 {00 a5 133 16313 3 424 1337 13401 2 712
2.2048 5 240 1.6202 1 601 1.3316 3 255
18 2185 { 2.1975 5 402 10 16211 { 1.6167 4 006
2.1760 9 204
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parameters refined from the powder data using JADE
9.3 with whole-pattern fitting are: a = 9.860(4) A c =
9.700(5) A V = 943.009) A’ and Z = 2, which are in
excellent agreement with the single-crystal study
below.

6. Single—crystal X-ray diffraction

Single—crystal  structure data were obtained at
ChemMatCARS (CARS = Center for Advanced Radiation
Sources) Sector 15 at the Advanced Photon Source,
Argonne, IL. The single-crystal data were collected using
radiation of wavelength 0.49594 A. Data were recorded
using a Bruker 6000 SMART CCD mounted on a Huber
4-circle diffractometer. Data were integrated and corrected
for Lorentz-polarization and background effects using
SAINTPLUS; SADABS was used for the empirical absorp-
tion correction. The structure was solved by direct methods
using SIR2004 (Burla et al, 2005). SHELXL.-2013
(Sheldrick, 2008) was used for the refinement of the struc-
ture. The final model, with all atoms anisotropically refined,
converged to Ry = 0.0329 for 1354 observed reflections [F,
> 4cF,] and 0.0356 for all 1432 unique reflections. Data
collection and structure refinement details are provided in
Table 3, atom coordinates and displacement parameters in
Table 4, selected bond distances in Table 5 and bond valence
summations in Table 6.

The crystal structure of favreauite (Fig. 2) is comprised
of a corrugated layer of CuQy4 squares, decorated by SeO;
triangular pyramids. In the sheet, each O is coordinated to
three Cu atoms. Pb, Bi, hydroxide and water fill voids in
the structure, with Cu making two additional long bonds to
interlayer OH™ and H,O forming typical Jahn-Teller

Table 3. Crystal data and structure refinement for favreauite.

Simplified formula PbBiCug04(SeO53)4(OH) - H,O

Temperature 1002) K
Wavelength 0.49594 A
Space group P4/n

Unit-cell dimensions a =9.860(4) A

¢ = 9.700(5) A

Volume 943.0(8) A’
Z 2

Absorption coefficient 31.781 mm !
F(000) 1270

Theta range for data collection 2.06 to 20.73°

Index ranges

Independent reflections
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*
Final R indices [/ >20(1)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

—14<h<14,-13<k< 14,
—13<1<13

20676 [R;n = 0.0571]
Full-matrix least-squares on F*
1432/0/83

1.139

R, =0.0329, wR, = 0.0356
R, =0.0697, wR, = 0.0710
0.0006(3) R

4.35 and —4.45 e/A’
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elongated octahedra. Bi occupies hollows in each Cu-O
sheet, and the Pb atoms connect successive sheets. Bi and
Pb are both in distorted cubic coordination with four long
and four short bonds. However, the distortion patterns are
quite different (Fig. 3). The Bi site has point symmetry 4,
and all four short Bi—O bonds are on the same side, con-
sistent with the presence of a stereoactive lone pair. In
contrast, the Pb site has the non-polar point symmetry 4,
and short and long bonds alternate around Pb in a pattern
that is inconsistent with lone-pair activity (discussed
below).

Only oxygens O1, 02, O3 and O4 are integral compo-
nents of the Cu-O layer. OS5 is pyramidally coordinated by
four Cu2 atoms with Cu-O distances of 2.875 A resulting in
a bond valence sum for O5 of only 0.16 valence units
(Tables 5-6). It is, therefore, deduced to be a H,O mole-
cule. Relatively short non-bonded distances O5---Se =
3.83A suggest that there is a weak H-bonding interaction
between the hydrogen atoms of H,O and the lone pairs of
nearby Se atoms. The O6 and O7 sites presented consider-
able problems in the refinement, and are discussed below.

7. Discussion

7.1. Nature of the O6/07 complex

The partially occupied O6 and O7 sites occur in clusters
with O6 at the vertices of a tetrahedron and O7 at the
centre. The site scattering factors of both O6 and O7
correspond to 4.8 ¢, or 60 % of an oxygen atom, and
similar in magnitude to the largest residual maxima and
minima in electron density (Table 3). Both O6 and O7 are
very far from other atoms. O6 has two distant Cu neigh-
bours, giving it a total bond valence sum of 0.26 v.u
(Tables 5-6). Apart from O6, the nearest neighbours to
07 are four Cul at 3.486 A and four Cu2 at 3.391 A,
providing only 0.065 v.u if it is assumed that O7 is also
an oxygen. Thus, oxygen atoms on O6 or O7 are very
underbonded in the structure as refined, Furthermore, the
06---06 distances are only 1.99-2.22 A, and 0607 =
1.27 A, which implies that it is sterically impossible for
more than one site out of each (06),07 cluster to be
occupied by oxygen alone: if (O*,0H ,H,0) are the only
species present, then the maximum possible site occupancy
would be 20-25 %, well below the 60 % observed. Thus, it
is likely that a small, highly charged cation can also occupy
O7 and bond to more than one oxygen atom on the nearby
06 sites, allowing simultaneous occupation of more than
one of the latter, and satisfying the major portion of their
bond-valence requirements. A cationic species at O7
would also make it possible to obtain the required —1 net
charge on the whole O6/07 cluster, while having scattering
equivalent to 4.8 ¢ on all sites. The small 06-O7 dlstance
of 1.27 A eliminates all candidate cations except C*" o

N>, this is a typical length for a carbonate C—O bond, but
rather long for N-O of nitrate. The EDS spectrum showed
K peaks from C and O; the former was assumed to arise
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Table 4. Atom coordinates and displacement parameters (AZ) for favreauite.

X y 4 Ueq Un Un Uss Uss Uis U,
Pbl 0.75 0.25 1 0.01474(15) 0.01472(18) 0.01472(18) 0.0148(3) O 0 0
Bi2 0.75 0.75 0.51701(5) 0.00427(13) 0.00424(15) 0.00424(15) 0.0043(2) O 0 0
Se  0.56624(7) 0.53945(7) 0.82772(7) 0.00979(16) 0.0105(3)  0.0104(3)  0.0084(3) —0.0009(2) —0.0003(2) —0.0047(2)
Cul 0.5 0.5 0.5 0.0096(2)  0.0120(5)  0.0094(5)  0.0075(5) 0.0013(4) 0.0013(4) —0.0039(4)
Cu2 0.73943(9) 0.51655(9) 0.27943(9) 0.01080(19) 0.0094(4)  0.0128(4)  0.0102(4) —0.0047(3) 0.0006(3) —0.0001(3)
01 0.6097(5) 0.6215(5) 0.3859(5) 0.0071(8)  0.007(2) 0.006(2) 0.008(2) —0.0002(16) —0.0005(16) —0.0026(16)
02 0.3974(5) 0.5656(6) 0.8447(6) 0.0192(12) 0.007(2) 0.029(3) 0.022(3) —0.012(2) —0.002(2) 0.000(2)
03 0.6010(7) 0.5667(7) 0.6605(6) 0.0253(14) 0.026(3) 0.041(4) 0.008(2) 0.007(2) 0.000(2) —0.024(3)
04 0.5787(6) 0.3661(6) 0.8419(6) 0.0183(11) 0.021(3) 0.014(3) 0.019(3) 0.000(2) —0.015(2) —0.001(2)
05 0.25 0.25 0.8979(14) 0.030(3) 0.034(4) 0.034(4) 0.021(6) 0 0 0
06* 0.6781(16) 0.3367(18) 0.4365(17) 0.063(8) 0.047(10)  0.084(14)  0.059(11) 0.043(9) 0.033(8) 0.050(9)
O7* 0.75 0.25 0.5 0.033(8) 0.032(10)  0.032(10)  0.033(14) O 0 0

*06 occupancy = 0.60(4); O7 occupancy = 0.60(6).

Table 5. Selected bond distances (A) in favreauite.

Pb 04 2.553(5) x4
02 2.772(6) x4
Bi o1 2.266(5) x4
03 2.714(6) x4
Se 03 1.680(5)
02 1.693(6)
04 1.719(6)
Cul o1 1.961(6) x2
03 1.957(5) x2
06 2.461(13) x2
Cu2 o1 1.943(5)
o1 1.947(5)
04 1.957(5)
02 1.981(6)
06 2.415(15)
05 2.875(8)

from the carbon coating, but may also contain a contribu-
tion from minor C in the sample. However, no N K geak
was observed. Hence, it seems likely that some CO5;~ or
HCOj5' is present in the O6/07 cluster. Although no effer-
vescence was observed when a favreauite crystal was trea-
ted with acid, this is not surprising, since the calculated
CO, content for even the most carbon-rich hypothetical

end-member PbBiCug04(Se03)4(HCO3)-H,0 is only 3.0
wt%.

We note that the planar triangular geometry of carbonate
and nitrate groups is not compatible with placement of the
cation at O7 and oxygens at the exact O6 positions.
Furthermore, the 4 rotoinversion axis passing through O7
would require that in the long-range average structure, an
XO; group (X = C or N) show at least four-fold orienta-
tional disorder. Hence, the O6 site would actually be a
superposition of several split sites of very low individual
scattering factors: the minimum number of split sites per
06 would be three for equilateral triangular CO5>” or NO5”
groups, but perhaps twelve for the less regular HCOj5'. Site
splitting is supported by the observation that the O6 ther-
mal ellipsoids are remarkably large and anisotropic, being
strongly elongated tangential to the O6—-O7 vector (Fig. 4).
Unfortunately, the very low site-scattering factors and
large number of structural parameters render robust refine-
ment of such complex splitting patterns impossible.
Structure models were constructed in which all three oxy-
gen atoms of a CO5>” or HCO3 group lay within 0.4 A of an
06 site, but were not satisfactory in that oxygen bond
valence sums tended to be low when the oxygen atoms
were unprotonated, but high on protonated ones.

The weak Raman features noted above do not unam-
biguously identify the unanalysed species present. We
compared them with Raman and infrared data for

Table 6. Bond-valence analysis for favreauite, omitting very weak bonding to the O7 site (discussed in text). Values are expressed in valence

units.

Pb Bi Cul Cu2 Se h)

0Ol 0.56 x 4 | 0.47 x2 | 0.49 + 0.48 2.01
02 0.19 x4 | 0.44 1.38 2.01
03 0.22 x4 | 0.47 x2 | 1.42 2.11
04 0.30 x4 | 0.47 1.29 2.06
05 0.04 x4 — 0.16
06 0.12 x2 x 0.6* | 0.14 x1 x 0.6* | 0.26
p) 1.97 3.14 2.02 2.01 4.09

*These multiplicities = (number of bonds to O6) x (O6 site occupancy).
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fes

Fig. 2. Structure of favreauite, emphasising cation-centred polyhedra. Grey rectangles = CuQy, black triangular pyramids = SeO3, large dark
grey spheres = Pb, smaller medium grey spheres = Bi, very small light grey spheres = OS5 (at similar z to Pb) and O6/O7 (tetrahedral groups
at similar mean z to Bi). (a) View approximately down x, highlighting highly corrugated Cu-O layers Il (001), branched by SeO3 pyramids,
and approximately face-centred cubic substructure of (Pb,Bi), with Bi in the hollows of the Cu—O layer and Pb between the layers. (b) View
down z, showing rotational sense of the fourfold axis due to twisting of the Cu—-O layer.

Fig. 3. Local environments of Pb and Bi (large grey spheres) in favreauite. Viewing direction is nearly down x, with z vertical. Oxygen
ligands are small white spheres; next-nearest neighbour cations are Cu (light grey spheres) and Se (black). (a) Pb is surrounded by a
tetrahedron of four O2 and an inverse tetrahedron of four O4 (one hidden behind Se), to give an overall point symmetry 4 at Pb, with no lone-
pair steeroactivity. All oxygens are bound to one Pb, one Cu and one Se, and bond distances to Pb are relatively similar: Pb-02 = 2.772 A,
Pb-04 = 2.553 A. (b) Bi, bonded to four O1 on one side and four O3 on the other, giving polar point symmetry 4 at Bi. Ol is bonded to 3 Cu,
while O3 is bonded to 1 Cu + 1 Se. The bond distances to Bi are very different: Bi-O1 =2.266 A, Bi-O3 =2.714 A, implying that the Bi lone
pair is directed in the —z direction.

carbonate and bicarbonate in minerals and in solution from
Huang & Kerr (1960); Davis & Oliver (1972); Nyquist
et al. (1996) and Frantz (1998), and data for nitrates from
Akiyama et al. (1980); Nyquist et al. (1996) and Frost et al.
(2004, 2005). The band at 1065 cm ! may be the v,
symmetric stretch of either CO;* or NO5. The 1341
cm ™' band is too low in frequency to be from CO5> but
could be v3 of NO; or HCO5. The 989 cm ' band is
unusually low in frequency for any of these species, but
this and the 1341 cm ! band fall within the wavenumber

ranges for HCOj3™ observed by Frantz (1998) in high-tem-
perature solutions.

The electron count of 4.8 ¢~ at O6 corresponds to 0.6 of
an oxygen at each of four O6 sites, or 0.8 of an oxygen at
each of three sites approximating the O6 positions. The 4.8
e of scattering at O7 is equivalent to 0.8 of a carbon. Thus,
the site scattering factors at O6 and at O7 and net overall
charge of —1 could be simultaneously satisfied by a com-
bination of 0.6[HCO5] + 0.2[CO32'] on the O6/07 site
complex, with no OH™ or H,O. However, this solution is
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Fig. 5. (a) The “‘half-cube’ cluster CugBiO,4 of oxygen-centred tetrahedra in favreauite. Larger dark grey sphere is Bi; smaller, lighter grey
spheres are Cu. (b) Edge-sharing of half-cubes to form a continuous layer CugBiO, in favreauite, viewed down z. (c) Layer viewed nearly
down x, to show corrugated pattern of half-cubes at two different heights.

not unique, and the estimated errors in quantification are
large. Given the difficulty in identifying, quantifying and
locating the light atoms present in the O6/07 complex, we
retain the simplest possible ideal formula for favreauite as
PbBiCu04(Se03)4(OH)-H,0, while acknowledging that
the true situation is more complex, with unknown propor-
tions of orientationally disordered, unidentified complex
anions replacing the ‘‘hydroxide’.

7.2. Relationship to other structures

The structure of favreauite is unique, but is very closely
related to that of nabokoite, KCu7Te4+O4(SO4)§Cl (P4/ncc,
a =9.833 A and ¢ = 20.591 = 2 x 10.2955 A; Pertlik &
Zemann, 1988). Atlasovite, KCugFe* "Bi0,4(SO,)sCl, is pre-
sumably isostructural with nabokoite since it has the same
space group, similar unit-cell parameters and can form zones
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Fig. 6. (a) The “‘cubic’’ cluster Cu;,PbOg in murdochite. A cube of oxygen atoms lies at the centres of eight tetrahedra of cations. One Pb
(dark sphere) at the centre of the cube is shared by all eight tetrahedra, while twelve Cu (light spheres) form a cuboctahedron surrounding the
oxygen atoms. (b) Connection of murdochite cubes to make a three-dimensional framework CugPbOg; note that this can be described as fused

layers with the same topology as those of Figure 5Sc.

within nabokoite crystals (Popova et al., 1987). The similarity
of favreauite and nabokoite is emphasised if the structure is
described using oxygen-centred tetrahedra, an approach that
has proven fruitful in the structural description of many
compounds of cations such as Cu”", Pb*" and Bi’" with
Lewis acid strength near 0.50 valence units (O’Keeffe &
Hyde, 1985; Krivovichev et al., 2013).

The anion-centred description of favreauite focusses on
O1, which is tetrahedrally coordinated by 3Cu + 1Bi, while
02-04 are in only three-fold coordination by Cu + Se + (Bi
or Pb) and O5-O7 are only weakly bound to Cu. In favreauite,
the O1(Cu;Bi) tetrahedra share edges in blocks of four to form
a CugBiOy cluster (Fig. 5a) which can be termed a ‘‘half-
cube’ for comparison with a related cubic cluster (below).
Each half-cube shares only its four lower edges or four upper
edges with neighbours, to form a corrugated [CueBiO,]""
layer in favreauite (Fig. 5b and c). The [CusTeO %" layer
of nabokoite, and presumably [Cu6BiO4]7+ of atlasovite, are
topologically identical. The formulae of nabokoite and
favreauite can be written to emphasise these layers
as  respectively  KCu[CugTeO4](SO4)4(SO4)Cl  and
Pb[][CugBi04](SeO3)4(OH)(H,0), which shows that there
is almost complete one-to-one correspondence between com-
ponents of the two structures. The coordination environments
of interlayer K and Pb are similar in their respective minerals;
S10, of nabokoite plays an analogous role to SeO5 of fav-
reauite; the disordered, roughly tetrahedral O6—O7 ‘‘hydro-
xide”” moiety of favreauite corresponds to the S20,
tetrahedron in nabokoite, and CI of nabokoite to O5 (=H,0)
of favreauite. Only the interlayer Cu2 site of nabokoite has no
correspondent.

In order to accommodate the SeO; pyramids or SO,
groups in these structures, there is a slight torsional
distortion of the half-cubes, which breaks potential
vertical mirror planes of symmetry; this twist in fav-
reauite is very apparent in Figure 2b. The doubling of
the nabokoite ¢ repeat relative to that of favreauite is
due to alternate layers having opposite senses of twist
about the z axis.

Another closely related structure is that of PbgOs(PO,),
(Krivovichev & Burns, 2003) and its As analogue
PbgO5(AsQ,), (Krivovichev ef al., 2004), which contains
PbyO, half-cubes. Unlike the half-cubes of favreauite and
nabokoite, these share their four lateral edges to form a
[Pb,04]°" layer that is planar rather than corrugated. Many
other geometries of structural layer can be produced from
edge-sharing OM, tetrahedra that do not form tetrameric
half-cubes; examples are reviewed in Krivovichev et al.
(2013).

The structures of favreauite, nabokoite (and presumably
atlasovite) can be considered as derivatives of that of
murdochite, Cu®"¢Pb*"Og_(Cl,Br),,, which has very
similaro unit-cell parameters to favreauite (Fm3m, a =
9.224 A; Dubler et al. 1983). The oxygen atoms of mur-
dochite all lie at the centres of CusPb tetrahedra. Groups of
eight tetrahedra in a cube-shaped pattern share edges to
form Cu;,PbOg clusters (Fig. 6a), which are topologically
similar to Ca3Fg portions of the fluorite structure, or two
of the favreauite/nabokoite half-cubes joined back-to-
back. The cubes are linked via Cu in <110> directions
to form a three-dimensional framework in murdochite
(Fig. 6b). Halide anions partly occupy the large voids that
are surrounded by twelve cubes. An alternative view of the
murdochite CugOg framework is as a (4,3)-connected net,
the “‘twisted boracite’ or tbo net of Delgado-Friedrichs
et al. (2006), with Cu in square-planar and O in triangular
coordination. Pb occupies the smaller of two types of cage
in this net, 8-coordinated by O, while (Cl,Br) is in the
larger cages, 12-coordinated by Cu, playing a role analo-
gous to the O6/0O7 cluster of favreauite or S20, in
nabokoite.

The large Pb*" cations of murdochite form a face-
centred cubic array. This 1is also the case for
(Pb™"+Bi’") in favreauite and (K™+Te*") in nabokoite,
in both of which the two types of large cation alternate in
layers Il (001). Retention of this large cation array in the
layered structures emphasises that the layers can be
derived from the murdochite framework by if Cu;,MOg
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cubes are reduced to CugM Oy, half-cubes through systema-
tic omission of Cu®" and oxygen, and additional compo-
nents such as SeOs;” are introduced into the interlayer
space thus formed.

The different distortion patterns of the Pb and Bi coor-
dination polyhedra in favreauite are noteworthy. It is rare,
but not unknown, for Pb>* to show a complete lack of lone-
pair stereoactivity. Another mineralogical example is
rosiaite, Pb,Sb,O¢ (Basso et al., 1996) with the Li,ZrFq
structure, in which the six Pb—O distances are symmetri-
cally constrained to be equal and in a nearly regular octa-
hedral configuration (3 point symmetry). There, the Pb—O
bond valence cannot depart significantly from the average
value of '3 because each oxygen atom is also bonded
strongly to two Sb>* (bond valence necessarily close to
>/6). Similar topological/bond-valence limitation of lone-
pair stereoactivity may result in quite different degrees of
asymmetry even for PbO,, polyhedra in the same structure.
Note the difference between relatively symmetrical Pb10Og
and asymmetrical Pb20; in PbsFe’ ", (PO,),(H,0) (Mills
et al., 2010), and the relatively inactive lone pairs of Pb3 in
housleyite (Kampf et al., 2010) and Pb1 in the schieffeli-
nite structure (Kampf et al., 2012b). This behaviour also
occurs for smaller and more electronegative lone-pair
cations such as Te*". Christy & Mills (2013) quantified
lone-pair stereoactivity for Te*"Oq polyhedra using the
separation between Te and the centre of the sphere of
best fit of the oxygen coordination polyhedron (equated
with the centre of lone-pair electron density), and obtained
very different distances (1.04 and 1.43 A) for Tel and Te2
in juabite (Burns et al., 2000).

In favreauite, both oxygen atoms in the Pb coordination
shell (O2 and O4) are also bonded strongly to Cu2 (bond
valence 0.44 and 0.47 v.u. respectively; Table 6) and Se
(bond valences 1.41 and 1.25), which again provides a
topological restriction on the Pb—O bond valence to a
narrow range around the mean value of %4 (Pb—02 = 0.19
and Pb—0O4 = 0.30 v.u.), thus inhibiting lone-pair stereo-
activity and facilitating occupation of a site with non-polar
point symmetry. Conversely, the two oxygen atoms that
are bonded to Bi have quite different coordination envir-
onments, requiring significantly different Bi-O bond
valences and distances. O1 is bonded to Cul + 2 Cu2, as
well as making a bond of 0.56 v.u. to Bi, whereas O3 bonds
to Cul + Se, with a bond of 0.22 v.u. to Bi (Table 6).
Although Pb*" and Bi’" frequently substitute for one
another in crystal structures, the existence in the favreauite
structure of two sites of appropriate size, one intrinsically
of non-polar symmetry while the other is polar, is sufficient
to drive ordering between Pb>" and Bi**. The Pb®", which
is larger, less electronegative and less prone to lone-pair
stereoactivity, enters the non-polar site, while Bi*", which
shows the converse properties, goes into the polar site. The
availability of two different large cations is probably
essential to formation of a favreauite-like structure. A
cation with a highly stereoactive lone pair stabilises the
cuprate layer (Bi*" in favreauite and atlasovite, Te*" in
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nabokoite), while the interlayer cation either has no lone
pair (K™ in nabokoite and atlasovite) or a lone pair whose
stereoactivity is suppressed (Pb>" in favreauite).

The structures of favreauite, nabokoite and presumably
atlasovite currently provide the only known mineralogical
examples of cuprate layers derived by deletion of atoms
from the murdochite framework as described above. Indeed,
murdochite itself is the only natural exemplar of its structure
type. Searching the Inorganic Crystal Structure Database
revealed only a small number of additional phases that are
near-isotypic to murdochite: TI** Pd* (O T1' " (Miiller ez al.,
1978), Cu®**"| (Cu****(O4(CLNOs) (Hayakawa et al.,
1991) and Y>"Cu***c04Cl (Zouganelis er al., 1991).
Compounds have also been prepared with In*" or Sc*™
replacing Y> in the latter phase (Bushida er al., 1991). All
of these have square-planar coordinated @” Cu®" or low-spin
d® Cu™ or Pd*" as the framework cation. The 8-fold coordi-
nated interstitial site contains relatively highly charged
cations (S¢®*, Y>T, In*", TI*", Pb*" or Cu®?"|_,), and the
large cage contains either anions or large, low-charge cations
(CI', NO5™ or TI™"), usually split over several off-centre posi-
tions. The diversity of large cations and cage-filling species
found in these compounds suggests that other members of the
nabokoite-favreauite supergroup may yet be discovered.
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