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INTRODUCTION

The oxidation of polymetallic deposits results in the formation 
of a great diversity of secondary minerals; deposits like Tsumeb 
(Namibia) and Broken Hill (Australia) truly are among the min-
eralogical rainforests of the planet (Pring 1995). The study of the 
mineralogy of these deposits contributes to our understanding 
of heavy metal mobility in the near-surface environment, with 
direct applications to using soil sampling from geochemical 
prospecting, and as analog for heavy metal mobility around waste 

deposits (e.g., Williams 1990). Occasionally, new minerals from 
this setting present their own intrinsic interest. For example, 
bernalite Fe(OH)3 from Broken Hill, Australia, represents a 
surprising addition to the well-known Fe-O-H system, and an 
interesting perovskite-like structure with A-site vacancy (Birch 
et al. 1993; Welch et al. 2005). 

In this paper, we present a description of the mineralogy and 
crystal structure of bouazzerite, a new hydrated Mg-Fe-Bi-arse-
nate from the Bou Azzer mine, Anti Atlas, Morocco. The mineral 
is remarkable because it contains Bi3+-As5+-Fe3+ nanoclusters in 
which Fe3+ exists in trigonal prismatic coordination. Bouazzerite 
is the fi rst example of trigonal prismatic coordination for a fi rst-* E-mail: joel.brugger@adelaide.edu.au
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ABSTRACT

Bouazzerite, Bi6(Mg,Co)11Fe14[AsO4]18O12(OH)4(H2O)86, is a new mineral occurring in “Filon 7” at 
the Bou Azzer mine, Anti-Atlas, Morocco. Bouazzerite is associated with quartz, chalcopyrite, native 
gold, erythrite, talmessite/roselite-beta, Cr-bearing yukonite, alumopharmacosiderite, powellite, and a 
blue-green earthy copper arsenate related to geminite. The mineral results from the weathering of a Va-
riscan hydrothermal As-Co-Ni-Ag-Au vein. The Bou Azzer mine and the similarly named district have 
produced many outstanding mineral specimens, including the world’s best erythrite and roselite.

Bouazzerite forms monoclinic prismatic {021} crystals up to 0.5 mm in length. It has a pale 
apple green color, a colorless streak, and is translucent with adamantine luster. dcalc is 2.81(2) g/cm3 
(from X-ray structure refi nement). The new mineral is biaxial with very weak pleochroism from 
yellow to pale yellow; the refractive indices measured on the (021) cleavage face range from nmin = 
1.657 to nmax = 1.660; the Gladstone-Dale relationship provides a value of 1.65. The empirical chemical 
formula is Bi6.14Fe12.6Mg8.45Co0.48Ni0.12Ca0.23(As17.0Cr0.64Si0.32)Σ=18.0O174.6H184. Bouazzerite is monoclinic, 
P21/n, Z = 2, with a = 13.6322(13) Å, b = 30.469(3) Å, c = 18.4671(18) Å, β = 91.134(2)°, and V = 
7669.0(13) Å

3
. The eight strongest lines in the X-ray powder diffraction pattern are [d in Å (I)(hkl)]: 

11.79(100)(021), 10.98(80)(101/101), 10.16(80)(120), 7.900(80)(022), 12.45(70)(110), 15.78(60)(011), 
3.414(40)(333/400), 3.153(40)(353/225). 

The crystal structure of bouazzerite is based upon [Bi3Fe7O6(OH)2(AsO4)9]11– anionic nanoclusters 
that are built around [trigonal prismaticFe3+(octahedralFe3

3+(OH)O12)2]29– groups, containing one Fe3+ ion in trigonal 
prismatic coordination and six Fe3+ ions in octahedral coordination. The nanoclusters have a diameter 
of about 1.3 nm and are linked together by chains of Mg(O,H2O)6 octahedra. The resulting arrange-
ment displays channels down [100] that contain structural water. Bouazzerite is the fi rst mineral based 
upon Bi- and As-containing ferric nanoclusters. Its discovery provides a unique insight into transport 
mechanisms of toxic elements in the oxidation zones of sulfi de mineral deposits in the form of complex 
Fe-As nanoparticles.

Keywords: Bouazzerite, new mineral, crystal structure determination, trigonal prismatic coordina-
tion, Bou Azzer province, Anti-Atlas, Morocco
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row transition metal in an inorganic compound, and the fi rst 
reported occurrence of complex Bi-As-Fe nanoclusters. 

The new mineral name “bouazzerite” recognizes the excep-
tional signifi cance of the Bou Azzer district and, in particular, 
of the Bou Azzer mine to mineralogical sciences and mineral 
collecting. The Bou Azzer district, including from west to east 
the following ore deposits: Méchoui, Taghouni, Bou Azzer 
sensu stricto, Aghbar (also spelled Arhbar), Ightem (also spelled 
Irhtem), Oumlil, Tamdrost and Aït Ahmane, belongs to the world’s 
most famous mineral localities, and has provided the world’s best 
specimens for several species, including erythrite (from “Filon 
7;” Jacob and Schubnel 1972), roselite, roselite-beta, skutterudite 
and gersdorffi te. By 2006, around 210 minerals were known from 
the Bou Azzer district (Favreau and Dietrich 2006), including 
7 new minerals: arhbarite, Cu2MgAsO4(OH)3, Arhbar mine 
(Schmetzer et al. 1982; Krause et al. 2003); bouazzerite, Bou 
Azzer mine (this study; Meisser and Brugger 2006); irhtemite, 
Ca4MgH2(AsO4)4·4H2O, Ightem and Bou Azzer mines (Pierrot 
and Schubnel 1972); maghrebite, MgAl2(AsO4)2(OH)2·8H2O, 
Aghbar mine (Meisser and Brugger 2006); nickelaustinite, 
Ca(Ni,Zn)AsO4(OH), Bou Azzer district (Cesbron et al. 1987); 
smolianinovite, (Co,Ni,Ca,Mg)3(Fe,Al)2(AsO4)4·11H2O, 
Fleischer 1957); and wendwilsonite, Ca2(Mg,Co)(AsO4)2·2H2O, 
Bou Azzer district (Dunn et al. 1987). The district also provides 
the second world occurrence for species such as cobaltarthurite, 
cobaltlotharmeyerite, nickellotharmeyerite, and guanacoite. The 
name bouazzerite was used in the local mining vernacular to 
describe a ferroan variety of stichtite, but was discredited early 
on by Caillères (1942) and again by Paclt (1953). The name was 
never used in the scientifi c literature, and the GEOREF database 
contains only the reference to the discredit by Paclt (1953). The 
type material is deposited at the Musée Géologique Cantonal, 
Lausanne, Switzerland (holotype MGL 79798 and cotype MGL 
79803).

OCCURRENCE AND ORIGIN

Bouazzerite has been found during recent mining activity 
at the Bou Azzer As-Co-Ni-Ag-Au deposit in the Anti-Atlas, 
Morocco. All the samples of bouazzerite were collected in May 
2001 from an ore cart freshly extracted from “Filon 7” (French 
for Vein 7) through “Puits 1” (shaft 1). The ore was particularly 
rich in native gold, containing up to 100 g/t according to mine 
geologists. Bouazzerite is directly associated, over a ~1 cm2 
area, with quartz, chalcopyrite, erythrite, Cr-bearing yukonite, 
alumopharmacosiderite, powellite, and a blue-green earthy cop-
per arsenate related to geminite.

The Bou Azzer deposit (1 350 000 t ore extracted between 
1933 and 1995 from “Filon 7” and “Filon 5”) formed by hy-
drothermal remobilization of Ni, Co, Cu, As, and Au from a 
Proterozoic ophiolite complex during the Variscan Orogeny 
(Favreau and Dietrich 2001; Leblanc and Billaud 1982). “Filon 
7” and “Filon 5” are the main producing veins; “Filon 7” is about 
1 km in length, and is located at the contact between a quartz-
bearing diorite and a serpentinite (Leblanc 1980). Bouazzerite 
is a weathering product of As-Ni-Fe-Co-Bi ores hosted in a 
quartz-carbonate vein matrix. The presence of Cr in bouazzerite 
also indicates a contribution from the weathering of chromite in 
the serpentinite rock hosting the vein.

APPEARANCE, PHYSICAL, AND OPTICAL PROPERTIES 
OF BOUAZZERITE

Bouazzerite occurs extremely rarely as prismatic monoclinic 
crystals up to 0.5 mm in length. The morphology is dominated 
by the {021} prism (Figs. 1a and 1b). The crystals are termi-
nated by faces that probably belong to the {110} prism (Fig. 
1b). Bouazzerite is pale apple green, with colorless streak and 
adamantine luster. It is translucent and displays no fl uorescence 
under UV irradiation. The mineral is very brittle with uneven 
fracture; Mohs’ hardness was not determined due to the scarcity 
of the material. Bouazzerite displays a good cleavage parallel 
to prism {021} and a fair cleavage parallel to {100} (Fig. 1). 
The mineral dehydrates quickly under vacuum; this results in 
a signifi cant contraction and fracturing along the two cleavage 
directions for crystals observed under the electron scanning mi-
croscope or the electron microprobe (Fig. 1). The density could 
not be measured due to the scarcity of the mineral. The density 
calculated from the crystal structure refi nement is 2.81 g/cm3, 
and that calculated from the empirical chemical formula shown 
in Table 1 is 2.84 g/cm3. 

{021} prism

{021} cleavage

{110} prism (?)

{100} cleavage

20 µm

200 µm

a

b

FIGURE 1. Scanning electron micrographs of bouazzerite crystals 
associated with botryoidal powellite and minute isometric crystals of 
alumopharmacosiderite. The cracks along the {100} and {021} cleavage 
directions are caused by dehydration. Measurement conditions: 20 kV, 
backscattered electron mode, 20 Pa H2O vapor pressure.
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Optically, bouazzerite is biaxial, with very weak pleochroism 
from yellow to pale yellow. The maximum and minimum values 
of the refractive indices were measured in a (021) cleavage face 
using the immersion technique. The refractive indices of the liquids 
were checked using a Leitz-Jelley micro-refractometer with NaD 
at 26 °C. The measured extreme values are nmin = 1.657 and nmax 
= 1.660; this compares to an average refractive index calculated 
using the Gladstone-Dale relationship of nca

me
lc
a
,
n
Gladstone-Dale = 1.65. 

The calculations are based on the assumption that Cr is present as 
chromate, with ρ = 2.84 g/cm3, and using the average chemical 
analysis given in Table 1 corrected for the loss of water caused by 
the vacuum within the electron microprobe.

CHEMICAL COMPOSITION

The chemical composition of bouazzerite has been measured 
using a Cameca SX-51 electron microprobe (Table 1), under 
the following analytical conditions: accelerating voltage 15 kV, 
beam current 20 nA, counting times of 10 s on the peak and 5 s 
on each side of the peak for background, tightly focused beam 
scanned over a ~20 μm2 surface, and with the following ana-
lytical standards: As, synthetic GaAs; Bi, synthetic Bi2Se3; Ca, 
wollastonite; Cr, crocoite; Mg, forsterite; Mn, rhodonite; Ni and 
Co, Ni-bearing cobaltite; Si, almandine garnet. The quality of the 
analyses is limited by the paucity of the available material, most 
of which was lost during polishing (very brittle material). The 
quality of the polish was also adversely affected by the shrink-
age induced by the rapid dehydration caused by the vacuum 
inside the electron microprobe. The beam scanning averages 
any analytical effect that may result for the uneven surface. The 
resulting analytical totals, taking into account the water content 

deducted from the crystal structure determination and analysis, 
are about 18 wt% too high; this indicates a vacuum-induced loss 
of about 56 H2O per formula unit (pfu). Apart from the major 
constituents As, Bi, Fe, and Mg, bouazzerite contains minor (0.1 
to 2 wt%) amounts of CoO, NiO, CaO, SiO2, and Cr2O3 or CrO3. 
Bond valence calculations (see below) indicate unambiguously 
that As and Fe are present as As5+ and Fe3+, respectively. 

Chromium occurs in varying concentrations, corresponding 
to 0.35 to 1.03 atoms pfu; this element could not be located by 
the crystal structure refi nement. Chromium may be present either 
at Cr3+ substituting for Fe3+ or Mg2+ in octahedral coordination 
(ionic radii: Cr3+ 0.62 Å; Mg2+ 0.72 Å; Fe3+ 0.55 Å; Shannon 
1976), or as chromate ion Cr6+O4

2– substituting for As5+O4
3– (Cr6+ 

0.26 Å; As5+ 0.34 Å). We discuss these two possibilities in 
the light of the geochemical conditions of growth for the new 
mineral and the correlation between the concentrations of the 
different metals in bouazzerite. Figure 2 shows the speciation 
of the three redox-sensitive constituents of bouazzerite: As, Cr, 
and Fe. Assuming that the oxidation state of As, Fe, and Cr in 
bouazzerite refl ects essentially the oxidation state of these met-
als in the aqueous complexes from which it precipitated, Figure 
2c indicates that the presence of signifi cant quantities of Fe3+ in 
solutions requires highly oxidized conditions [presence of dis-
solved O2(aq), for example] and an acidic pH (<4). Under these 
conditions, the model predicts that Cr may be present either as 
chromate or as Cr3+ (Fig. 2b).

The few available chemical analyses can be divided into two 
groups according to the Cr content; the Cr-rich composition is 
depleted in As and Fe, and the slope of the line joining both 
groups is about –1 when molar ratios are plotted (Figs. 3a and 
3b). No such correlation is present for Mg (Fig. 3c). A possible 
coupled reaction to explain the observed correlation is

CrO4
2– + Mg2+ = AsO4

3– + Fe3+  (1) 

The absence of correlation between Mg and Cr may result 
from the fact that most of the Mg is located on the Mg sites, and 
the Mg content is controlled by other, independent substitutions, 
that may involve vacancies and/or O2–/OH–/H2O groups. 

A full understanding of the role of Cr in the crystal structure 
of bouazzerite must await the availability of larger amounts of 
material. Assuming that Cr is incorporated following reaction 1, 
the empirical structural formula for bouazzerite is (normalization 
on 18 As + Cr + Si):

Bi6.14(Fe12.6Mg8.45Co0.48Ni0.12Ca0.23)Σ=21.9(As17.04Cr0.64Si0.32)Σ=18.0 

O174.6H184.

If Cr is present as Cr3+ replacing Fe3+, the empirical formula 
becomes

Bi6.37(Fe13.1Mg8.76Cr0.66Co0.50Ni0.13Ca0.24)Σ=23.4(As17.7Si0.33)Σ=18.0 

O176.6H184.

In view of the analytical diffi culties, these empirical formula 
compare favorably with the chemical formula retrieved from the 
single crystal solution (see below):

Bi6(Mg,Co)11Fe14[AsO4]18O174H184.

TABLE 1. Electron microprobe micro-chemical analysis of bouazzerite
 Average (5 pts) Range
As2O5* 35.55 34.29 36.40
CrO3 1.15 0.64 1.84
SiO2 0.35 0.39 0.40
Bi2O3 25.97 25.38 27.69
Fe2O3 18.30 17.58 18.98
MgO 6.18 5.92 6.40
CoO 0.65 0.61 0.68
NiO 0.17 0.07 0.39
CaO 0.23 0.17 0.30
H2Ocalc 30.08 29.71 30.35
Sum 118.6 117.0 119.6

Atoms per formula unit
As5+ 17.04 16.62 17.38
Cr6+ 0.64 0.35 1.03
Si4+ 0.32 0.26 0.37
Σtet. sites 18.00 (norm)

Bi3+ 6.14 5.95 6.55
Fe3+ 12.63 12.13 13.04

Mg 8.45 8.19 8.67
Co 0.48 0.45 0.50
Ni 0.12 0.05 0.29
Ca 0.23 0.17 0.30
Σ 9.28 9.08 9.43

H 184 (norm)
O 174.6 174.5 174.9
Notes: V2O5 ≤ 0.05 wt%; MnO ≤ 0.12 wt%; SrO ≤ 0.07 wt%; PbO ≤ 0.14 wt%; 
CuO ≤ 0.14 wt%. No additional element with atomic number ≥9 was detected 
(<0.1 wt%). 
* (wt%). 
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were collected using MoKα X-radiation and frame widths of 0.3° in ω, with 45 s 
used to acquire each frame. More than a hemisphere of three-dimensional data was 
collected. The unit-cell dimensions were refi ned on the basis of 11 233 refl ections 
using least-squares techniques (Table 2). The data were reduced and corrected for 
Lorentz, polarization, and background effects using the Bruker program SAINT. 
A semi-empirical absorption-correction based upon the intensities of equivalent 
refl ections was done by modeling the crystal as an ellipsoid (program XPREP, 
part of the Bruker package).This reduced Rint of 778 intense refl ections [>10σ(I)] 
from 22.4 to 5.7%. 

Structure refi nement
Scattering curves for neutral atoms, together with anomalous 

dispersion corrections, were taken from International Tables for 
X-ray Crystallography, vol. IV (Ibers and Hamilton 1974). The 
Bruker SHELXTL Version 5.1 set of programs was used for 
refi nement of the crystal structure on the basis of F2 (Sheldrick 
1997). The structure was solved by direct methods. Refi nement of 
all atom-position parameters, allowing for anisotropic displace-
ment of all cations, and the inclusion of a weighting scheme of the 
structure factors, resulted in a fi nal agreement index (R1) of 5.5%, 
calculated for the 7309 unique observed refl ections (|Fo| > 4σF), 
and a goodness-of-fi t (S) of 0.717. The fi nal atomic parameters, 
isotropic displacement parameters, and the bond-valence values 
are listed in Table 3, the anisotropic displacement parameters for 
the cations are listed in Table 4 and selected interatomic distances 
are in Table 5. Observed and calculated structure factors are 
available from the authors upon request.

FIGURE 3. Bivariate diagrams illustrating the relationship between 
the Cr and Fe (a), As (b), and Mg (c) contents in bouazzerite, plotted 
in terms of molar ratios (wt% divided by molecular mass). The dashed 
lines in a and b have slopes of –1, indicating the trend expected for the 
coupled substitution CrO4

2– + Mg2+ = AsO4
3– + Fe3+.
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FIGURE 2. Log fO2
(g) vs. pH diagrams illustrating the speciation of 

As (a), Cr (b) and Fe (c) in groundwaters at 25 °C. The dashed lines 
on each diagram represent the sub-diagram for sulfur. Thermodynamic 
data were taken from the Lawrence Livermore database (LLNL V8 
R6), as delivered with the Geochemist’s Workbench software (Bethke 
1996). The diagrams were drawn for the following conditions: aCl– = 
0.1, activity of S species = 10–4; (a) with activity of As species = 10–4; 
(b) with activity of Cr = 10–8 and aFe2+ = 10–3; (c) with activity of Fe = 
10–8; hematite suppressed from the model. 

0 2 4 6 8 10 12 14

-80

-70

-60

-50

-40

-30

-20

-10

0

pH

lo
g 
f O

2(
g)

Fe
2+

FeCl
2+

F
eO

2-

F
eO

H
2+

HFeO2
-

Goethite

Magnetite

Pyrite
Troilite

-8 0

-7 0

-6 0

-5 0

-4 0

-3 0

-2 0

-1 0

0

lo
g 
f O

2(
g)

CrO4
2-

Cr
3+

C
rO

43-

C
rO

H
2+

HCrO4
-

Chromite

E
sk

ol
ai

te

–80

–70

–60

–50

–40

–30

–20

–10

0

H
2
AsO

4

-

AsO2
-

AsO
2OH 2-

AsO4
3-

H
3
A
sO

4
(a
q
)

HAsO
2
(aq)

HAsO
4

2-

Orpiment

Realgar

A
rs
en
op
yr
ite

As

a

b

c

lo
g 
f O

2(
g)

CRYSTAL STRUCTURE

Data collection
A crystal of bouazzerite with approximate dimensions 0.12 × 0.08 × 0.04 mm3 

was selected and mounted on a Bruker PLATFORM goniometer equipped with a 
1K SMART CCD detector with a crystal-to-detector distance of 5 cm. The data 
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Cation coordination
AsO4 polyhedra. The structure of bouazzerite contains 

nine different As sites. The bond valence sums for the As sites 
range from 4.80 to 5.11 v.u. (valence units), and the As-O bond 
distances range from 1.637 to 1.730 Å. The average As-O bond 
distances in the AsO4

3– tetrahedra vary over a very short range: 
1.68 to 1.70 Å. The O15 (1.31 v.u., bound to the As6 atom), 
O19 (1.44 v.u., bound to As7), O21 (1.26 v.u., bound to As9), 
and O47 (1.28 v.u., bound to As8) sites have low bond valence 
sums. However, they are considered as O atoms as they form 
the shortest As-O bonds in their respective AsO4 tetrahedra and 
therefore it is highly unlikely that these sites are protonated. Low 
bond-valence sums are typical for terminal O atoms of arsenate 
and phosphate groups if they are involved in strong hydrogen 
bonding to adjacent H2O or OH groups (Krivovichev et al. 2002). 
In the case of bouazzerite, four above mentioned O atoms form 
either two or three short O···H2O contacts of 2.59–2.78 Å that 
are indicative of moderately strong hydrogen bonds. The bond 
valences of the respective H bonds can be estimated as 0.20–0.30 
v.u., which complements the observed bond-valence sums of the 
terminal O atoms to a total of 2 v.u. 

Bi(O,H2O)6–8 polyhedra. There are three independent Bi 
sites: Bi1 is surrounded by 7 O atoms (2.139 to 3.058 Å), Bi2 
is surrounded by 6 O atoms (2.156 to 2.962 Å), and Bi3 is sur-
rounded by 7 O atoms (2.131 to 3.285 Å) and one H2O group at 
2.830 Å. The coordination of the Bi3+ cations is strongly distorted 
owing to the stereochemical activity of the 6s2 lone electron pairs. 
All three Bi atoms form fi ve strong Bi3+-O bonds of 2.13–2.64 
Å located in one coordination hemisphere and complemented 
by several additional weak bonds longer than 2.83 Å. The bond 
valence sums for Bi are 3.05 to 3.17 v.u. 

Mg(O,H2O)6 polyhedra. There are 6 independent Mg sites. 
The occupancy of the Mg1 site refi nes to 1.36 using the atom 
scattering curve of Mg; this indicates that Co substitutes mainly 
on this site, with an occupancy corresponding to Mg0.76Co0.24. 
Because the total amount of Co is 0.48 atoms pfu according to 
chemical analysis in Table 1, some Co may occur in a disordered 

TABLE 2.  Crystallographic data and refinement parameters for 
bouazzerite

a (Å) 13.6322(13)
b (Å) 30.469(3)
c (Å) 18.4671(18)
β (°) 91.134(2)
V (Å3) 7669.0(13)
Space group P21/n
Z 2
F000 6066
μ (cm–1) 121.99
Dcalc (g/cm3) 2.81
Crystal size (mm3) 0.12 × 0.08 × 0.04
Radiation MoKα
2θ max 56.72°
Total ref. 45206
Unique ref. 17318
Unique |Fo| ≥ 4σF 7309
No. refi ned parameters  574
R1 0.055
wR2 0.076
GooF  0.717
Weighting scheme a = 0; b = 0
Note: R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = {Σ[w(Fo

2 – Fc
2)2]/Σ[w(Fo

2)2]}1/2; w = 1/[σ2(Fo
2) + (a*P)2 

+ b*P], P = [Max (Fo
2, 0) +2*Fc

2]/3; S = {Σ[w(Fo
2 – Fc

2)]/(n – p)}1/2, where n = 7309 is the 
number of refl ections and p = 574 is the number of refi ned parameters.

fashion in the other Mg sites as well. All Mg sites are octahe-
drally coordinated, and Mg is bound to oxygen atoms and either 
4 (Mg1, Mg3, Mg4) or 5 (Mg2, Mg5, Mg6) H2O molecules. 
The Mg-O bond distances are between 2.015 and 2.10 Å, and 
the Mg-H2O bond distances between 2.03 and 2.17 Å. The bond 
valence sums for the Mg sites are between 1.98 and 2.10 v.u., 
and the bond valence sums for the H2O molecules bound to Mg 
are 0.28 to 0.46 v.u.

FeO6 polyhedra. There are seven independent Fe sites. Six of 
these sites are octahedrally coordinated to 6 O atoms at distances 
between 1.922 to 2.117 Å, with average Fe-O bond distances 
between 2.01 and 2.02 Å. The Fe5 site is in near-perfect trigonal 

FIGURE 4. The [Bi3Fe7O6(OH)2(AsO4)9]11– nanocluster in the structure 
of bouazerrite (a) and two schemes used to explain trigonal prismatic 
coordination of the Fe5 site (b, c). See text for details. 

FIGURE 5. Coordination around the Fe5 site in the structure of 
bouazzerite.
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prismatic coordination (Figs. 4 and 5), with 6 O atoms located 
between 2.004 and 2.075 Å, and an average Fe-O bond distance 
of 2.03. Bond valence sums indicate clearly that iron is trivalent 
on all the 7 sites (2.87 v.u. on Fe5 to 3.06 v.u.).

STRUCTURE DESCRIPTION 
The crystal structure of bouazzerite is based upon [Bi3Fe7O6 

(OH)2(AsO4)9]11– anionic nanoclusters shown in Figure 4a. The 
cluster is centered around a [trigonal prismaticFe3+(octahedralFe3

3+(OH)O12)2] 
group, containing one Fe3+ ion in near-ideal trigonal prismatic co-
ordination (Fig. 5) and 6 Fe3+ ions in octahedral coordination. 

The nanoclusters have a diameter of about 1.3 nm and are linked 
together by chains of Mg(H2O)6 octahedra. Each of the three 
Bi(O,H2O)6–8 polyhedrons shares an edge with the trigonal prism 
around the Fe5 site, and two apexes with two arsenate tetrahedra 
linked to octahedral Fe sites. The resulting arrangement displays 
channels down [100] that contain structural water (Fig. 6). 

X-ray powder diffraction study
The X-ray powder-diffraction pattern of bouazzerite (Table 

6) was measured with a 114.6 mm diameter Gandolfi  cam-
era using Mn-fi ltered CuKα radiation (40 kV, 30 mA; 50 h 

TABLE 3. Fractional atomic coordinates and displacement parameters 
Atom x y z Ueq (Å2) BVS (v.u.)*
Bi1 0.33234(4)  0.439265(17) 0.05963(3)  0.01694(14) 3.05
Bi2 0.38659(4)  0.271567(17) 0.19862(3)  0.01812(14) 3.11
Bi3 0.35259(4)  0.423520(17) 0.37927(3)  0.01714(14) 3.17
As1 0.61733(10) 0.45153(4)  0.36421(7)  0.0172(3)  4.96
As2 0.32019(11) 0.50594(4)  0.25068(7)  0.0177(3)  5.07
As3 0.39425(11) 0.29800(4)  0.38449(7)  0.0173(3)  5.02
As4 0.35232(11) 0.32830(4)  0.01404(7)  0.0183(4)  5.11
As5 0.09272(10) 0.42095(4)  0.38783(7)  0.0168(3)  4.80
As6 0.12300(11) 0.25221(4)  0.21955(8)  0.0184(4)  4.87
As7 0.58885(11) 0.44700(4)  0.04135(7)  0.0172(3)  4.87
As8 0.64960(11) 0.27860(5)  0.20621(8)  0.0205(4)  4.90
As9 0.06318(10) 0.42076(4)  0.05797(7)  0.0173(3)  4.80
Fe1 0.19098(15) 0.33957(6)  0.30552(10) 0.0196(5)  3.06
Fe2 0.55546(15) 0.35884(6)  0.29353(10) 0.0183(5)  3.06
Fe3 0.15471(14) 0.42957(6)  0.21954(10) 0.0187(5)  3.01
Fe4 0.54076(15) 0.35731(6)  0.12029(10) 0.0187(5)  3.07
Fe5 0.35571(14) 0.37933(6)  0.21313(10) 0.0153(5)  2.87
Fe6 0.51905(15) 0.44607(6)  0.20669(10) 0.0198(5)  3.05
Fe7 0.17860(15) 0.34025(6)  0.13515(10) 0.0198(5)  3.06
Mg1† 1/2  1/2  1/2  0.022(2)  2.10
Mg2 0.1429(3) 0.45627(13) –0.1023(2) 0.0119(10) 2.02
Mg3 0.3684(3) 0.60454(14) 0.1802(2) 0.0215(12) 2.06
Mg4 –0.1410(3) 0.45746(14) 0.4274(2) 0.0180(11) 1.98
Mg5 0.3529(4) 0.21064(14) 0.4977(2) 0.0224(12) 2.01
Mg6 0.3875(3) 0.23984(14) –0.0901(2) 0.0212(12) 2.09
O1  0.4783(6) 0.4497(3) –0.0015(4) 0.019(2) 1.76
OH2  0.1044(6) 0.3655(2) 0.2227(4) 0.014(2) 1.29
O3  0.6527(7) 0.3118(3) 0.2806(5) 0.022(2) 1.75
O4  0.1250(7) 0.2827(3) 0.2975(5) 0.024(2) 1.74
O5  0.4385(6) 0.4054(2) 0.1342(4) 0.011(2) 2.03
O6  0.2755(6) 0.3241(2) 0.2206(4) 0.014(2) 2.05
O7  0.2560(6) 0.4007(2) 0.2890(4) 0.013(2) 2.00
O8  0.4512(6) 0.4076(2) 0.2826(4) 0.014(2) 2.06
O9  0.1032(6) 0.3652(3) 0.3775(4) 0.020(2) 1.71
H2O10 0.4777(6) 0.5628(3) 0.1400(4) 0.025(2) 0.33
O11 0.0602(6) 0.4449(3) 0.1418(4) 0.020(2) 1.73
O12 0.0876(6) 0.3659(3) 0.0648(4) 0.022(2) 1.78
O13 0.4661(6) 0.3331(3) 0.2109(4) 0.016(2) 2.04
O14 0.4045(6) 0.2715(3) 0.4614(4) 0.020(2) 1.75
O15 0.0294(7) 0.2170(3) 0.2220(5) 0.026(2) 1.31*
O16 0.2111(6) 0.4876(3) 0.2163(4) 0.021(2) 1.83
O17 0.5982(6) 0.4741(3) 0.2807(4) 0.019(2) 1.83
OH18 0.6067(6) 0.3917(2) 0.2046(4) 0.014(2) 1.34
O19 0.6770(6) 0.4706(3) –0.0058(4) 0.017(2) 1.44*
O20 0.5169(6) 0.4587(3) 0.4137(4) 0.020(2) 1.66
O21 –0.0482(6) 0.4262(3) 0.0181(4) 0.018(2) 1.26*
O22 –0.0018(6) 0.4317(3) 0.4429(4) 0.022(2) 1.60
O23 0.3384(6) 0.4883(3) 0.3369(4) 0.021(2) 2.12
O24 0.5867(6) 0.4720(2) 0.1235(4) 0.015(2) 1.76
O25 0.2465(6) 0.3997(3) 0.1458(4) 0.018(2) 2.01
O26 0.3199(6) 0.3811(3) –0.0049(4) 0.021(2) 2.08
O27 0.7147(6) 0.4750(3) 0.4033(4) 0.019(2) 1.79
O28 0.1967(6) 0.4413(3) 0.4252(4) 0.018(2) 1.73
O29 0.1023(6) 0.2859(3) 0.1477(5) 0.025(2) 1.77
O30 0.6178(6) 0.3920(3) 0.0510(4) 0.021(2) 1.66
O31 0.6379(6) 0.3103(3) 0.1311(4) 0.021(2) 1.80

O32 0.2901(6) 0.3281(3) 0.3822(4) 0.023(2) 1.88
O33 0.4650(7) 0.3243(3) 0.0504(5) 0.028(2) 1.94
O34 0.0698(6) 0.4430(3) 0.3039(4) 0.019(2) 1.68
O35 0.4876(6) 0.3343(3) 0.3752(4) 0.024(2) 1.83
O36 0.2727(7) 0.3094(3) 0.0754(5) 0.025(2) 1.94
O37 0.2315(6) 0.2254(3) 0.2110(4) 0.023(2) 1.49
O38 0.3258(7) 0.5597(3) 0.2553(4) 0.026(2) 1.79
O39 0.6383(6) 0.3963(3) 0.3561(4) 0.018(2) 1.72
O40 0.3912(6) 0.2613(3) 0.3141(4) 0.020(2) 2.01
H2O41 0.2649(7) 0.6473(3) 0.2237(5) 0.027(2) 0.34
H2O42 0.4774(7) 0.6339(3) 0.2394(5) 0.031(3) 0.40
H2O43 0.1706(6) 0.5226(3) –0.0833(4) 0.023(2) 0.35
H2O44 0.2973(7) 0.4515(3) –0.1091(5) 0.032(3) 0.32
H2O45 0.3853(7) 0.2589(3) –0.1963(5) 0.026(2) 0.39
H2O46 0.4260(7) 0.5459(3) 0.4350(5) 0.039(3) 0.34
O47 0.7550(7) 0.2506(3) 0.2001(5) 0.030(3) 1.28*
O48 0.4075(6) 0.4869(3) 0.1955(4) 0.022(2) 1.88
H2O49 0.2109(7) 0.2349(3) 0.5216(5) 0.034(3) 0.31
H2O50 –0.1601(7) 0.4707(3) 0.5362(5) 0.027(2) 0.36
H2O51 –0.1913(7) 0.3913(3) 0.4357(5) 0.033(3) 0.30
O52 0.3438(6) 0.3007(3) –0.0626(5) 0.022(2) 1.80
H2O53 0.3954(7) 0.2249(3) 0.6036(5) 0.036(3) 0.35
O54 0.5528(7) 0.2445(3) 0.2139(5) 0.029(3) 1.65
H2O55 –0.0882(7) 0.5232(3) 0.4247(5) 0.029(3) 0.31
H2O56 0.2431(7) 0.2182(3) –0.0983(5) 0.036(3) 0.35
H2O57 –0.0102(7) 0.4652(3) –0.1074(5) 0.032(3) 0.32
H2O58 0.4272(7) 0.1750(3) –0.1263(5) 0.030(3) 0.28
H2O59 0.6318(7) 0.5347(3) 0.4841(5) 0.028(2) 0.46
H2O60 0.5391(7) 0.2558(3) –0.0870(5) 0.028(3) 0.32
O61 0.1509(6) 0.4456(3) 0.0088(4) 0.021(2) 1.57
H2O62 –0.1199(7) 0.4568(3) 0.3128(5) 0.032(3) 0.30
H2O63 0.3986(7) 0.2165(3) 0.0168(5) 0.034(3) 0.33
H2O64 0.3988(7) 0.6489(3) 0.0916(5) 0.038(3) 0.28
H2O65 0.4886(7) 0.1848(3) 0.4749(5) 0.041(3) 0.37
H2O66 0.3128(7) 0.1456(3) 0.5293(5) 0.037(3) 0.30
H2O67 0.2574(7) 0.5805(3) 0.1094(5) 0.039(3) 0.32
H2O68 0.1341(8) 0.4598(3) –0.2162(5) 0.048(3) 0.32
H2O69 0.3000(8) 0.1981(3) 0.3935(5) 0.047(3) 0.35
H2O70 0.1369(8) 0.3884(3) –0.1066(6) 0.053(3) 0.36
H2O71  –0.0910(7)  0.3445(3) 0.2200(5)  0.038(3) –
H2O72  0.7911(7)  0.4167(3) 0.1951(5)  0.036(3) –
H2O73  0.6594(7)  0.6333(3) 0.1730(5)  0.038(3) –
H2O74  –0.2016(8)  0.4103(3) 0.6398(5)  0.051(3) –
H2O75  0.2544(8)  0.1745(3) 0.0891(5)  0.046(3) –
H2O76  0.0392(8)  0.5398(3) 0.3011(6)  0.059(3) –
H2O77  0.5131(8)  0.1416(3) 0.0439(6)  0.055(3) –
H2O78  0.1989(8)  0.3255(3) 0.5219(5)  0.050(3) –
H2O79  0.6083(9)  0.2018(4) 0.3542(6)  0.064(4) –
H2O80 0.4075(9)  0.6305(4) 0.4859(6)  0.065(4) –
H2O81 0.1155(8)  0.2354(3) 0.0102(6)  0.059(3) –
H2O82 0.5475(11) 0.6775(4) 0.4092(7)  0.103(5) –
H2O83 0.7577(12) 0.6598(5) 0.2972(8)  0.126(6) –
H2O84 0.0722(11) 0.6223(5) 0.1897(8)  0.108(5) –
H2O85 0.5205(14) 0.1556(6) 0.1892(9)  0.156(7) –
H2O86 0.6604(16) 0.6117(6) 0.4151(11) 0.193(9) –
H2O87 0.3013(16) 0.4441(7) –0.2934(10) 0.194(9) –

Atom x y z Ueq (Å2) BVS (v.u.)*

* Bond-valences calculated using parameters taken from Brown and Altermatt (1985); contributions from hydrogen bonds are not included; despite low bond-
valence sums, the O15, O19, O21, and O47 sites are considered as O atoms as they form shortest As-O bonds in the respective AsO4 tetrahedra. 
† Occupancy: Mg0.76Co0.24.
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exposure time). The intensities were visually estimated. The 
calculated intensities were obtained from the structural model. 
The eight strongest lines in the X-ray powder diffraction pat-
tern are [d in Å(I)(hkl)]: 11.79(100)(021), 10.98(80)(101/101), 
10.16(80)(120), 7.900(80)(022), 12.45(70)(110), 15.78(60)(011), 
3.414(40)(333/400), 3.153(40)(353/225). Least-squares refi ne-
ment of the powder diffraction data using the program UnitCell 
(Holland and Redfern 1997) and 19 unambiguously indexed 
lines gave the following unit-cell parameters: a = 13.58(2) Å, b 
= 30.62(4) Å, c = 18.49(2) Å, β = 90.9(1)°. The theoretical d-
spacings and intensities listed in Table 6 were calculated for the 
formula Bi6Mg11Fe14(AsO4)18O12(OH)4(H2O)86 with the program 
Crystal Diffract of D.C. Palmer (www.crystalmaker.com).

DISCUSSION

Relations to other species
Chemically, bouazzerite is related to several Bi arsenates 

(Table 7), including two polymorphs of BiAsO4 (rooseveltite 
and tetrarooseveltite) and several compounds including cations 
such as Al3+, Pb2+, Cu2+, Ni2+, Fe3+, and uranyl. Bouazzerite is 
the only Bi-arsenate mineral that contains both Mg and Fe3+ as 
essential constituents. 

Structurally, bouazzerite is a new compound with a unique 
crystal structure that has no close topological relation with any 
known mineral or synthetic compound structure. Among Bi-
arsenates, the nano-porous nature of bouazzerite is shared by 
mixite, BiCu6(OH)6(AsO4)3·nH2O (Mereiter and Preisinger 1986; 
Miletich et al. 1997), but the diameter of the channels is much 
smaller in bouazzerite (~4.8 Å in diameter) than in mixite (9.5 
Å). Apart from mixite, hydrated Bi-arsenate minerals display a 
layer structure (Table 7). Bouazzerite is the fi rst Bi-arsenate to 
be built around nano-clusters. 

Coordination of Fe3+ and the trigonal prismatic geometry
A unique feature of the structure of bouazzerite is the presence 

of Fe3+ in trigonal prismatic coordination. The trigonal prismatic 
coordination is rare, and for a long time was known only in the 
crystal lattices of some heavy metal sulfi des (e.g., MoS2 and 
WS2). Arsenic in nickeline, NiAs, also occurs in near-trigonal 
prismatic coordination. In general, the trigonal prismatic coor-
dination results in lower ligand fi eld stabilization energy than 
the octahedral coordination, never higher (Gillum et al. 1970). 

TABLE 4.  Anisotropic displacement parameters (Å2) of cations in the 
structure of bouazzerite

Atom U11 U22 U33 U23 U13 U12

Bi1 0.0176(3)  0.0157(3)  0.0176(3)  0.0013(2)  0.0009(2)  0.0002(2)
Bi2 0.0204(3)  0.0149(3)  0.0191(3)  –0.0009(2)  0.0010(3)  0.0006(2)
Bi3 0.0179(3)  0.0178(3)  0.0158(3)  –0.0004(2)  0.0010(2)  0.0000(2)
As1 0.0141(9)  0.0202(9)  0.0173(9)  –0.0036(6)  0.0001(7)  0.0001(6)
As2 0.0188(9)  0.0158(9)  0.0187(9)  –0.0002(6)  0.0015(7)  –0.0005(6)
As3 0.0194(9)  0.0168(8)  0.0158(9)  0.0023(6)  0.0000(7)  0.0027(6)
As4 0.0213(9)  0.0175(9)  0.0161(9)  –0.0012(6)  –0.0003(7)  0.0027(6)
As5 0.0144(9)  0.0189(9)  0.0171(8)  –0.0020(6)  0.0016(6)  0.0017(6)
As6 0.0209(9)  0.0145(8)  0.0199(9)  0.0018(6)  0.0021(7)  –0.0016(6)
As7 0.0165(9)  0.0188(9)  0.0165(9)  –0.0001(6)  0.0013(7)  –0.0013(6)
As8 0.0194(9)  0.0221(9)  0.0199(9)  0.0010(7)  0.0007(7)  0.0060(7)
As9 0.0164(9)  0.0178(8)  0.0176(8)  0.0009(6)  –0.0001(7)  0.0014(7)
Fe1 0.0202(13) 0.0187(12) 0.0200(12) 0.0006(9)  0.002(1)  –0.0001(9)
Fe2 0.0183(13) 0.0199(12) 0.0166(12) –0.0007(9)  0.0008(9)  0.0010(9)
Fe3 0.0192(13) 0.0182(12) 0.0188(12) –0.0006(9)  0.0024(9)  0.0006(9)
Fe4 0.0191(13) 0.0189(12) 0.0182(12) 0.0013(9)  0.0017(10) 0.0020(9)
Fe5 0.0179(13) 0.0139(12) 0.0141(12) 0.0014(8)  0.0002(9)  0.0017(9)
Fe6 0.0177(13) 0.0219(13) 0.0197(12) –0.0006(9)  0.0014(9)  0.0011(9)
Fe7 0.0193(13) 0.0183(12) 0.0218(13) –0.0002(9)  0.002(1)  0.0000(9)
Mg1 0.020(4)  0.027(4)  0.018(3)  –0.002(2)  –0.001(2)  –0.002(2)
Mg2 0.016(3)  0.011(3)  0.009(3)  0.0012(19) 0.002(2)  0.0024(19)
Mg3 0.024(3)  0.017(3)  0.025(3)  –0.001(2)  0.009(2)  –0.003(2)
Mg4 0.019(3)  0.015(3)  0.020(3)  –0.007(2)  0.000(2)  0.003(2)
Mg5 0.027(3)  0.020(3)  0.020(3)  0.005(2)  0.001(2)  0.000(2)
Mg6 0.020(3)  0.023(3)  0.021(3)  –0.002(2)  0.000(2)  0.001(2)

TABLE 5. Selected bond lengths (Å) in the structure of bouazzerite
Bi1-O26 2.139(8) As7-O19 1.661(8) Fe6-O17 1.924(9)
Bi1-O5  2.230(8) As7-O1  1.691(9) Fe6-O24 1.972(8)
Bi1-O1  2.328(8) As7-O24 1.699(8) Fe6-O48 1.972(9)
Bi1-O25 2.330(8) As7-O30 1.730(8) Fe6-O18 2.044(8)
Bi1-O61 2.635(9) <As7-O> 1.70 Fe6-O8  2.060(8)
Bi1-O19 2.922(8)   Fe6-O5  2.117(8)
Bi1-O48 3.058(9) As8-O47 1.677(9) <Fe6-O> 2.01
<Bi1-O> 2.52 As8-O54 1.688(9)  
  As8-O31 1.696(8) Fe7-O12 1.942(9)
Bi2-O40 2.156(8) As8-O3  1.707(8) Fe7-O36 1.950(8)
Bi2-O13 2.176(8) <As8-O> 1.69 Fe7-O29 1.973(8)
Bi2-O6  2.246(8)   Fe7-O25 2.043(8)
Bi2-O54 2.423(9) As9-O21 1.682(9) Fe7-O2  2.072(8)
Bi2-O37 2.553(8) As9-O61 1.694(8) Fe7-O6  2.097(8)
Bi2-O36 2.962(9) As9-O12 1.708(8) <Fe7-O> 2.01
<Bi2-O> 2.42 As9-O11 1.716(8)  
  <As9-O> 1.70 Mg1-O20 2.047(8)
Bi3-O23 2.131(8)   Mg1-O20 2.047(8)
Bi3-O7  2.216(8) Fe1-O4  1.958(8) Mg1-H2O46 2.09(1) 
Bi3-O8  2.308(7) Fe1-O9  1.967(8) Mg1-H2O46 2.09(1) 
Bi3-O28 2.366(8) Fe1-O32 1.970(9) Mg1-H2O59 2.111(9)
Bi3-O20 2.553(9) Fe1-O6  2.020(8) Mg1-H2O59 2.111(9)
Bi3-H2O59 2.830(9) Fe1-O2  2.070(8) <Mg1-O> 2.08
Bi3-O32 3.030(8) Fe1-O7  2.087(8)  
Bi3-O35 3.285(8) <Fe1-O> 2.01 Mg2-H2O70 2.07(1) 
<Bi3-O> 2.59   Mg2-O61 2.080(9)
  Fe2-O35 1.935(8) Mg2-H2O43 2.085(9)
As1-O27 1.659(9) Fe2-O39 1.965(9) Mg2-H2O57 2.11(1) 
As1-O20 1.675(8) Fe2-O3  1.969(9) Mg2-H2O68 2.11(1) 
As1-O17 1.704(8) Fe2-O18 2.057(8) Mg2-H2O44 2.12(1) 
As1-O39 1.715(8) Fe2-O8  2.063(8) <Mg2-O> 2.10
<As1-O> 1.69 Fe2-O13 2.086(9)  
  <Fe2-O> 2.01 Mg3-H2O42 2.03(1) 
As2-O38 1.642(8)   Mg3-O38 2.040(9)
As2-O48 1.685(8) Fe3-O16 1.930(8) Mg3-H2O41 2.09(1) 
As2-O23 1.694(8) Fe3-O11 1.966(9) Mg3-O10 2.105(9)
As2-O16 1.699(9) Fe3-O34 2.002(8) Mg3-H2O67 2.11(1) 
<As2-O> 1.68 Fe3-O7  2.063(8) Mg3-H2O64 2.17(1) 
  Fe3-O2  2.071(8) <Mg3-O> 2.09
As3-O14 1.637(8) Fe3-O25 2.077(8)  
As3-O32 1.690(9) <Fe3-O> 2.02 Mg4-O22 2.07(1) 
As3-O35 1.697(9)   Mg4-H2O50 2.070(9)
As3-O40 1.713(8) Fe4-O33 1.922(9) Mg4-O27 2.08(1) 
<As3-O> 1.68 Fe4-O31 1.957(9) Mg4-H2O55 2.13(1) 
  Fe4-O30 1.977(8) Mg4-H2O51 2.14(1) 
As4-O52 1.648(8) Fe4-O5  2.041(8) Mg4-H2O62 2.14(1) 
As4-O33 1.669(10) Fe4-O18 2.068(8) <Mg4-O> 2.11
As4-O36 1.686(8) Fe4-O13 2.108(8)  
As4-O26 1.704(8) <Fe4-O> 2.01 Mg5-H2O65 2.06(1) 
<As4-O> 1.68   Mg5-H2O53 2.08(1) 
  Fe5-O8  2.004(8) Mg5-H2O69 2.08(1) 
As5-O28 1.683(9) Fe5-O6  2.013(8) Mg5-O14 2.099(9)
As5-O22 1.688(8) Fe5-O25 2.019(9) Mg5-H2O49 2.13(1) 
As5-O34 1.712(8) Fe5-O5  2.023(7) Mg5-H2O66 2.14(1) 
As5-O9  1.717(8) Fe5-O13 2.062(8) <Mg5-O> 2.10
<As5-O> 1.70 Fe5-O7  2.075(8)  
  <Fe5-O> 2.03 Mg6-O52 2.015(9)
As6-O15 1.668(9)   Mg6-H2O45 2.04(1) 
As6-O29 1.697(9)   Mg6-H2O56 2.08(1) 
As6-O37 1.700(9)   Mg6-H2O63 2.10(1) 
As6-O4  1.712(8)   Mg6-H2O60 2.12(1) 
<As6-O> 1.69   Mg6-H2O58 2.16(1) 
    <Mg6-O> 2.09
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FIGURE 6.  Projection of the crystal structure of bouazzerite on (100). Hatched octahedra are Mg(O,H2O)6, fi lled tetrahedra are AsΟ4, fi lled 
octahedra are Fe3+O6, spheres with bonds are Bi(O,H2O)6–8 polyhedra. Only the isolated H2O groups bonded only by hydrogen bonding are shown 
individually. 
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At least one example of fi rst row transition metal coordinated 
by 6 oxygen atoms in trigonal prismatic arrangement is known: 
[Co2+(Co3+(OCH2CH2NH2)3)2]2+, in which it is believed that the 
trigonal prism is favored over a third octahedron because of 
interligand repulsion in the latter (Bertrand et al. 1969; Huheey 
1983). An alternative way to stabilize the trigonal prismatic 
coordination is to tailor the ligand to be rigid and to favor this 
geometry (Wentworth 1972). For example, this is achieved for 
Fe2+ in the complex [Fe2+CXO3(BC6H5)(HCOC2H5)3]+, where 
CXO is cyclohexanedion-1, 2-monooxime hydrazone (Voloshin 
et al. 1999). In this complex, Fe2+ is coordinated by six N atoms 
in near-trigonal prismatic geometry.

It is very likely that the trigonal prismatic coordination of the 
Fe5 site in bouazzerite is also the result of ligand interactions. 
Figures 4b and 4c show two confi gurations that result from 
different packing modes of trimers of FeO6 octahedra. The fi rst 
confi guration (Fig. 4b) has a horizontal mirror plane and creates 

a trigonal prismatic void at the center. The second confi guration 
(Fig. 4c) has an inversion center located in between the trimers 
and has an octahedral void. In the fi rst case, O atoms of the 
basal planes of the FeO6 octahedra are separated by ~2.7 Å, 
whereas, in the second the O-O distance is approximately 3.2 Å 
(calculated using ideal octahedral geometry and average Fe-O 
distances). The confi guration shown in Figure 4b is therefore 
appropriate for the attachment of an arsenate tetrahedron with 
the O···O distances of ~2.6–2.8 Å, whereas the confi guration in 
Figure 4c is not. Thus it is very likely that the trigonal prismatic 
coordination is a consequence of steric constraints that are im-
posed by the presence of the same AsO4

3– groups as ligands for 
Fe3+ ions of adjacent octahedral trimers. Therefore, the observed 
stabilization of the trigonal prismatic coordination is due to the 
ridigity of arsenate groups. 

It is of interest that the [Bi3Fe7O6(OH)2(AsO4)9]11– nanoclusters 
have almost perfect hexagonal symmetry 6 with very small devia-
tions from an ideal geometry. These deviations are induced by 
the presence of the Mg2+ ions and H2O molecules that prevent the 
nanoclusters to crystallize in an ideal symmetry environment. 

The signifi cance of the Bi-As-Fe nanoclusters in bouazzerite
Bouazzerite is the fi rst mineral based upon complex Bi- and 

As-containing ferric nanoclusters. Although heterometal oxoions 
play an important role in coordination chemistry, their importance 
in natural environments is poorly understood (e.g., recent review 
by Casey 2005). The discovery of the Bi-As-Fe3+ clusters in 
bouazzerite suggests that similar clusters may be present in the 
oxidation zone of ore deposits and in acid mine drainage waters, 
contributing to the mobility and toxicity of metals in these environ-
ments. Al3+ clusters of similar size have been reported to occur in 
solutions from forested soils (Hunter and Ross 1991). The fact that 
the cluster present in bouazzerite has no equivalent in synthetic 
compounds opens the way to the synthesis of new compounds, 
possibly with interesting properties (e.g., Nyman et al. 2002). 
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TABLE 6. X-ray powder data for bouazzerite 
hkl dobs (Å) Iobs dcalc (Å) Icalc

0–11 15.78 60 15.79 12
1–10 12.45 70 12.44 32
02–1 11.79 100 11.75 100–101   11.07 15
101 10.98 80 broad 10.86 31–120 10.16 80 10.16 29
02–2 7.900 80 7.895 7
02–3 5.717 20 5.706 4
060 5.096 10 5.078 4–133 4.942 10 4.938 3
04–3 4.796 10 4.787 5
21–3 4.552 10 4.561 1
2–50   4.543 1
1–43 4.484 10 4.495 2
310   4.494 2
3–21 4.220 30 4.220 1
0–34   4.202 5
0–44 3.952 20 broad 3.948 1
2–43 3.875 20 3.889 0.3
105 3.555 10 broad 3.547 1
3–33 3.414 40 3.411 3
400   3.407 5–361 3.339 10 3.339 2
4–30 3.215 20 3.230 4
35–3 3.153 40 3.157 3
2–25   3.150 1
1–83   3.144 5
3–70   3.143 2
016   3.062 4
3–44 2.954 30 broad 2.955 1–423   2.949 1
0–36   2.945 1–451   2.944 1
32–5 2.836 20 broad 2.843 1
4–33   2.839 0.4
305   2.838 0.4
3–54   2.838 0.4
4–60   2.829 2
05–6 2.755 10 2.747 5
4–34 2.629 <10 2.624 2
3–92 2.600 <10 2.596 1
   2.522 10
 
3–93 2.475 10 2.473 1
1 12 1   2.472 1
416 2.254 10 2.255 1
4–93 2.233 10 2.227 2
Notes: X-ray diff raction powder pattern of bouazzerite measured with a Gandolfi  
camera, 114.6 mm in diameter; Mn-fi ltered CuKα/X-ray radiation; generator op-
erated at 40 kV, 30 mA; 50 h exposure time. Intensities were visually estimated. 
The calculated intensities are for the crystal structure model. 

TABLE 7. Bismuth arsenate minerals
Asselbornite (Pb,Ba)(UO2)6(BiO)4(AsO4)2(OH)12·3H2O Sarp et al. 1983
Atelestite Bi8[O5(OH)5(AsO4)3] Mereiter and 
  Preisinger 1986
Cobaltneustädtelite Bi2Fe3+(Co,Fe3+)2[(O,OH)|OH|AsO4]2 Krause et al. 2002
Medenbachite Bi2Fe3+(Cu,Fe2+)(O,OH)2(AsO4)2 Krause et al. 1996
Mixite BiCu6

2+(AsO4)3(OH)6·3H2O Miletich et al. 1997
Neustädtelite Bi2Fe3+(Fe3+,Co)2[(O,OH)|OH|AsO4]2 Krause et al. 2002
Orthowalpurgite (BiO)4(UO2)(AsO4)2·2H2O Krause et al. 1995
Paganoite NiBi[O|AsO4] Roberts et al. 2001
Petitjeanite (Bi,Pb)3O(PO4,AsO4)2(OH) Krause et al. 1993
Preisingerite Bi3O(OH)(AsO4)2 Bedlivy and 
  Mereiter 1982a
Rooseveltite α-BiAsO4 Bedlivy and 
  Mereiter 1982b
Schumacherite Bi3O(VO4,AsO4,PO4)2(OH) Walenta et al. 1983
Tetrarooseveltite β-Bi(AsO4) Sejkora and 
  Ridkosil 1994
Walpurgite (UO2)Bi4O4(AsO4)2·2H2O Mereiter 1982
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