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Abstract: The new mineral windhoekite was discovered in a specimen from the Ariskop Quarry, near Windhoek, Namibia.
Associated minerals are fluorapophyllite, aegirine, microcline, arisite-(Ce), arisite-(La). Windhoekite is yellow-brown, translucent;
streak is beige. It forms isolated long-prismatic crystals up to 0.15� 4 mm and their radial aggregates in cavities in phonolite. Dcalc is
2.630 g/cm3, Dmeas is 2.62 (2) g/cm3. The new mineral is biaxial (-), a¼ 1.610(3), b¼ 1.662(3), g¼ 1.671(3), 2V (meas.)¼ 50(10)�,
2V (calc.)¼ 44�. Dispersion is not observed, pleochroism is strong (Y� Z . X, brown to dark brown), orientation: X� a; Z¼ c. The
IR spectrum is given. The chemical composition is (electron microprobe, mean of 5 analyses, wt%): CaO 9.24, MnO 0.85, Fe2O3

23.14, Al2O3 0.41, SiO2 46.32, H2O (by gas chromatography) 21.0; total 100.96. The empirical formula based on 34 O atoms is:
(Ca1.68Mn0.12)Fe3þ

2.96(Si7.87Al0.08O20)(OH)4�10H1.98O. The simplified formula is: Ca2Fe3þ
3-x[(Si,Al)8O20](OH)4�10H2O. The crys-

tal structure was solved using single-crystal diffraction data. Windhoekite is monoclinic, space group C2/m, a ¼ 14.319(5), b ¼
17.825(4), c ¼ 5.242(1) Å, b ¼ 103.5(2)�, V ¼ 1301.0(6) Å3, Z ¼ 2. Ca and Fe3þ occupy two large octahedra and two smaller
octahedra, respectively. The strongest lines of the powder diffraction pattern [d, Å (I, %) (hkl)] are: 11.04 (100) (110), 4.432 (10)
(021), 4.133 (6) (22-1), 3.754 (4) (240), 3.486 (11) (400), 2.636 (8) (35-1), 2.551 (4) (002), 2.505 (6) (26-1). Type material is
deposited in the collections of the Fersman Mineralogical Museum of the Russian Academy of Sciences, Moscow, Russia, under
registration number 4018/1.
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1. Introduction

The Aris phonolite intrusion in southwestern Namibia is
a well-known occurrence of alkaline mineral assem-
blages. Sodium-rich Fe- and Mn- minerals related to
the palygorskite group are quite common at the Aris
intrusion (Cámara et al., 2002). Wide variations of che-
mical composition along with availability of relatively
good crystals prompted us to a further systematic study
of the palygorskite-group minerals originating from this
intrusion. As a result of microprobe studies, a series of
minerals related to palygorskite have been identified,

including a number of Ca-rich samples (Table 1).
Further detailed investigations demonstrated that the lat-
ter are a new mineral species, namely the Ca-Fe-dominant
member of the palygorskite group. It was named wind-
hoekite, for the type locality at the Aris intrusion in the
Windhoek district, Namibia. The mineral and the name
have been approved by the IMA Commission on New
Minerals, Nomenclature and Classification (IMA no.
2010-083). The type material is deposited in the collection
of the Fersman Mineralogical Museum of the Russian
Academy of Sciences, Moscow, Russia, registration num-
ber 4018/1.
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2. Occurrence, general appearance and
physical properties

Specimens with windhoekite, tuperssuatsiaite and other
minerals related to palygorskite have been collected on
the dumps of the Ariskop Quarry, Aris, near Windhoek,
Windhoek district, Khomas Region, Namibia. All these
minerals occur in miarolitic cavities of phonolite and,
like the majority of late minerals from this locality, are
related to the hydrothermal stage of phonolite forma-
tion. Associated minerals are fluorapophyllite, aegirine,
microcline and arisite whose crystals contain Ce- and
La-dominant zones. The order of mineral formation is
as follows: microcline ! aegirine ! fluorapophyllite
! palygorskite-group minerals þ arisite.

Minerals related to palygorskite are visually indistin-
guishable. They form isolated long-prismatic to acicular
isolated crystals and their radiated and random aggregates.
The colour varies from brownish-yellow to green. By
chemical composition, most of them correspond to tupers-
suatsiaite (see analysis 5 in Table 1). Rarely outer zones
(several mm thick) of acicular tuperssuatsiaite crystals are
Mn-dominant (with Mn . Fe in atomic proportions) and
enriched in Ti. One cannot exclude that these zones corre-
spond to raite.

Na-poor minerals related to palygorskite are rare. In
particular, windhoekite, the new Ca-dominant palygors-
kite-group mineral, is known in three specimens and con-
sequently is represented by three compositional varieties
(Fig. 1–3; analyses 1–3 in Table 1). Crystals of an Mg-rich

Table 1. Analytical results for windhoekite and related minerals from the Aris phonolite.

Sample

1 2 3 4 5 6 Probe standard

Wt%
K2O bdl 0.34 bdl 0.08 bdl bdl Microcline
Na2O bdl 1.16 0.18 0.83 6.34 6.56 Albite
CaO 9.24 (9.00–9.58) 5.80 6.39 1.62 bdl bdl Wollastonite
MgO bdl 0.12 3.59 20.33 bdl bdl Diopside
MnO 0.85 (0.63–1.06) 2.63 2.91 1.21 2.32 9.01 MnTiO3

Fe2O3
a 23.14 (22.03–24.01) 25.17 19.70 3.81 21.33 9.36 Fe2O3

Cr2O3 bdl 0.32 bdl bdl bdl 0.39 Cr
TiO2 bdl 0.73 bdl 0.99 0.56 3.41 TiO2

Al2O3 0.41 (0.24–0.70) 2.57 0.95 2.13 0.84 0.46 Al2O3

SiO2 46.32 (45.94–46.61) 40.04 48.94 50.99 46.61 50.65 SiO2

H2O 21.0 nd nd nd nd nd
Total 100.96 78.88 82.66 81.99 78.00 79.84

Atoms per formula unit
K – 0.08 – 0.02 – –
Na – 0.42 0.06 0.24 2.07 1.99
Ca 1.62 1.15 1.09 0.24 – –
Mg – 0.04 0.85 4.53 – –
Mn 0.12 0.41 0.40 0.15 0.33 1.20
Fe 2.96 3.52 2.37 0.43 2.70 1.10
Cr – 0.04 – – – 0.05
Ti – 0.10 – 0.11 0.07 0.40
Al 0.08 0.56 0.18 0.38 0.16 0.08
Si 7.87 7.44 7.82 7.62 7.84 7.92
H 19.8 – – – – –

1 – windhoekite holotype (ranges are given in parenthesis); 2 – windhoekite, Na-rich variety; 3 – windhoekite, Mg-rich variety; 4 –
palygorskite forming epitaxy on Mg-bearing windhoekite; 5 – tuperssuatsiaite; 6 – Mn-rich mineral forming epitaxy on tuperssuatsiaite.
Basis of calculation of formula coefficients: 34 O atoms for windhoekite holotype and (Si,Al)8 for other samples.
bdl, below detection limit; nd, not determined.
aTaking into account the values of Fe-O distances in octahedra occupied by Fe, all iron in windhoekite is considered to be trivalent.

Fig. 1. Crystals of holotype windhoekite (W) with aegirine (A).
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variety of windhoekite are capped by epitaxial over-
growths of palygorskite (analysis 4 in Table 1).

Aegirine from the association with windhoekite is
characterized by low contents of Ca. Its empirical for-
mula is (Na0.93Ca0.04)(Fe0.89Al0.03Mg0.05Ti0.03)Si2O6.
Note that strong enhancement of the activity of Ca during
the latest hydrothermal stages of evolution of peralkaline
complexes (along with the lowering of Na activity) is a
well-known phenomenon (Lovskaya et al., 2002;
Moiseev & Chukanov, 2006) whose mechanism is not
fully understood.

Windhoekite forms isolated long-prismatic crystals, up
to 0.15 mm across and 4 mm in length, and their radial
aggregates up to 5 mm in size on the walls of cavities in a
phonolite (Fig. 1 and 2). Windhoekite is translucent, brown
to yellowish-brown, with vitreous or silky lustre. The
powder colour is beige. Windhoekite is sectile, Mohs hard-
ness is 2. It shows perfect cleavage on (100). Density
measured by flotation in heavy liquids is 2.62(2) g/cm3.
Calculated density is 2.630 g/cm3. Optically, the
new mineral is biaxial (-), a ¼ 1.610(3), b ¼ 1.662(3),

Fig. 3. Cluster of windhoekite crystals capped by epitaxial
overgrowths of palygorskite (light ends of crystals).

Fig. 2. Radial aggregates of windhoekite.

Fig. 4. Infrared spectra of palygorskite-group minerals: windhoekite (a), tuperssuatsiaite from Aris, Namibia (b), palygorskite from Penchi,
China (c), and yofortierite from Mt. Karnasurt, Lovozero massif, Kola peninsula, Russia (d).
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g ¼ 1.671(3). 2V (meas.) ¼ 50(10)�, 2V (calc.) ¼ 44�.
Dispersion is not observed. Orientation: X � a; Z ¼ c.
Pleochroism is strong, Y � Z . X (brown to dark brown).

3. Chemical data

Electron-microprobe analyses were carried out using a
VEGA TS 5130MM scanning electron microscope
(SEM) equipped with energy-dispersive X-ray analyser
(EDX, with INCA Si(Li) detector), at an operating voltage
of 15.7 kV and a beam current of 0.5 nA. The electron
beam was rastered over an area 16 � 16 mm2. The H2O
content was determined by gas chromatography of the
products of annealing at 1200 �C. CO2 was not analysed
because of the absence of bands corresponding to vibra-
tions of C-O bonds in the IR spectrum. The contents of F,
Na, Mg, P, S, Cl, K, Ti, and Cr were found to be below
detection limits. Analytical results are given in Table 1.
The empirical formula of windhoekite (based on 34 O
atoms) is: (Ca1.68Mn0.12)Fe3þ

2.96(Si7.87Al0.08O20)(OH)4�
10H1.98O. The simplified formula, taking into account
structural data (see below), can be expressed as
Ca2Fe3þ

3-x[(Si,Al)8O20](OH)4�10H2O. The idealized for-
mula, Ca2Fe3þ

2.67(Si8O20)(OH)4�10H2O, requires CaO
10.97, Fe2O3 20.86, SiO2 47.03, H2O 21.15, total 100.01
wt%. The Gladstone-Dale compatibility index calculated
from the empirical formula is 1 - (KP/Kc) ¼ 0.012
(superior).

4. Infrared spectroscopy

Windhoekite powder was mixed with anhydrous KBr,
pelletized, and analysed using a Specord 75 IR spectro-
photometer. The IR spectrum of a pure KBr-disk was
subtracted from the overall spectrum. Polystyrene and
gaseous NH3 were used as frequency standards; the preci-
sion of frequency measurement is �1 cm�1; the mean
resolution for the range 400–1600 cm�1 is 0.8 cm�1.

The IR spectrum of windhoekite differs from those of
other palygorskite-group minerals (Fig. 4). Absorption

Table 2. Crystal parameters, data collection and structure
refinement details for the twinned crystal of windhoekite.

Crystal data

Formula (Ca1.69Mn2þ
0.21)1.90Fe3þ

2.66[Si7.91Al0.09O18.31

(OH)1.69](OH)2.00�8.16H2O
Simplified formula Ca2–xFe3þ

3–y[Si8O20](OH)2�10H2Oa

Crystal size (mm) 0.46 � 0.06 � 0.05
Crystal system Monoclinic
Space group C2/m
a (Å) 14.319(5)
b (Å) 17.825(4)
c (Å) 5.242(1)
b (degrees) 103.5(2)
V (Å3) 1,301.0(6)
Z 2
Dx (g/cm3) 2.46

Data collection
Instrument Stoe IPDS II (image plate detector)
Radiation MoKa (l ¼ 0.71073 Å)
Average

temperature (K)
293

Detector to sample
distance (mm)

80

Omega increment
(degrees)

2

Number of frames 90
Exposure per frame

(min)
5

2� range (degrees) 2.86–64.80
Total collected

reflections
10,117

Unique reflections 4,064
Unique observed

|Fo|�4sF

2,966

Rint. 0.099
Rs 0.035
hkl range –16 	 h 	 16; �20 	 k 	 20; �5 	 l 	 6

Refinement
Reflection file type HKLF 5
Twin matrix [�1 0 �1][0 �1 0] [0 0 1]
R1 (|Fo|�4sF) 0.131
R1 (all data) 0.154
wR2 0.386
S ¼ GooF 1.483

aThe water content in simplified formula is given based on direct
chromatographic determination.

Table 3. Bond valence calculations for Fe sites M1 and M2 in the structure of windhoekite.

Central atom Ligand Distance (Å) Occupancy Formal charge Mean bond length (Å)

Fe1 O1 2.067 � 4 1.00 1.74
Fe1 O4 1.933 � 2 1.25

2.99 2.022
Fe2 O1 2.089 � 2 0.88 0.93
Fe2 O2 2.023 � 2 1.11
Fe2 O4 2.054 � 2 1.02

3.07 2.055
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bands in the IR spectrum of windhoekite and their assign-
ments (cm�1; s – strong band, sh – shoulder) are: 3600 sh,
3535 s, 3380 s, 3250 sh (O–H stretching vibrations of H2O

molecules and OH groups); 1640, 1590 sh (bending vibra-
tions of H2O molecules); 1168 (stretching vibrations of
Si–O–Si links with large Si-O-Si angles between

Table 4. Fractional atomic coordinates, isotropic displacement parameters (Å2) and site occupancies in the crystal structure of windhoekite.

Site x y z Uiso Occupancy

Si1 0.3001 (1) 0.4162 (1) 0.0314 (5) 0.0222 (6) 1
Si2 0.2987 (1) 0.3313 (1) 0.5262 (5) 0.0272 (6) 1
M1 1/2 1/2 0 0.0294 (7) Fe3þ

1.00

M2 1/2 0.4126 (1) 1/2 0.0301 (8) Fe3þ
0.88

M3 1/2 0.3130 (3) 0 0.057 (2) Ca0.62Mn2þ
0.04

M4 1/2 0.2300 (5) 1/2 0.053 (3) Ca0.37Mn2þ
0.03

O1 0.4180 (3) 0.4167 (3) 0.1144 (13) 0.026 (1) 1
O2 0.4154 (4) 0.3308 (3) 0.5910 (14) 0.036 (1) 1
O3 1/4 1/4 1/2 0.041 (2) 1
O4 0.5685 (5) 1/2 0.3644 (19) 0.033 (2) 1
O5 0.2576 (4) 1/2 0.0015 (17) 0.031 (2) 1
O6 0.2566 (3) 0.3735 (3) 0.2495 (10) 0.031 (2) 1
O7 0.2598 (3) 0.3745 (3) 0.755 (1) 0.032 (2) 1
OW1 0.106 (2) 1/2 0.361 (8) 0.26 (2) 1
OW2 0.4064 (9) 0.2302 (9) 0.107 (3) 0.132 (5) 1
OW3 0.487 (6) 0.106 (8) 0.698 (15) 0.87 (11) 1

Table 5. Anisotropic displacement parameters (Å2) of atoms in the crystal structure of windhoekite.

Site U11 U22 U33 U23 U13 U12

Si1 0.045 (1) 0.010 (1) 0.016 (1) �0.0011 (8) 0.015 (1) �0.0034 (6)
Si2 0.053 (1) 0.010 (1) 0.024 (1) �0.0001 (9) 0.020 (1) �0.0030 (7)
M1 0.050 (1) 0.024 (1) 0.018 (1) 0 0.015 (1) 0
M2 0.051 (1) 0.023 (1) 0.022 (1) 0 0.019 (1) 0
M3 0.063 (3) 0.067 (4) 0.043 (3) 0 0.019 (2) 0
M4 0.065 (4) 0.045 (5) 0.050 (5) 0 0.016 (4) 0
O1 0.044 (3) 0.012 (3) 0.025 (3) �0.002 (2) 0.016 (3) �0.007 (2)
O2 0.052 (3) 0.023 (3) 0.037 (4) �0.003 (3) 0.017 (3) �0.001 (2)
O3 0.092 (5) 0.009 (4) 0.029 (5) 0.005 (3) 0.026 (4) �0.017 (3)
O4 0.043 (4) 0.033 (5) 0.033 (5) 0 0.028 (4) 0
O5 0.057 (4) 0.008 (4) 0.031 (5) 0 0.019 (4) 0
O6 0.061 (3) 0.018 (3) 0.019 (4) 0.006 (2) 0.022 (2) �0.001 (2)
O7 0.057 (3) 0.009 (3) 0.035 (5) �0.006 (2) 0.023 (2) �0.009 (2)
OW1 0.27 (3) 0.27 (5) 0.33 (5) 0 0.24 (3) 0
OW2 0.17 (1) 0.12 (1) 0.13 (1) �0.01 (1) 0.083 (9) 0.019 (8)

Fig. 5. Polyhedral representation of the crystal structures of windhoekite (left) and tuperssuatsiaite (right) projected on (001). Light grey
octahedra correspond to Fe sites M1 and M2; dark grey octahedra correspond to Ca-dominant sites M3 and M4 in windhoekite and Na-
dominant site in tuperssuatsiaite, respectively. Grey balls are H2O molecules in the channels. The structure of tuperssuatsiaite is drawn based
on the data by Cámara et al. (2002).
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neighbouring ribbons – see Tarte et al. (1973)); 1100 sh,
1007 s (Si–O stretching vibrations); 800, 674, 600
(Fe���O–H bending vibrations and mixed vibrations of
tetrahedral layers); 500 sh, 446 s, 420 sh (combination of
Si–O–Si bending vibrations and stretching vibrations of
FeO6 octahedra). Bands of B- or C-bearing groups are
absent.

The IR absorption bands of windhoekite are broad and
badly resolved, which is in line with the disordering of
cations (Ca, Fe3þ) and vacancies in the crystal structure.
For this reason, the IR spectrum of windhoekite cannot be
considered as its important diagnostic characteristic.

In the IR spectra palygorskite- and sepiolite-group
minerals, the position of the band of stretching vibrations
of Si–O–Si links between neighbouring ribbons can vary
from 1150 to 1215 cm�1. There are several factors influen-
cing the position of this band. For example, in the

isomorphic series sepiolite-ferrosepiolite this band gradu-
ally shifts from 1212 to 1181 cm�1 with the growth of Fe
content (Chukanova et al., 2002). In the course of acid
leaching of palygorskite, the band near 1200 cm�1 shifts to
lower wavenumbers (Cai et al., 2007). There are not so
many silicate minerals giving IR bands in this range. Thus
the presence of the band at 1168 cm�1 indicates the
belonging of windhoekite to palysepioles.

5. Crystal structure and powder X-ray
diffraction data

Single-crystal X-ray diffraction data for windhoekite were
collected by means of a Stoe IPDS II diffractometer (image
plate detector, graphite-monochromatized MoKa radia-
tion). Subsequent data processing was carried out with

Fig. 7. Arrangement of intrachannel water molecules (OW1) and mixed (H2O, OH) sites (OW2, OW3) in the crystal structure of windhoekite.
The intrachannel-facing corners of Ca-dominant M3 and M4 octahedra are coordinated by water molecules and hydroxyls (OW2 and OW3).

Fig. 6. Arrangement of octahedral sites in the crystal structures of windhoekite (left) and tuperssuatsiaite (right) projected on (100). An
additional Ca2 (M4) site is present in the structure of windhoekite but missing in the structure of tuperssuatsiaite. Note that all outer corners of
Ca1 and Ca2 octahedra in windhoekite are occupied by hydroxyl groups and water molecules (Fig. 6). The structure of tuperssuatsiaite is
drawn based on the data by Cámara et al. (2002).
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Stoe X-Area 2.08 software (Stoe & Cie GmbH, 2004).
Numerical absorption correction has been applied to the
reflection dataset that was used for further direct solution
of the crystal structure and its refinement (SHELX-97). The
details of data collection and structure refinement are given
in Table 2. The results of bond-valence calculations for
selected atoms, fractional atomic coordinates and displace-
ment parameters are listed in Tables 3–5, respectively. The
crystal structure of windhoekite (Fig. 5–7) is closely
related to those of tuperssuatsiaite (Cámara et al., 2002)
and raite (Pluth et al., 1997); these three minerals can be
considered as end members of the palysepiole polysomatic
series (Ferraris et al., 2004) with crystal structures being
derivatives of palygorskite (Chisholm, 1992; Post &
Heaney, 2008) and sepiolite (Post et al., 2007).

The structures of these minerals are based on a hetero-
polyhedral quasi-framework formed by chessboard con-
nected triple (TOT) ribbons that develop along [001].
Outer tetrahedral (T) parts of neighbouring ribbons are
connected via common vertices to form crimped tetrahe-
dral 2D sheets that are connected via inner (octahedral, O)
parts of the ribbons. Octahedral parts of TOT ribbons are
three octahedra wide in palygorskite-group minerals
(palygorskite, yofortierite and tuperssuatsiaite) and four
octahedra wide in the members of the sepiolite group
(sepiolite, ferrosepiolite, falcondoite and loughlinite).

The octahedra have different cation-anion distances
and can be occupied by Mg, Fe2þ, Ni, Al, Fe3þ and Na,
whereas tetrahedra are predominantly occupied by
Si. The structure of raite is based on a palygorskite-type
framework. Kalifersite has a hybride structure between
that of sepiolite and palygorskite, with alternating ribbons
of the two types. Intersilite contains sepiolite-like ribbons
that differ from sepiolite ones by inversions of tetrahedra.
For palygorskite, two polytypes are known: monoclinic
(C2/m) and orthorhombic (Pbmn) ones – Artioli &
Galli (1994).

In all these minerals, heteropolyhedral quasi-frame-
works contain [001] channels that are filled by highly
disordered zeolitic H2O molecules and can contain some
low-force-strength exchange cations like Na, K or Ca.

For detailed review of the crystal chemistry of the paly-
sepiole series, the reader is referred to Ferraris et al. (2004)
and Ferraris & Gula (2005). From the chemical point of
view, windhoekite is closely related to tuperssuatsiaite
(Karup-Møller & Petersen, 1984; von Knorring et al.,
1992), the iron-dominant palysepiole mineral widely
occurring in Aris phonolite (Cámara et al., 2002). In the
structures of both minerals, relatively small octahedral
sites (M1 and M2) are predominantly occupied by Fe3þ

while the larger octahedron M3 is occupied by Na in
tuperssuatsiaite and, correspondingly, Ca in windhoekite.

Table 6. X-ray powder diffraction data for windhoekite.

dobs. Iobs. dcalc.
a Icalc.

b h k l dobs. Iobs. dcalc.
a Icalc.

b h k l

11.04 100 10.98 100 1 1 0 2.193 3 2.193 4 4 6 �1
8.95 2 8.91 1 0 2 0 2.166 1 5 5 �1
7.02 2 6.97 3 2 0 0 2.132 2 2.134 1 3 7 �1
5.50 2 5.49 0.5 2 2 0 2.131 1 5 1 �2

5.46 0.5 1 3 0 2.065 1 2.066 1 4 4 �2
5.08 2 5.10 1 0 0 1 1.963 1 1.967 1 3 7 1

4.454 1 0 4 0 1.961 1 4 6 1
4.432 10 4.427 6 0 2 1 1.959 1 6 0 �2

4.335 1 1 1 1 1.863 1 4 0 2
4.134 6 4.133 2 2 2 �1 1.836 1 1.833 1 6 6 �1

3.827 1 3 1 �1 1.759 1 1.758 2 7 5 �1
3.749 4 3.754 5 2 4 0 1.690 1 1.689 1 5 1 2

3.727 1 2 0 1 1.682 1 1.682 1 0 10 1
3.661 2 3 3 0 1.609 1 1.609 2 1 11 0

3.486 11 3.487 11 4 0 0 1.559 2 1.562 1 1 5 �3
3.438 2 2 2 1 1.558 1 3 5 �3

3.279 1 3.271 2 3 3 �1 1.553 1 7 5 1
3.058 2 3.054 2 4 2 �1 1.549 1 6 0 2
2.933 2 2.939 2 1 5 �1 1.530 1 1.527 1 8 6 �1
2.754 2 2.756 4 5 1 0 1.507 1 1.507 2 2 6 �3

2.747 1 3 3 1 1.483 1
2.636 8 2.636 9 3 5 �1 1.472 1

2.591 1 1 1 �2 1.381 1
2.550 4 2.551 4 0 0 2 1.373 1
2.507 6 2.505 8 2 6 �1 1.364 1
2.393 2 2.391 3 1 1 2 1.347 1
2.341 1 2.338 3 3 5 1 1.295 1

2.322 1 2 6 1 1.284 1
2.238 2 2.235 2 2 0 2 1.268 1

2.214 1 0 4 2

aCalculated from cell parameters refined from powder data.
bCalculated from structural data.
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However, the crystal structure of windhoekite bears addi-
tional octahedral site (M4) partially occupied by Ca2þ and
missing in the structure of tuperssuatsiaite (Fig. 6). The
occurrence of this new site indicates high flexibility of
palygorskite-like structures toward introduction of even
quite large cations. Both sites occupied by Ca (M3 and
M4) are partially coordinated by water molecules and
hydroxyl groups located in the channels of the structure
(Fig. 7). Displacement parameters for OW3 could not be
refined anisotropically, and so OW3 was refined isotropi-
cally. Note that similarly large (Uiso ¼ 0.5) displacement
parameters have been found by Cámara et al. (2002) for
intrachannel water in tuperssuatsiaite. While OW3
obviously represents intrachannel molecular H2O, the
very defect nature of OW2 and OW1 sites ‘‘incrustating’’
the walls of structural channels equally allows the

existence of H2O molecules as well as OH� groups. The
low occupancies of these sites suggest that any bond-
valence calculations related to these oxygen atoms are of
little applicability, in terms of chemical formula calcula-
tions. The difficulties and consequent uncertainties in
refining the occupancies of OW1, OW2, and OW3 are
the reasons for the inconsistency of the total amount of
water determined by chemical methods and the water
found during structure refinement. Therefore, when calcu-
lating the stoichiometry of windhoekite, namely H2O/OH
ratio, we have relied upon the data of chemical analyses
and charge-balance considerations rather than bond-
valence calculations from structure refinement. Large dis-
placement parameters for OW1, OW2 and OW3 indicate
high degree of disorder of water molecules situated in (or at
the walls of) the channels. However, one cannot rule out

Table 7. Comparative data for windhoekite and other palygorskite-group minerals.

Mineral Windhoekite Palygorskitea Yofortierite Tuperssuatsiaite

Formula Ca2Fe3þ
3–x

[(Si,Al)8O20]
(OH)4�10H2O

(Mg,Al)4(Si8O20)
(OH)2�8H2O

Mn2þ
5(Si8O20)

(OH)2�8–9H2O
Na2–x(Fe3þ,Mn)3

(Si8O20)(OH)2�4H2O

Space group C2/m C2/m Pn? C2/m, C2/c or Cc
a, Å 14.319 12.75–13.14 12.759 13.92–14.034
b, Å 17.825 17.85–18.06 18.369 17.70–17.841
c, Å 5.242 5.12–5.24 5.024 5.265–5.30
b, � 103.5 91.1–107.0 91.98 103.67–104.78
Z 2 2 2 2
Strong lines of the X-ray powder-

diffraction pattern: d, Å (I, %)
11.04 (100) 10.44 (100) 10.5 (100) 10.82 (100)
4.432 (10) 4.466 (20) 4.41 (18) 4.14 (20)
4.134 (6) 4.262 (22) 3.68 (15) 3.395 (30)
3.486 (11) 3.679 (15) 3.302 (90) 2.638 (40)
2.636 (8) 3.096 (16) 2.621 (30) 2.544 (30)
2.507 (6) 2.539 (20) 2.526 (15) 2.510 (30)

2.510 (20) 2.235 (30)
Optical data:

a 1.610 1.50–1.56 1.530 1.54
b 1.662 1.52–1.55 n. d. 1.56
g 1.671 1.53–1.57 1.559 1.58–1.60

Optical sign, 2V –50 –30 to �60 n. d. n. d.
Density, g cm�3 2.630 (calc.) 2.35 (calc.) 2.82 (calc.) 2.28 (calc.)
Strongest IR absorption bands,

cm�1
3535 3530 3550 3610
3380 3360 3360 3455
1640 1660 1660 1640
1168 1191 1196 1178
1007 1120 1112 1004
674 1094 1044 682
446 1043 992 635

986 680 480
912 559 448
655 451
582 420
513
486
441

References This work Chisholm (1992); Christ
et al. (1969); Giustetto &
Chiari (2004); Mineraly

(1992); this work

Horváth et al. (1998);
Perrault et al. (1975);

Mineraly (1992); this work

Karup-Møller &
Petersen (1984); von

Knorring et al. (1992);
Mineraly (1992); this

work

aMonoclinic variety.
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that this can be partially accounted for by the poor quality
of the crystal used for data collection and structure solu-
tion. The poor quality of crystals of the palysepiole series
minerals is the main reason limiting the number of their
crystal structures solved to date.

Powder X-ray diffraction data for windhoekite were
collected using a Stoe IPDS II image plate diffractometer
(Gandolfi geometry) using MoKa radiation and are given
in Table 6. They are well indexed in the monoclinic unit
cell found by single-crystal studies; the refined unit-cell
parameters are: a¼ 14.339(9), b¼ 17.817(4), c¼ 5.245(3)
Å, b ¼ 103.4(7)�, V ¼ 1303(2) Å3 (Table 7).

6. Discussion and conclusion

Due to the natural diversity of minerals related to the paly-
sepiole polysomatic series (Ferraris et al., 2004; Ferraris &
Gula, 2005), their crystal chemistry attracts considerable
scientific interest (Perrault et al., 1975; Pluth et al., 1997;
Cámara et al., 2002; Post et al., 2007; Post & Heaney, 2008).
However, due to experimental difficulties related to the poor
crystal quality of these minerals, the number of their crystal
structures solved and refined by single-crystal methods is
still rather scarce. In this respect, the structural study of a
new representative of the palysepiole series could be
considered as an interesting contribution to the crystal
chemistry of palysepiole minerals. The occurrence of a
new octahedral site in the palygorskite-related structure
might help in further understanding of mechanisms involved
in chemical variations of these scientifically and industrially
important compounds.
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