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Abstract

Structural relations between secondary tungsten minerals with general composition Ax[(W,Fe)(O,OH)3] � yH2O are described.

Phyllotungstite (A ¼ predominantly Ca) is hexagonal, a ¼ 7:31ð3Þ Å, c ¼ 19:55ð1Þ Å, space group P63/mmc. Pittongite, a new secondary

tungsten mineral from a wolframite deposit near Pittong in Victoria, southeastern Australia (A ¼ predominantly Na) is hexagonal,

a ¼ 7:286ð1Þ Å, c ¼ 50:49ð1Þ Å, space group P-6m2. The structures of both minerals can be described as unit-cell scale intergrowths of

(111)py pyrochlore slabs with pairs of hexagonal tungsten bronze (HTB) layers. In phyllotungstite, the (111)py blocks have the same

thickness, 6 Å, whereas pittongite contains pyrochlore blocks of two different thicknesses, 6 and 12 Å. The structures can alternatively be

described in terms of chemical twinning of the pyrochlore structure on (111)py oxygen planes. At the chemical twin planes, pairs of HTB

layers are corner connected as in hexagonal WO3.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Supergene and hydrothermal alteration of the tungstate
minerals ferberite, FeWO4, and scheelite, CaWO4, provides
a rich variety of secondary tungsten minerals, including
ferritungstite, aluminotungstite, jixianite, elsmoreite, hydro-
tungstite, tungstite, anthoinite and phyllotungstite [1–4]. The
compositions of these secondary minerals conform to the
general formula Ax[(W,Fe,Al)(O, OH)3] � yH2O, x ¼ 0 to
0.33, y ¼ 0 to 2, where A ¼ H2O and large cations such as
Na+, Ca2+, K+, Pb2+. The minerals are generally very fine
grained and the lack of suitable sized crystals for single-
crystal structure analysis has hampered detailed structural
analyses in many cases. Exceptions are ferritungstite [2] and
elsmoreite [4] having pyrochlore-type A2M2O7 structures,
and tungstite [5] having layers of ReO3-type corner-
connected octahedra. From the similarity of its diffraction
data to that for molybdic acid, hydrotungstite is also
e front matter r 2006 Elsevier Inc. All rights reserved.
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considered to have a layer structure with the layers
composed of ReO3-type corner-connected octahedra [6].
The ReO3-type structure is shown in Fig. 1(a).
Further structural information on hydrated tungstic

oxides is available from studies on synthetic materials
prepared by hydrothermal methods. WO3 � 1/3H2O [7] and
WO3 � 1/2H2O [8] have structures containing hexagonal
tungsten bronze-type (HTB) layers of corner-connected
octahedra. The HTB-type layer is shown in Fig. 1(b).
A feature of the HTB layer is the presence of hexagonal
rings that can be occupied by large A cations. In cubic
WO3 � 1/2H2O, which is isostructural with elsmoreite and
ferritungstite, the HTB layers are normal to each of the
four /111S axes, giving a pyrochlore-type W2O6 octahe-
dral framework. The A sites are vacant and the H2O
occupies an O site. In WO3 � 1/3H2O the HTB layers are
stacked along one axis and connected by corner linking of
two-thirds of the WO6 octahedra. Controlled heating of
WO3 � 1/3H2O gives a hexagonal form of the oxide, h-WO3,
[9] in which HTB layers are stacked along [001] with corner
sharing of all octahedra as shown in Fig. 1(c). At higher
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Fig. 1. Polyhedral representations of (a) ReO3 structure, (b) a layer of hexagonal tungsten bronze type and (c) pair of HTB layers as in h-WO3.

Fig. 2. Scanning electron microscope image of crystals of pittongite. Scale

bar ¼ 20mm.
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temperatures, h-WO3 transforms to monoclinic WO3

having a 3-D ReO3-type topology [10]. In summary, the
structures of the characterized synthetic and mineral-form
hydrated tungstic oxides are all based on either ReO3-type
or HTB-type 2-D and 3-D networks of corner-linked
octahedra.

In a recent Mineralogical Society of Victoria excursion
to a wolframite deposit near Pittong in Victoria,
southeastern Australia, a sample containing yellow
encrustations of tiny crystals on etched manganoan
ferberite was collected. The crystals are very thin
(�0.3 mm) curved plates as shown in Fig. 2, that are
stacked together in aggregates of up to 0.2mm across or in
the form of compact masses. Analysis of the yellow
platelets showed that they corresponded to a hydrated
tungstic oxide phase containing significant amounts of
iron and sodium. A powder X-ray diffraction (PXRD)
pattern of the mineral showed similarities with the
published pattern for phyllotungstite [11], a hydrated
tungstic oxide containing iron and calcium. The mineral
has been been accepted as a new mineral with the name
pittongite by the IMA Commission on New Minerals and
New Mineral Names. Crystal chemical reasoning, sup-
ported by results from transmission electron microscopy
(TEM) studies, led to the development of a general
structural model for pittongite and phyllotungstite. The
model is based on unit-cell intergrowth of (111)py slabs of
pyrochlore type with layers of HTB-type structures.
Pittongite and phyllotungstite represent two different
intergrowth sequences, or polytypes. We report here the
development of structural models that are consistent with
the PXRD and TEM data.

2. Experimental

Full details of the mode of occurrence, paragenesis,
physical and optical properties of pittongite will be
reported elsewhere [12]. Elemental analyses of the crystals
were conducted using a Cameca SX 50 electron microprobe
in wavelength dispersive mode, operated at 15 kV and
20 nA. Standards used were albite (Na), wollastonite (Ca),
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hematite (Fe), corundum (Al), tungsten metal and syn-
thetic KTaO3 (K). Water was determined using a Carlo
Erba 1106 CHN analyser.

A synchrotron X-ray powder diffraction pattern for
pittongite was obtained using the Australian high-resolu-
tion powder diffractometer (Big Diff) at the Photon
Factory, Tsukuba, Japan. The mineral was finely ground
and packed in a 1mm Lindeman capillary for the data
collection. Partial diffraction rings were collected on image
plates, located 573mm from the axially spinning sample.
Data were collected at a wavelength of 0.800 Å and
calibrated using an Y2O3 standard. Rietveld fitting of the
synchrotron data was carried out using the Rietveld
program SR5 [13].

TEM was conducted using a JEOL 4000EX microscope
with a spherical aberration coefficient of 1.06mm. The
microscope was operated at 400 kV. The sample was finely
ground with ethanol in an agate mortar and pestle, and the
suspension was transferred to a holey carbon grid for the
study.
3. Results

The mean analytical results (in wt%) from seven
microprobe point analyses and duplicate H2O analyses
on pittongite are 2.97% Na2O, 0.06% K2O, 0.39% CaO,
5.66% Fe2O3, 0.51% Al2O3, 84.15% WO3 and 4.73%
H2O. These analyses are combined with information on the
Fig. 3. (a) Part of the synchrotron X-ray powder pattern for pittongite. (b)

Reflection indices for the hexagonal cell are shown above the peaks. The arrow
structure model to establish the unit-cell composition for
pittongite in the Discussion section.
The low-angle region of the synchrotron powder diffrac-

tion pattern for pittongite is shown in Fig. 3. A feature of
the diffraction data is the presence of both sharp and
broadened peaks. The pattern was indexed with the aid of
precession photographs and selected area electron diffrac-
tion (SAED) patterns. Examples of SAED patterns obtained
along [001] and [110] zone axes are shown in Figs. 4(a)
and (b), respectively. The [001] zone axis SAED pattern
displays hexagonal symmetry with a�7:29 Å. The determi-
nation of c was hampered by the poor quality and ultra-thin
nature of the pittongite crystals as shown in Fig. 2. The
c-axis is normal to the platelets and SAED patterns
displayed streaking and some diffuseness of the reflections
along c* as shown in Fig. 4(b). The positions of the (00l)
reflections were consistent with an average c-axis periodicity
of �50.5 Å. The hexagonal cell parameters obtained from
the measurements off the SAED patterns were refined using
the PXRD data, giving a ¼ 7:286ð1Þ Å, c ¼ 50:49ð1Þ Å.
The published PXRD peak positions and relative

intensities for phyllotungstite [11] are also presented in
Fig. 3 to illustrate the close relationship between the
patterns for the two minerals. Phyllotungstite is reported
to have orthorhombic symmetry, with a ¼ 7:29 Å,
b ¼ 12:59 Å, c ¼ 19:55 Å. However it was commented in
Ref. [11] that suitable single crystals were not available and
so the cell parameters were determined from a powder
pattern. The value of b is close to O3a, suggesting that the
Peak positions and relative intensities for phyllotungstite, from Ref. [11].

in (a) identifies a broad peak due to a surface coating of hexagonal WO3.
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Fig. 4. Selected area electron diffraction patterns for pittongite. (a) [001]

zone axis, (b) [110] zone axis.
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cell may in fact be hexagonal. We used CELLREF [14] to
refine the powder data from [11] using both the reported
orthorhombic cell, and a hexagonal cell. We obtained an
equally satisfactory fit to the published d spacings using the
hexagonal cell with a ¼ 7:31ð3Þ Å, c ¼ 19:55ð1Þ Å. Indices
based on this cell are shown for phyllotungstite in Fig. 3.
On the basis of the hexagonal cell indexing, the systematic
extinctions in the PXRD pattern for phyllotungstite are
(00l), la2n and (hhl), la2n, corresponding to space groups
P63/mmc, P-62c or P63mc.

A comparison of the two PXRD patterns shows a close
match for the (hk0) reflections, which are the sharp
reflections in the pattern for pittongite. Reflections with
la0 are generally broadened. The positions for the (00l)
reflections for pittongite are displaced from the corre-
sponding reflections for phyllotungstite in a way that is
characteristic of structures built from ordered intergrowth
of two parent structures [15]. The displacements are in
opposite directions for certain pairs of reflections, as
illustrated by the dashed lines in Fig. 3 for [(004),
(006)]phyllotungstite and [(0 0 10), (0 0 16)]pittongite. In inter-
growth structures, such displacements are due to changes
in the relative widths of the two basic structure types that
are intergrown. The PXRD pattern for pittongite contains
additional broad reflections such as that marked with an
arrow in Fig. 3 that do not occur in the pattern for
phyllotungstite. The TEM study revealed that these were
impurity peaks due to a very thin film of a surface
alteration phase having the h-WO3 structure.
Direct information on the nature of the intergrowth

structure in pittongite was obtained from TEM images.
The intergrowth direction is parallel to c, so to obtain
relevant images containing the c-axis it was necessary to
orient the thin platelets on their edge. This was difficult to
accomplish in the TEM and when achieved the images were
not well resolved because of the relatively thick projection
direction. Nevertheless, structurally interpretable fringe
patterns were obtained in a number of [110] and 11̄0

� �
zone

axis images. Fig. 5(a) is typical, showing a platelet edge-on
of width �30 nm, containing a succession of fringes parallel
to (001) of two different widths, 9.7 or 6.0 Å.The platelet
has a thin rim on each side, only 3 nm wide, of a phase with
3.7 Å fringes parallel to (001). The 3.7 Å fringes in the rim
phase, which is most likely a surface alteration product, are
clearly defined in Fig. 5(b). In this figure, the 9.7 Å (001)
fringes are resolved into pairs of fringes with separation 3.7
and 6 Å. In Fig. 5(c), which is a [110] zone axis image, the
(001) 9.7 and 6 Å fringes are resolved along their length
into bright spots separated by 6.3 Å.
4. Development of structural models

We used crystal-chemistry reasoning to develop models
for pittongite and phyllotungstite. As mentioned in the
Introduction, the hydrated tungstic oxides with known
structures can all be described as either ReO3-type or HTB-
type derivatives. Unit cells of the ReO3-type derivatives
have near-orthogonal combinations of axes that are
multiples of either aReO3

�3:8 Å or
p
2aReO3

, whereas
structures built from HTB-type layers are described by
hexagonal or orthohexagonal axes with aHTB�7.3 Å. This
includes the pyrochlore-type structure, which is usually
cubic, apy�10.3 Å, but can be described in a hexagonal cell
with ahex ¼ apy/O2 ¼ 7.28 Å, chex ¼ O3.apy ¼ 17.8 Å.
A rhombohedrally distorted WO3 pyrochlore has been
reported, with hexagonal cell parameters similar to these
values [16]. In rhombohedral pyrochlore, one of the four
equivalent (111)py HTB planes becomes the unique (001)hex
plane in the hexagonal cell. The 7.3 Å hexagonal cell
common to pittongite and to phyllotungstite is consistent
with the minerals having related structures based on
stacking of HTB-type layers. The structural challenge for
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Fig. 5. Transmission electron microscope images of different crystals of

pittongite, viewed parallel to the platelets. (a) and (b) Correspond to 11̄0
� �

zone axis images whereas (c) is a [110] zone axis image.
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these minerals is to establish how the HTB layers are
articulated.

4.1. Structural model for phyllotungstite

The nature of the HTB layer stacking is considered first
for the case of phyllotungstite, because of its much smaller
c-axis repeat. The presence of the 63 screw axis and the c

glide plane both require the asymmetric unit to be no wider
along c than 1/2c ¼ 9.77 Å. This distance corresponds to
the fringe separation of �9.7 Å observed in regions of the
TEM images for pittongite shown in Fig. 5. The observa-
tion further supports the premise that pittongite and
phyllotungstite have closely related structures. As seen in
Fig. 5(b), the 9.7 Å (001) fringes are resolved under
favourable imaging conditions into pairs of fringes with
separations of 3.7 and 6 Å. The 3.7 Å component corre-
sponds to the separation between pairs of HTB layers as
shown in Fig. 1(c). The 6 Å separation, �1/3� 17.8 Å,
corresponds to the asymmetric unit repeat along chex for
the rhombohedral pyrochlore structure. Such a representa-
tion of pyrochlore-type WO3 is illustrated in Fig. 6, viewed
along [110]hex.
Fig. 6. Polyhedral representation of rhombohedral pyrochlore, viewed

along [110] of the hexagonal cell. Large circles represent large-cation A

sites.
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Table 1

Atomic coordinates for phyllotungstite, described in a hexagonal unit cell,

a ¼ 7:31ð3Þ Å, c ¼ 19:55ð1Þ Å, space group ¼ P63/mmc

Atom x y z

M1 (W, Al,) 0 0 0

M2 (W, Fe) 1/6 �1/6 0.159

A1 (H2O, Ca, Pb) 0.5 0 0

A2 (H2O, Ca, Pb) 2/3 1/3 0.159

O1 0.125 0.875 0.060

O2 0.459 0.541 0.130

O3 0.872 0.128 0.177

O4 0.210 0.790 1
4

Fig. 7. Polyhedral representation of the octahedral (W,Fe)14(O,OH)42
framework for phyllotungstite, viewed along [110]. Arrows show location

of mirror twin planes.

Fig. 8. (a) Calculated and (b) experimental (from Ref. [11]) PXRD

patterns for phyllotungstite.

I.E. Grey et al. / Journal of Solid State Chemistry 179 (2006) 3860–3869 3865
A structural model for phyllotungstite that is consistent
with the unit-cell symmetry and dimensions comprises
pairs of HTB layers with a 3.7 Å separation, alternating
with 6 Å thick (111)py slabs of pyrochlore structure. This
represents a 1:1 intergrowth of the smallest repeating unit
of both structures. It was straightforward to construct a
model for the W atoms corresponding to this intergrowth
in space group P63/mmc. Coordinates for the oxygen atoms
were derived from the published single-crystal study on the
phase Pb2Nb2O7 [17]. This phase contains pyrochlore-type
slabs of corner-connected NbO6 octahedra that are stacked
along the c-axis in a trigonal unit cell with a ¼ 7:472 Å,
c ¼ 28:35 Å. The fractional coordinates were rescaled to
the c-axis length for phyllotungstite. The connectivity of
the model thus constructed was checked using ATOMS
[18]. The calculated interatomic distances were sensible and
within ranges for published tungsten oxide compounds,
with M–O and O–O distances in the ranges 1.86–2.01 and
2.68–2.83 Å, respectively. By analogy with pyrochlore-type
ferritungstite [2] the reported iron content (13.3wt%
Fe2O3) of phyllotungstite was incorporated at the W sites,
while the reported minor amounts of Ca and Pb (1.8%
CaO, 2.1% PbO) together with water molecules were
distributed over the A-cation sites of the pyrochlore slabs.

The resulting atomic coordinates are given in Table 1
and a polyhedral representation of the octahedral frame-
work in phyllotungstite is shown in projection along [110]
in Fig. 7. The 3.7 Å separation between HTB layers and the
6 Å widths of the pyrochlore blocks are shown in Fig. 7.
The model gives a satisfactory reproduction of the
published powder diffraction data as seen from a
comparison of the calculated and experimental patterns
in Fig. 8. The peak intensities in the PXRD pattern are
dominated by the contribution from the high-atomic
number W atoms and thus no attempt was made to refine
the positions and site occupancies of the lighter atoms,
particularly in the absence of information on the quality of
the published powder data [11].

4.2. Structural model for pittongite

Similar reasoning was used to develop a structural model
for pittongite, based on intergrowth of HTB layers and
(111)py pyrochlore slabs. The TEM study on pittongite was
helpful in providing information on the stacking sequence
of the two structure types. As shown in Fig. 5, the (001)
fringes in the TEM images have separations of either 9.7 or
6 Å. The average c-axis repeat of 50.5 Å obtained from
indexing the SAED patterns corresponds to the combina-
tion of fringe spacings (4� 9.7)+(2� 6), within the
accuracy of measurement of the fringe separation. The
different possible sequences of the two components
corresponding to this combination are (9.7–9.7–6–9.
7–9.7–6), (9.7–9–7–9.7–9.7–6–6) and (9.7–9.7–9.7–6–9.
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7–6). Only the third sequence is consistent with the
hexagonal symmetry; the other two sequences have
rhombohedral symmetry.

After some experimentation with different space groups,
it was found that a model having the third fringe-
separation sequence (9.7–9.7–9.7–6–9.7–6) could be con-
structed using the hexagonal space group P-6m2, which is a
subgroup of P63/mmc. As discussed in the previous section,
the 9.7 Å fringes correspond to the sum of the separation
between pairs of HTB layers (3.7 Å) and the basic repeat
unit along chex of the rhombohedral pyrochlore structure
(6 Å). The observed fringe sequence can thus be decom-
posed into HTB and pyrochlore elements according to the
sequence (3.7–6–3.7–6–3.7–6–6–3.7–6–6). Following the
procedure used for phyllotungstite, the atomic coordinates
were established by appropriate rescaling and shifting
along the z-axis of the published coordinates of the metal
and oxygen atoms in the (111)py pyrochlore blocks of
Table 2

Atomic coordinates for pittongite, in P-6m2, a ¼ 7:286ð1Þ Å, c ¼

50:49ð1Þ Å

Atom x y z

M1 (W, Fe, Al) 1
2

1
2

0.0359

M2 (W, Fe, Al) 2/3 1/3 0.0953

M3 (W, Fe, Al) 5/6 1/6 0.1547

M4 (W, Fe, Al) 5/6 1/6 0.2265

M5 (W, Fe, Al) 2/3 1/3 0.2859

M6 (W, Fe, Al) 1
2

1
2

0.3453

M7 (W, Fe, Al) 1/3 2/3 0.4047

M8 (W, Fe, Al) 1/6 5/6 0.4641

A1 (H2O, Na, Ca) 0 0 0.036

A2 (H2O, Na, Ca) 1/6 1/3 0.095

A3 (H2O, Na, Ca) 1/3 2/3 0.155

A4 (H2O, Na, Ca) 1/3 2/3 0.226

A5 (H2O, Na, Ca) 1/6 1/3 0.286

A6 (H2O, Na, Ca) 0 0 0.345

A7 (H2O, Na, Ca) 1.3 1/6 0.405

A8 (H2O, Na, Ca) 2/3 1/3 0.464

O1 0.2059 0.7941 0.0436

O2 0.5396 0.4604 0.0730

O3 0.7963 0.2037 0.1156

O4 0.1256 0.8744 0.1452

O5 0.5390 0.4610 0.1587

O6 0.8682 0.1318 0.1906

O7 0.5390 0.4610 0.2225

O8 0.1256 0.8744 0.2360

O9 0.7963 0.2037 0.2642

O10 0.5396 0.4604 0.3081

O11 0.2059 0.7941 0.3376

O12 0.7941 0.2059 0.3530

O13 0.4604 0.5396 0.3824

O14 0.2037 0.7963 0.4250

O15 0.8744 0.1256 0.4546

O16 0.4610 0.5390 0.4681

O17 0.1318 0.8682 1
2

O18 0.7941 0.2059 0.0282

O19 0.4604 0.5396 0
Pb2Nb2O7 [17]. An ATOMS [18] check on the constructed
model gave sensible M–O and O–O distances in the ranges
1.87–2.03 and 2.66–2.88 Å, respectively. By analogy with
the iron tungsten oxide mineral ferritungsite, having a
pyrochlore-type structure [2], the iron atoms were located
with tungsten in the octahedral framework. The sodium
atoms and water molecules were located at the A-cation
positions in the pyrochlore slabs. The atomic coordinates
are given in Table 2 and a polyhedral representation of the
structure viewed along [110] is shown in Fig. 9. The sites
occupied by Na and H2O (the A-sites of the pyrochlore
blocks) are shown by the circles in Fig. 9.
In fitting the structural model to the PXRD pattern

using the Rietveld method, it was necessary to include a
model for the impurity phase giving the broad peaks such
as that marked with an arrow in Fig. 3. As discussed above,
this phase was identified with the surface alteration phase
observed in the TEM images. The spacings measured from
Fig. 9. Polyhedral representation of the locally ordered structure for

pittongite, viewed along [110].
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the TEM images for the surface phase, and its coherency
with the core material, were consistent with it being a HTB-
type structure. In the Rietveld calculation, it was assumed
that the phase was hexagonal WO3 and the reported [9]
structural parameters for this phase were used in the
Rietveld calculations. Indirect evidence for the broad peaks
being due to a surface h-WO3 phase is that the peak
marked with an arrow in Fig. 3 indexes as (001), and its
peak width corresponds to a crystallite size in the direction
of the c-axis of 3 nm. This thickness matches with the
directly measured thickness of the surface phase in TEM
images such as shown in Fig. 5. The (0071) reflections due
to the surface HTB phase are marked with an arrow in the
SAED pattern for pittongite in Fig. 4(b).

In the Rietveld fitting to the synchrotron PXRD data,
only the profile parameters were refined (background, scale
factors for the two phases, cell parameters and peak
widths). Refinement of structural parameters was not
attempted, given the dominant contribution of W to the
diffraction intensities as well as the peak fitting problems
associated with the anisotropic particle shapes and the lack
Table 3

Indexed X-ray powder diffraction data for pittongite

I Dobs Dcalc Index

32 6.270 6.310 0 1 0

6.262 0 1 1

52 5.956 6.122 0 1 2

5.908 0 1 3

4 5.339 5.352 0 1 5

22 5.030 5.049 0 0 10

8 3.640 3.643 1 1 0

6 3.412 3.427 1 1 5

62 3.306 3.343 1 1 6

3.308 0 1 13

100 3.153 3.156 0 0 16

3.149 0 2 1

91 3.111 3.131 0 2 2

3.101 0 2 3

21 3.006 3.011 0 2 5

30 2.951 2.954 1 1 10

2.953 0 2 6

59 2.450 2.449 0 2 13

9 2.384 2.385 1 2 0

8 2.104 2.103 0 3 0

17 2.043 2.035 0 3 6

2.033 0 2 19

42 1.945 1.946 1 2 15

1.942 0 0 26

76 1.823 1.822 2 2 0

13 1.748 1.750 1 3 0

1.750 2 2 24

23 1.716 1.714 1 1 26

1.713 2 2 10

64 1.578 1.578 2 2 16

35 1.463 1.462 0 4 13

13 1.446 1.448 2 3 0

16 1.429 1.427 0 3 26

28 1.330 1.329 2 2 26

44 1.192 1.193 2 2 32
of long-range order in the chex direction for the intergrowth
mineral. The fit parameters were wRp ¼ 8.9, RB ¼ 6.4 for
the intergrowth phase and RB ¼ 3.1% for h-WO3. The
observed and calculated d spacings and relative intensities
for the powder diffraction lines for pittongite are reported
in Table 3.

5. Discussion

The structures of pittongite and phyllotungstite can both
be described in terms of intergrowths of (111)py pyrochlore
blocks with pairs of HTB layers. In phyllotungstite the
pyrochlore blocks are all of the same width ¼ 6 Å, whereas
pittongite contains pyrochlore blocks of two different
widths, 6 and 12 Å. The TEM images for pittongite in
Fig. 5 show that the intergrowth sequence is somewhat
irregular and varies from one crystallite to another. The
structure determined for pittongite, shown in Fig. 9, is a
locally ordered variant that is consistent with the observed
symmetry and average c-axis periodicity of 50.5 Å.
Fig. 10 shows a comparison of this structural model with
a selected region of the TEM image shown in Fig. 5(c). In
the TEM image the defocus and sample thickness condi-
tions are such that the regions of relatively low projected
electron density appear as bright spots. A comparison of
the image and structure in Fig. 10 shows a one-to-one
match between the bright spots in the image and the sites
occupied by the light atoms Na and H2O, which occupy the
centres of the hexagonal rings in the pyrochlore blocks.
A comparison of the structures for phyllotungstite and

pittongite with that for pyrochlore, shown in the same
projection in Fig. 6, shows that they may alternatively be
described in terms of ‘‘chemical’’ twinning [19] of the
pyrochlore structure on (111)py. The oxygen atoms shared
Fig. 10. Left-hand image is a [110] zone axis TEM image of pittongite.

Right hand side is a [110] polyhedral projection of the structure model.

There is a 1:1 match of the bright spots in the TEM image with the

hexagonal channels in the intergrowth structure.
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between each pair of HTB layers lie in the twin planes,
which are simple mirror planes. These occur at z ¼ 1

4
and 3

4

in phyllotungstite and at z ¼ 0 and 1
2
in pittongite. In the

latter case there are also pseudo-mirror twin planes at
z ¼ �0:19.

Unit-cell compositions can be calculated from combin-
ing the chemical analyses with the results from the
structure analyses. For phyllotungstite the unit-cell octahe-
dral framework composition is M14X42. If all available A

sites are occupied the unit-cell formula is A10M14X42.
Scaling the number of W+Fe atoms in the published [11]
formula to 14, and incorporating hydroxyl anions at X

for charge balance gives the unit-cell composition for
phyllotungstite as [(H2O)8.78Ca0.94Pb0.28]S10[W9.14Fe4.86]S14
[O29.86OH12.14]S42 � 1.6H2O. The calculated density based
on this composition and the hexagonal unit cell is 5.40 g/
cm3. The formula differs markedly from that reported [11].
In the absence of a structural model, a formula was
proposed [11] that was based on tetrahedral WO4 groups,
as in the primary tungstates such as ferberite and scheelite.

For pittongite the general unit-cell composition, based on
occupation of all available A sites is A28M36X108. Scaling
the chemical analyses so that the number of atoms of
Fe+W+Al ¼ 36, gives the unit-cell composition for
pittongite as [(H2O)16.0Na7.8K0.1Ca0.6]S24.5[W29.4Fe5.8Al0.8]

S36[O97.3OH10.7]S108. With part of the analysed water
assigned as hydroxyls for charge balance, the remaining
water content plus the large cations Na, K and Ca sum to
24.5, giving incomplete occupancy of the 28 available
A cation sites. The calculated density for pittongite is
5.71 g/cm3; the higher density compared with that for
phyllotungstite is due mainly to the higher W/Fe ratio. The
calculated unit-cell composition and density values do not
take into account a possibly different composition of the
surface h-WO3 coating. The coating is much too thin to
obtain a separate microprobe analysis on it.

6. Conclusions

Crystal chemistry reasoning, aided with information from
TEM images and PXRD data, has led to the development of
structural models for pittongite, a new hydrated tungsten
oxide mineral from southeastern Australia, and for the
previously reported secondary tungsten mineral phyllotung-
stite [11]. Both minerals can be described in terms of
chemical twinning of the pyrochlore structure on (111)py
oxygen planes, giving hexagonal structures with ahex�7.3 Å
and with chex a function of the width of the twinned
pyrochlore blocks. In phyllotungstite, the (111)py blocks
have the same thickness whereas pittongite contains twinned
pyrochlore blocks of two thicknesses. At the twin planes,
pairs of HTB layers are interconnected by corner sharing as
in the HTB and h-WO3 structures.

The structures can alternatively be described as unit-cell
intergrowths of pyrochlore-type and HTB-type structures.
In phyllotungstite, the intergrowth components represent
the smallest possible repeating units of HTB and (111)py
pyrochlore structures, with thicknesses of 3.7 and
6 Å, respectively, and they are intergrown on a 1:1 basis,
(3.7-6-3.7-6). In pittongite the two different pyrochlore
blocks have thicknesses of 6 and 2� 6 Å. An ordered
sequence of pyrochlore blocks in pittongite that is
consistent with the observed symmetry and average c-axis
periodicity is (3.7–6–3.7–6–3.7–6–6–3.7–6–6). It is thus a
composite intergrowth of phyllotungstite and an inter-
growth with 12 Å wide pyrochlore blocks. Pittongite is a
relatively disordered alteration mineral and the local
intergrowth sequence varies somewhat from one crystallite
to another. Previously, it has been reported that low-
temperature hydrothermal treatment of acidified tungstate
solution leads to phases with either a defect pyrochlore
structure or a HTB structure [16]. However, this appears to
be the first reported instance of the characterization of
minerals in which the two structure types are intergrown on
the scale of the unit cell to form new intergrowth
structures. Yagi and Roth [20] have reported on the
intergrowth of HTB and pyrochlore blocks in synthetic
mixed oxides in the system Rb2O–Nb2O5. However in these
phases the HTB/pyrochlore blocks are further intergrown
with double HTB layers that are connected by edge sharing
and corner sharing, so that they cannot be simply described
as periodically twinned pyrochlore structures, as is the case
for pittongite and phyllotungstite.
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