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Abstract. Tancaite-(Ce), ideally FeCe(MoO4)3
q3H2O, is a new mineral occurring within cavities in the quartz

veins which cut the granite at Su Seinargiu, Sarroch (CA), Sardinia, Italy. It is a secondary mineral formed
in the oxidation zone of a sulfide ore vein. Associated minerals are quartz, muscovite, molybdenite, pyrite,
and a mendozavilite-like phase. Tancaite-(Ce) is red or pale brown in colour, with a vitreous to adaman-
tine lustre. Electron microprobe analyses give (wt %) SiO2 0.34, CaO 0.09, Fe2O3 11.29, SrO 0.02, La2O3
5.04, Ce2O3 10.35, Pr2O3 1.07, Nd2O3 3.66, Sm2O3 0.19, ThO2 2.58, UO2 0.17, MoO3 58.62, and H2O
(calculated) 7.43, with a sum of 100.85, from which the empirical formula is calculated. The empirical for-
mula Fe3+

1.03(Ce0.46La0.23Nd0.16Pr0.05Sm0.01U0.01Th0.07)6=0.99(Mo2.96Si0.04)6=3.00O12
q3H2O can be simplified

as Fe3+(REE)(MoO4)3
q3H2O and idealized as FeCe(MoO4)3

q3H2O. The presence of H2O was confirmed by
micro-Raman spectrometry (stretching and bending vibrations of O–H). The calculated density is 3.834 g cm−3.
The X-ray diffraction pattern of tancaite-(Ce) is characterized by a set of strong reflections, which point to a
cubic subcell with a = 6.870(1)Å and space group Pm3̄m, plus a set of superstructure reflections. Tancaite-
(Ce) displays a new structure type not previously reported in natural and synthetic molybdates. By considering
only the strong reflections, it was possible to solve and refine its average structure (R1= 0.038 for 192 unique
reflections with I > 2σ(I)). The crystal structure consists of FeO6 octahedra centred at the origin of the cubic
subcell and linked together through MoO4 tetrahedra by corner sharing. The Mo-centred tetrahedra are statisti-
cally distributed in four symmetry-related positions, with one-fourth occupancy. In the centre of the cubic unit
cell the REE cations exhibit a 6+ 3 coordination, bonding six oxygen atoms and three H2O molecules, each
of them being disorderly distributed in four symmetry-related positions. One of the possible supercells, with a
48-fold volume with respect to the primitive cubic small subcell, corresponded to a rhombohedral lattice, with
a ≈ 19.43 and c ≈ 47.60 Å in the hexagonal setting. Several unsuccessful trials were performed to solve the real
crystal structure of tancaite, by indexing the additional superstructure reflections and using their intensities to
refine an ordered structural model. The new mineral has been approved by the IMA CNMNC (no. 2009-097).
The name comes from Giuseppe Tanca, an Italian amateur mineralogist, who discovered the mineral and gave it
to us for studying.

1 Introduction

Tancaite-(Ce) occurs in cavities in quartz veins within gran-
ite at Su Seinargiu, Sarroch (CA), Sardinia, Italy. It is a sec-
ondary mineral formed in the oxidation zone of a sulfide ore
vein. Associated minerals are quartz, muscovite, molybden-
ite, pyrite, and a mendozavilite-like mineral (Orlandi et al.,

2013). More than 60 different mineral species have been de-
scribed from this locality (Orlandi et al., 2015d); among them
and in addition to tancaite-(Ce), another seven minerals have
Su Seinargiu as the type locality: sardignaite (Orlandi et al.,
2010), gelosaite (Orlandi et al., 2011), mambertiite (Orlandi
et al., 2015c), susenargiuite (Orlandi et al., 2015b), ichnu-

Published by Copernicus Publications on behalf of the European mineralogical societies DMG, SEM, SIMP & SFMC.



348 E. Bonaccorsi and P. Orlandi: Tancaite-(Ce), ideally FeCe(MoO4)3 q 3H2O

Figure 1. SEM photograph showing truncated octahedra of
tancaite-(Ce).

saite (Orlandi et al., 2014), nuragheite (Orlandi et al., 2015a),
and cabvinite (Orlandi et al., 2017).

The new mineral has been approved by the IMA Commis-
sion on New Minerals, Nomenclature and Classification (no.
2009-097). The name honours Giuseppe Tanca (b. 1943), an
amateur mineralogist with invaluable experience in the min-
eralogy of Sardinia who first found tancaite-(Ce). The Levin-
son modifier is in line with the dominance of Ce3+ among
the REEs. The holotype of tancaite-(Ce) has been deposited
in the collections of the Natural History Museum, University
of Pisa, catalogue no. 18911.

2 Appearance and physical properties

The mineral generally occurs as small truncated octahedra
(Fig. 1), up to 0.2 mm in size, red or pale brown in colour,
transparent, with vitreous to adamantine lustre. It displays a
yellow streak and is not fluorescent. Its Mohs hardness is 4
to 4.5; it is brittle and shows conchoidal fracture. Cleavage
and parting are not observed.

The calculated density is 3.834 g cm−3, based on the em-
pirical formula. Such a high value prevented us from mea-
suring density by means of tungsten-based heavy liquids.
Weak birefringence was observed, but the high indices of re-
fraction, with average ncalc = 1.90 (Mandarino, 1981), and
the scarcity of material did not allow for a complete optical
characterization. Twinning at a small scale is probable (see
the structural description), but it is not observed macroscop-
ically.

3 Chemical data

Chemical analyses (10) were carried out by using an
ARL-SEMQ electron microprobe (wavelength-dispersive-

Table 1. Chemical data for tancaite-(Ce).

Constituent wt % Range Elements a.p.f.u.a

SiO2 0.34 0.02–1.56 Si 0.04
CaO 0.09 0.03–0.14 Ca 0.00
Fe2O3 11.29 11.04–11.71 Fe3+ 1.03
SrO 0.02 0.00–0.07 Sr 0.00
La2O3 5.04 4.66–5.53 La 0.23
Ce2O3 10.35 9.47–11.15 Ce 0.46
Pr2O3 1.07 0.88–1.35 Pr 0.05
Nd2O3 3.66 2.50–4.19 Nd 0.16
Sm2O3 0.19 0.08–0.34 Sm 0.01
ThO2 2.58 1.97 3.44 Th 0.07
UO2 0.17 0.00–0.29 U 0.01
MoO3 58.62 57.50–59.59 Mo 2.96
H2Ob 7.43 H 6.00

Total 100.85

a Number of atoms per formula unit, based on 15 O. b H2O was calculated on the
basis of the structural data, which point to three H2O molecules per formula unit.

spectroscopy electron probe microanalyser, WDS-EPMA) at
the University of Modena and Reggio Emilia (Italy). Op-
erating conditions were as follows: voltage of 15 kV, beam
current of 20 nA, and beam diameter of 20 µm. We used the
following as standards: synthetic Sr-anorthite (Sr), cerussite
(Pb), synthetic phosphates for the rare earths (La, Ce, Pr,
Nd, Sm), ThO2 (Th), UCoSi (U), ilmenite (Fe), glass (Si,
Ca), and CaMoO4 (Mo). Lead was sought but not detected.
H2O was calculated by stoichiometry from the results of the
crystal-structure analysis. Analytical data are given in Ta-
ble 1. The empirical formula (based on 15 O atoms) is

Fe3+
1.03(Ce0.46La0.23Nd0.16Pr0.05Sm0.01U0.01Th0.07)6= 0.99

(Mo2.96Si0.04)6= 3.00O12
q3H2O,

which may be simplified as Fe3+(REE)(MoO4)3
q3H2O.

Because of the predominant Ce among the REE cations,
the end-member formula is FeCe(MoO4)3

q3H2O, which re-
quires Fe2O3 10.94, Ce2O3 22.49, MoO3 59.16, H2O 7.41,
and total 100.00 wt %.

To confirm the presence of H2O molecules, non-polarized
micro-Raman spectra were collected at the Department of
Physics and Earth Sciences of the University of Parma, Italy.
They were obtained in near-backscattered geometry with a
Jobin Yvon Horiba LabRAM apparatus, equipped with a mo-
torized x–y stage and an Olympus microscope with a ×50
objective. Three different regions of the micro-Raman spec-
trum are shown in Fig. 2. The Raman peaks of the low-
wavenumber region (Fig. 2a) can be related to stretching and
bending modes of the MO4 groups (Frost et al., 2007). The
band around 1620 cm−1 (Fig. 2b) corresponds to the O–H
bending mode, whereas the band at 3430 cm−1 (Fig. 2c) cor-
responds to the O–H stretching mode.
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Figure 2. Micro-Raman spectra of tancaite-(Ce). The band around
1620 cm−1 (b) corresponds to the O–H bending mode, whereas the
band at 3430 cm−1 (c) corresponds to the O–H stretching mode.

4 X-ray diffraction studies

A very preliminary X-ray investigation of tancaite-(Ce) us-
ing oscillating-crystal, Weissenberg, and Gandolfi techniques
indicated that the reflections could be indexed based on a
small cubic unit cell with ≈ 6.87 Å. However, long exposed
photographs and successive data collections revealed sev-
eral weaker reflections, suggesting that a larger unit cell was
needed to correctly index them.

By measuring only the first set of reflections with
a P4 Siemens four-circle diffractometer, and graphite-
monochromatized MoKα radiation, it was possible to solve
and refine the “average structure” of tancaite in space
group Pm3̄m up to a reliability index R = 0.062 for 149
unique reflections. The structural model was successively
improved through high-resolution intensity data collection
and anisotropic refinement. The description of this average
structure is reported in the next section.

In order to obtain the real unit cell and symmetry of
tancaite-(Ce), several intensity data collections were per-
formed for three different crystals, selected from the same
hand specimen, in different experimental settings and by us-
ing both conventional X-ray sources and synchrotron radia-
tion. Two data collections were performed on the same crys-
tal used to solve the average structure. The former was per-
formed at the synchrotron facility Elettra, at the XRD1 beam-
line; the latter was carried out by means of an Oxford diffrac-
tometer equipped with a charge-coupled device (CCD), oper-
ating with MoKα radiation (CRIST Laboratory, University
of Florence, Italy). One of the possible supercells showed
trigonal symmetry, with R-centred lattice, a ≈ 19.4, and c ≈
47.6 Å in the hexagonal setting. Two other unit cells were
equally possible, the former corresponding to an F -centred
cubic cell with a ≈ 27.5 Å, and the latter corresponding to
an I -centred tetragonal cell with a ≈ 19.4 Å and c ≈ 27.5 Å.
The low intensity of the measured additional reflections did
not allow for a clear symmetry attribution based on the Rint
indices, which were very similar for cubic (0.099), trigonal
(0.098), and tetragonal (0.098) systems.

Another data collection was carried out for another crys-
tal of tancaite-(Ce) with a CCD-equipped Oxford diffrac-
tometer, operating with MoKα radiation (CIADS Labo-
ratory, University of Sienna, Italy). In this case, the su-
perstructure reflections indicated a smaller unit cell, or-
thorhombic C-centred with a = 19.286(1), b = 27.246(1),
c = 9.6331(5). Finally, a new data collection was performed
on a third crystal of tancaite-(Ce). The data were collected
in our laboratory, with a Bruker SMART BREEZE diffrac-
tometer equipped with an air-cooled CCD detector using
graphite-monochromatized MoKα radiation. Three datasets
of 963 frames were collected in 0.5◦ slices with an expo-
sure time of 45 s. The detector-to-crystal working distance
was set to 50 mm. Data were integrated and corrected for
Lorentz and polarization, background effects, and absorption
using Apex 2 (Bruker AXS Inc., 2016), resulting in 10 314
unique reflections in space group R3̄ with a = 19.2901(3),
c = 47.2510(5). Other possible supercells were detected, as
in the preceding trials. A possible symmetry of the ordered
phase will be discussed in the next section, whereas a list of
the possible supercells and the matrices to obtain them from
the small cubic cell with a = 6.87 Å are reported in Table 2.

X-ray powder-diffraction data were obtained using a
114.6 mm diameter Gandolfi camera and CuKα radiation.
The pattern was initially indexed on the basis of the cu-
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Table 2. Different possible unit cells, as derived from the X-ray diffraction patterns of tancaite-(Ce). In the first row, the subcell common to
all the patterns is reported; in the last column the transformation matrices, which related the different unit cells to the common subcell, are
listed. For the possible real symmetry of tancaite-(Ce), see the text.

a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) Lattice Matrix

6.87 6.87 6.87 90 90 90 P 100/010/001
19.43 19.43 47.60 90 90 120 R 2-20/02-2/444
27.48 27.48 27.48 90 90 90 F 400/040/004
19.43 19.43 27.48 90 90 90 I 2-20/220/004
19.43 27.48 9.72 90 90 90 C 2-20/004/110

Table 3. Powder X-ray data for of tancaite-(Ce). The refined unit
cell is a = 19.305(1), c = 47.438(5), and space groupR3̄. The eight
strongest reflections are reported in bold.

h k l dcalc dobs Irel

2 2 0 4.83 4.84 45
0 4 2 4.12 4.12 8
4 0 4 3.94 3.93 75
4 1 3 3.55 3.56 5
0 4 8 3.42 3.42 100
0 1 14 3.32 3.33 2
4 2 2 3.13 3.14 6
2 4 4 3.05 3.04 6
1 5 5 2.863 2.849 3
0 6 0 2.786 2.785 10
4 4 0 2.413 2.410 5
2 6 2 2.307 2.305 3
6 2 4 2.275 2.275 3
2 6 8 2.159 2.159 6
8 0 2 2.082 2.085 4
0 8 4 2.058 2.059 3
8 0 8 1.971 1.967 3
4 2 20 1.897 1.899 5
2 8 0 1.824 1.825 15
4 4 18 1.780 1.782 1
5 6 2 1.748 1.745 < 1
7 4 0 1.734 1.733 < 1
0 8 16 1.708 1.708 7
10 0 4 1.655 1.655 5
6 6 0 1.609 1.610 10
6 2 22 1.579 1.579 1
9 3 0 1.546 1.546 < 1
4 8 8 1.527 1.528 2
10 2 8 1.455 1.456 1
2 10 10 1.431 1.432 1
2 10 16 1.339 1.340 12
4 8 20 1.315 1.315 3
2 2 36 1.271 1.270 3
2 12 8 1.246 1.247 3

bic subcell. However, even in the powder diffraction pat-
tern some weak reflections were not indexed on the basis
of this unit cell. The large trigonal R-centred unit cell was
used to completely index it (Table 3), using the method of

Holland and Redfern (1997) on the basis of eight unequiv-
ocally indexed reflections, and the refined cell parameters
were a = 19.305(1), c = 47.438(5), and V = 15311(3)Å3

assuming the space group R3̄.

5 Solution and refinement of the average structure

The substructure of tancaite-(Ce) was solved by direct meth-
ods with SHELXS-97 (Sheldrick, 2008) by using the strong
reflections indexed on the basis of the small cubic cell
with a = 6.870(1) and V = 324.2(1)Å3. The space group
is Pm3̄m and the structure was refined up to R1= 0.038
for 200 unique reflections with the SHELX programme
(Sheldrick, 2015). Scattering curves for neutral atoms were
taken from the International Tables for X-ray Crystallogra-
phy (Wilson, 1992).

The crystal structure consists of FeO6 octahedra (dark
grey, Fig. 3) centred at the origin of the cubic cell and
linked together through MoO4 tetrahedra by corner shar-
ing (Fig. 3a). The molybdate tetrahedra are statistically dis-
tributed in four symmetry-related positions, with one-fourth
occupancy (Fig. 3b). The Ce site is in the centre of the unit
cell, and it is actually occupied by REEs; however, the scat-
tering factor of Ce was used during all the structural refine-
ment steps. The oxygen atoms (black spheres in Fig. 3a) co-
ordinated by the Ce cation are 24 in number. However, the
one-fourth occupancy of the oxygen sites, related to the oc-
cupancy of the Mo cations, points to an average of six O
atoms coordinated by each Ce atom. In addition to those,
H2O molecules are located within the cavity, in a general
position with multiplicity 24, at a distance of 2.54 Å from
the Ce cation. The occupancy of H2O sites was allowed to
vary in the early refinement cycles, obtaining a site occu-
pancy factor very close to one-eighth. Based on the H2O site
scattering power, and in agreement with the low sum of anal-
ysed constituents in microprobe data (Table 1), we conclude
that three H2O molecules statistically occur within the cav-
ity. Therefore, the Ce cations exhibit 6+3 coordination, with
six oxygen atoms and three H2O molecules.

The four possible positions for the MoO2−
4 groups are

shown in Fig. 4, having O2–O2 as the common edge. Crystal
data and structure refinement parameters are listed in Table 4.
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Figure 3. Crystal structure of tancaite-(Ce) in space group Pm3̄m;
(a) the Ce cation lies within the light grey polyhedron; Fe3+-centred
octahedra are indicated in dark grey; partially occupied Mo, O,
and H2O sites are indicated, respectively, by black, grey, and white
spheres; (b) the molybdate groups are statistically distributed over
four possible and mutually exclusive positions, related by the four-
fold axis (light grey tetrahedra); the ligands of the Ce cation are
shown.

Atom positions and bond distances are given in Tables 5 and
6, respectively.

The refined structure is clearly an average structure, char-
acterized by statistical positional disorder which involves
both the Mo cations and the ligands of the Ce cations at the
centre of the unit cell. Several attempts to refine this average
structure in lower symmetry space groups, by partial ordering
of the MoO4 groups, did not result in significant improve-
ment of the reliability index. Moreover, additional electron
density maxima always occurred approximately in the same
positions of the high-symmetry model.

Figure 4. Connection of two Fe-centred octahedra by means of a
molybdate group, which may statistically occur in four possible ori-
entations.

Figure 5. In (a) a possible ordering scheme is sketched for the ori-
entations of the MoO4 tetrahedra around to a FeO6 octahedron,
which is compatible with a threefold axis. Such ordering cannot oc-
cur in the cubic, tetragonal, or orthorhombic unit cells which index
the superstructure reflections, as reported in Table 2. The effect of
twofold axes is shown in (b).

On the basis of the structural data, we hypothesize that the
real structure of tancaite-(Ce) displays an ordered arrange-
ment of MoO4 orientations, with a consequent ordering of
the Ce ligands inside the cubic cage. Such ordering schemes
result in the occurrence of superstructure reflections which
correspond to one or more multiple cells with respect to the
cubic disordered one. We can confidently exclude that a com-
pletely ordered structure may be realized in cubic, tetragonal,
and orthorhombic systems. In particular, the occurrence of
fourfold as well as twofold axes implies a disordered distri-
bution of the orientations of the MoO4 tetrahedra connecting
the FeO6 octahedra. The effect of twofold axes may be ap-
preciated in Fig. 5. Additionally, the cubic symmetry is not
in agreement with the birefringence observed in the study of
the optical properties.

Among the possible supercells which were sought in or-
der to index the weak superstructure reflections, we therefore
suggest the trigonal one with a rhombohedral lattice as the
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Table 4. Crystal data and structure refinement parameters for tancaite-(Ce). In the second column the available data are reported for the
average structure of tancaite-(Ce), whereas in the third column the unit cell and symmetry for the real structure of tancaite-(Ce) are indicated,
as refined on the basis of X-ray powder diffraction data.

Empirical formula CeFe(MoO4)3 3H2O
Formula weight 729.84
Wavelength 0.71073 Å
Crystal system Cubic Trigonal
Space group Pm3̄m R3̄
Unit cell dimensions a = 6.870(1)Å a = 19.2901(3), c = 47.2510(5)
Volume 324.2(1) Å3 15226.9(7) Å3

Z 1 48
Density (calculated) 3.738 Mg m−3

Absorption coefficient 7.427 mm−1

F (000) 336
Crystal size 0.1× 0.08× 0.08 mm3

Theta range for data collection 2.97 to 36.14◦

Index ranges −11≤ h≤ 11
−11≤ k ≤ 11
−11≤ l ≤ 8

Reflections collected 3757
Independent reflections 200 [Rint = 0.0719]
Completeness to theta = 36.14◦ 100.0 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.552 and 0.495
Refinement method Full-matrix least squares on F 2

Data/restraints/parameters 200/0/20
Goodness of fit on F 2 1.261
Final R indices [I > 2σ(I)] R1= 0.0387, wR2 = 0.0792
R indices (all data) R1= 0.0424, wR2 = 0.0815

Largest diff. peak and hole 0.714 and −0.832e.Å−3

Table 5. Site occupancies, atom coordinates, and equivalent displacement parameters in the average cubic structure of tancaite-(Ce).

Site multiplicity Occupancy x/a y/b z/c Ueq

Ce 1 1 0.5 0.5 0.5 0.022(1)
Fe 1 1 0.0 0.0 0.0 0.013(1)
Mo 12 1/4 −0.1377(2) 0.5 0.0 0.016(1)
O1 24 1/4 −0.342(3) 0.5 0.836(2) 0.072(6)
O2 6 1 0.0 0.1290(1) 0.0 0.046(2)
H2O 24 1/8 −0.236(2) 0.5 0.764(2) 0.034(4)

most likely because it allows us to build a completely ordered
structural model. Anyway, any trial to refine it against mea-
sured diffraction intensities failed because of strong pseudo-
symmetry problems. All the examined crystals are probably
twinned, simulating a pseudo-cubic symmetry. It is also pos-
sible that domains with partially disordered structures may
occur in the same crystal, at a very fine scale. A transmis-
sion electron microscopy study could possibly confirm this
hypothesis.

6 Relation to other species

Tancaite-(Ce) belongs to class 49 in the Dana classification
(basic and hydrated molybdates and tungstates hydrated),
whereas in the Nickel and Strunz classification it belongs to
7.GB (molybdates with additional anions and/or H2O).

Whereas a great number of synthetic molybdate com-
pounds are known, there are relatively few molybdate miner-
als and none of the natural molybdates have close structural
relationships with tancaite-(Ce). On the contrary, tancaite-
(Ce) is related to the crystal structure of Fe2(MoO4)3, a
synthetic compound which displays interesting magnetic
and thermal properties, including negative thermal expan-
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Table 6. Selected bond distances in the average cubic structure of tancaite-(Ce).

Ce-O1 2.553(17)× 6 Fe-O2 1.993(7)× 6 Mo-O1 1.799(17)× 2
Ce-H2O 2.561(17)× 3 Mo-O2 1.724(6)× 2

Figure 6. (a) Structural layer in Fe2(MoO4)3, as seen down [100];
(b) connection of layers as in (a), as seen down [001].

sion (Harrison, 1995). The orthorhombic crystal structure
of Fe2(MoO4)3 can be described as being formed by (100)
layers as depicted in Fig. 6a, which may be obtained from
those described in the average structure of tancaite-(Ce) (see
Fig. 3b) through a positional ordering of the molybdate
groups and some distortions. In the synthetic Fe2(MoO4)3
these layers are linked together along [100] by sharing the
apical oxygen atoms of the Fe-centred octahedra of one layer
with an oxygen atom of the (MoO4) tetrahedra of an adjacent
layer (Fig. 6b). In contrast, the topologically similar layers
of tancaite-(Ce) are connected through the insertion of addi-
tional MoO4 tetrahedra, giving rise to wider cavities which
can host the REE cations and the H2O molecules.

From another point of view, the crystal structure of
tancaite-(Ce) could be described as a derivative of the per-
ovskite structure. Analogous to the description of the crys-
tal structure of several high-temperature superconductors, in
which “perovskite-like layers” are separated by layers with
different geometries and compositions, here we have “in-
terlayer” (MoO4) groups, which separate the perovskite-like
units (namely the octahedra) in all the three directions x, y,
and z. The result appears as an “expanded” perovskite struc-
ture, similar to some hybrid perovskites intercalated with or-
ganic molecules (Li et al., 2017).

7 Conclusions

The new mineral tancaite-(Ce) displays a new structure type
not previously reported in natural and synthetic molybdates.
Its average structure is cubic and corresponds to an expanded
perovskite structure in which Fe-centred octahedra are con-
nected to each other through MoO4 tetrahedra showing ori-
entational disorder. By assuming a completely ordered struc-
ture, it is possible to build a structural model in one of the

observed supercells, with trigonal symmetry and R-centred
lattice. However, it was not possible to refine it using the
weak intensities of the superstructure reflections, probably
because domains with different degrees of order may occur
in the same crystal, possibly in a twinning relationship.

Natural and synthetic molybdates are of a great practical
interest due to their thermal properties, as several of them
show interesting negative thermal expansion. Moreover, they
are also investigated for their ionic conductivity and possible
usefulness for immobilization of radionuclides. Additional
studies are therefore needed to investigate the behaviour of
tancaite-(Ce) upon changing temperature and chemical envi-
ronment.
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