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The crystal structure of hydroxylbastnäsite-(Ce), (Ce0.49La0.21Nd0.16Pr0.06Y0.03Sm0.02Gd0.01Th0.01Eu0.01)(CO3)
(OH0.85F0.15), was solved and refined R1 = 0.0363, wR2 = 0.0871 using single crystal CCD-XRD data. The hex-
agonal unit cell of space group P6

_
 is identical to those of synthetic RE(CO3)OH, but is different from that of 

bastnäsite-(Ce), P6
_
2c. The refined dimensions are: a = 12.4730(9), c = 9.9607(14) Å, V = 1342.0(2) Å3, and Z = 

18 for Ce(CO3)(OH). Each of the three crystallographically independent 9-hold RE cations is coordinated by 
three [(OH),F]−, four monodentate (CO3)2−, and one bidentate (CO3)2− ions in hydroxylbastnäsite-(Ce), in con-
trast to the 9-hold RE cation coordinated to three F− and six monodentate (CO3)2− ions in bastnäsite-(Ce). The 
replacement of OH for F modifies the coordination of RE polyhedra, thereby lowering the symmetry and en-
larging the unit cell in the crystal structure of hydroxylbastnäsite-(Ce).
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INTRODUCTION

Hydroxylbastnäsite-(Ce) [Ce(CO3)OH] is a hexagonal  
rare-earth carbonate hydroxide, and is a polymorph of  
orthorhombic Ce(CO3)OH, which is isostructural with 
kozoite-(Nd) [Nd(CO3)OH] (Miyawaki et al., 2000) and 
kozoite-(La) [La(CO3)OH] (Miyawaki et al., 2003).  
Hydroxylbastnäsite-(Ce) was originally described as a 
(OH)-analogue of bastnäsite-(Ce) (Kirillov, 1964). Later, 
the La-dominant analogue (Maksimović and Pantó, 1983) 
and hydroxylbastnäsite-(Nd) (Maksimović and Pantó, 
1985; Farkas et al., 1985; Podporina and Burkov, 1986) 
were reported. Kirillov (1964) proposed a unit cell and a 
P6

_
2c space group for hydroxylbastnäsite-(Ce) that were 

identical to those for bastnäsite-(Ce) because of their sim-
ilar XRD patterns. Haschke (1975) reported that synthetic 
La(CO3)OH and La(CO3)F form a series of continuous 
solid solutions. Neither the crystal structure nor crystallo-

graphic data based on single-crystal diffraction have been 
reported for the natural specimens of hydroxylbastnäsite-
(Ce), hydroxylbastnäsite-(Nd), and the La-analogue, so-

called hydroxylbastnäsite-(La).
The crystal structures of hexagonal RE(CO3)OH 

have been determined using some synthetic materials 
(Christensen, 1973 for RE = Nd; Kutlu and Meyer, 1999 
for RE = Dy; Michiba et al., 2011 for RE = La, Pr, Nd, 
Sm, Eu, Gd, Tb, Dy, Ho, and Er). These crystal structure 
analyses revealed the dimensions of the unit cell to be a ≈ 
12, c ≈ 10 Å, Z = 18, which are different from those of 
bastnäsite-(Ce); a ≈ 7, c ≈ 10 Å, Z = 6. The space group, 
adopted for all hexagonal RE(CO3)OH, P6

_
, has lower 

symmetry than P6
_
2c, the space group of bastnäsite-(Ce). 

Michiba et al. (2011) cast doubt upon P6
_
2c previously re-

ported for hydroxylbastnäsite-(Ce), because they believed 
hydroxylbastnäsite-(Ce) to be the natural hexagonal phase 
of Ce(CO3)OH. Discrepancies in the settings of the unit 
cell and space groups between natural minerals and syn-
thetic compounds have been presented, in spite of simi-
larities in their powder X-ray diffraction patterns. In the 
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present study, the crystal structure of hydroxylbastnäsite-
(Ce) was determined using a natural specimen to clarify 
the doubt.

The sample of hydroxylbastnäsite-(Ce) used in the 
present study is from Kami-houri, Kitagawa, Nobeoka, 
Miyazaki Prefecture, Japan (Minakawa et al., 1992) , and 
is registered in the mineral collection of the National Mu-
seum of Nature and Science (NSM-M29287). It occurs in 
the Miocene-granitic-pegmatite-intruding Shimanto su-
pergroup associated with beryl, zircon, xenotime-(Y), al-
lanite-(Ce), gadolinite-(Y), and ilmenite. The crystals of 
hydroxylbastnäsite-(Ce) have granular to hexagonal short 
prismatic habit, and are yellow to yellowish light brown 
in color (Fig. 1). The size of these crystals usually ranges 
from hundred to several hundred micrometers.

CHEMICAL COMPOSITION

A quantitative chemical analysis was carried out using a 
JEOL JXA-8800M WDS electron microprobe analyzer 
by utilizing the ZAF corrections for data obtained under 
the following conditions; 15 kV, 10 nA, and 5 μm beam 
diameter. The following analytical standard materials 
were used: REP5O14 (RE = Y, La, Ce, Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er, Tm, and Yb), wollastonite (Ca), SrSO4 
(Sr), ThO2 (Th), and CaF2 (F). The compositional homo-
geneity of each grain was checked at a minimum of six 
analytical points.

The results of this chemical analysis are listed in Ta-
ble 1. No elements with an atomic number greater than 
eight were detected. The presence of OH and CO3 was 
confirmed by Raman spectroscopy as described below. 
The amounts of H2O (3.44 wt%) and CO2 (19.63 wt%) 

were calculated using the stoichiometry based on the ideal 
formula (RE,Th,Ca,Sr)(CO3)(OH,F). The empirical for-
mula obtained on the basis of total cations = 1 apfu is  
(Ce0.49La0.21Nd0.16Pr0.06Y0.03Sm0.02Gd0.01Th0.01Eu0.01)(CO3)
(OH0.85F0.15).

RAMAN SPECTROSCOPY

The Raman spectrum of hydroxylbastnäsite-(Ce) was 
measured using a JASCO NRS-3200 spectrometer em-
ploying a charge-coupled device as a detector, in the 
range 400-4000 cm−1 with a resolution of 1 cm−1. The 
sample was excited by irradiating its surface with green 
laser (523 nm) having a beam size of 1 μm and power of 
3.0 mW. The elastic Rayleigh line was attenuated by a ho-
lographic notch filter before reaching the detector. Five 
scans with a typical acquisition time of about 10 s were 
accumulated. The spectrum was calibrated using lines for 
polypropylene.

The Raman spectrum of hydroxylbastnäsite-(Ce) is 
shown in Figure 2. In this spectrum, the peak observed at 
726 cm−1 corresponds to the ν4 in-plane bending region of 
the (CO3)2− units. The high-intensity bands at 1079 and 
1097 cm-1 were assigned to the ν1 symmetric stretching 
mode of the (CO3)2− units. Further, splitting was observed 
in the ν1 symmetric stretching mode for hydroxylbast-
näsite-(Ce). No bands corresponding to the ν2 bending 
modes of the (CO3)2− units (at around 879 cm−1) were ob-
served because of the Raman inactive vibration mode. 
The splitting bands at 1390 and 1425 cm−1 were assigned 

Figure 1. A photomicrograph of hydroxylbastnäsite-(Ce) from Ka-
mi-houri, Miyazaki Prefecture, Japan (NSM-M29287), showing 
a hexagonal short prismatic crystal with yellowish light brown 
color.

Table 1. Chemical composition of hydroxylbastnäsite-(Ce)

§ CO2, H2O are calculated assuming ideal stoichiometry.
* The compositional range of six analytical points.
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to the ν3 asymmetric stretching vibrations of the (CO3)2− 
units. Furthermore, some O-H stretching vibrations were 
observed in the range 3400-3700 cm−1.

CRYSTALLOGRAPHY AND CRYSTAL  
STRUCTURE

Powder X-ray diffraction data were obtained using a 
114.6 mm Gandolfi camera with a synchrotron radiation 
source at BL-37XU of SPring-8, Japan Synchrotron Ra-
diation Research Institute (JASRI), Hyogo, Japan. The 
synchrotron radiation was monochromatized using a 
monochromator of Si(111) double crystals (λ= 2.0675 Å). 
Diffraction images of Debye rings were recorded on an 
imaging plate, processed with a Fuji BAS-2500 image 
analyzer, and quantified into a diffraction pattern using a 
computer program written by Nakamuta (1999). The cell 
parameters of hydroxylbastnäsite-(Ce) were refined using 
a program, CellCalc (Miura, 2003), as: a = 12.4258 (9) 
and c = 9.9095 (9) Å. The powder diffraction pattern of 
hydroxylbastnäsite-(Ce) was congruent with those of syn-
thetic hexagonal RE(CO3)OH (Michiba et al., 2011). The 
powder diffraction data and refined lattice parameters of 
hydroxylbastnäsite-(Ce) are listed in Table 2.

The X-ray diffraction data of a single crystal of hy-
droxylbastnäsite-(Ce) were collected on a Bruker AXS 
SMART diffractometer with a CCD area-detector having 
a crystal-to-detector distance of 62.06 mm, using graph-
ite-monochromatized MoKα radiation (λ = 0.71073 Å) 
generated at 55 kV and 30 mA. The spatial distributions 
of intensities in the CCD data showed that the unit cell of 
hydroxylbastnäsite-(Ce) is different from that of bast-
näsite-(Ce), but is identical to those of synthetic RE(CO3)
OH (Michiba et al., 2011).  More than a hemisphere of 
three dimensional data was collected (-15 ≤ h ≤ 15, -16 ≤ 
k ≤ 16, -13 ≤ l ≤ 11) in the range 1.89 ≤ θ ≤ 28.27°, utiliz-
ing the ω-scan mode with a scan width of 0.3°. The unit-

cell parameters were refined from 3382 reflections by us-
ing least-squares techniques. The frames were integrated 
using the Bruker SAINTPLUS (Bruker, 1997) software 
package utilizing a narrow-frame integration algorithm. 
Empirical collection for absorption based on symmetry 
equivalent reflections was performed with SADABS soft-
ware (Sheldrick, 1997). Symmetry-equivalent reflections 
were averaged (Rint = 0.0206). The crystal structure of hy-
droxylbastnäsite-(Ce) was solved and refined using the 
SHELXTL (Sheldrick, 2008) program by a direct method 
and expanded using Fourier syntheses. Full-matrix least-
square refinement was carried out. The scattering factor 
curve of Ce was adopted as the curve of lanthanides in the 
calculation; this is because the atomic number of Ce (58) 
is close to the weighted average of the atomic numbers of 
lanthanides (58.4), calculated from the chemical composi-
tion of present sample. The trace elements substituting the 
rare earths, such as Ca, Sr, and Th, were ignored in the 
calculation. Site-occupancy factors were fixed on the ba-
sis of the chemical composition: 0.97Ce + 0.03Y for the 
Ce site, and 0.85(OH) + 0.15F for the O13-O17 sites. The 
Ce sites were refined anisotropically in the final cycles of 
refinement.

The crystallographic data for hydroxylbastnäsite-
(Ce) are listed in Table 3. The final atomic coordinates 
and isotropic displacement parameters for all atoms are 
listed in Table 4.  Table 5 shows the anisotropic displace-
ment parameters for the Ce sites. The values in parenthe-
ses show standard deviations in the last digit. Selected 
bond lengths calculated from the atomic parameters are 
listed in Table 6. Bond-valence sums were calculated us-
ing the parameters of Brese and O'Keeffe (1991) (Table 
4).

The position of the hydrogen atoms could not be de-
termined in this study.   Refinements with anisotropic dis-
placement parameters for all atoms converged with lower 
R factors, but resulted in the “non-positive definite” for 
principal mean square atomic displacements (U) for some 
C and O sites.

DESCRIPTION OF AND DISCUSSION ON  
CRYSTAL STRUCTURE

The unit cell of hydroxylbastnäsite-(Ce) contains 18 
Ce(CO3)OH formula units. The crystal structure of hy-
droxylbastnäsite-(Ce) is isomorphous with the series of 
synthesized hexagonal RE(CO3)OH (Michiba, et al., 
2011). The CeO9 tricapped trigonal prisms are the build-
ing units in the crystal structure (Fig.3). The (OH)− ions 
are located at the center of triangles formed by three Ce 
cations to connect these Ce cations (Fig. 3, lower). The 
crystal structure of hydroxylbastnäsite-(Ce) can be de-

Figure 2. Raman spectrum of hydroxylbastnäsite-(Ce) from Kami-
houri, Miyazaki Prefecture, Japan.
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scribed as stackings of 2
∞[(OH)Ce3/3]2+ layers extending 

parallel to the ab plane. The layers are linked by (CO3)2− 
groups as bidentate and monodentate ligands, and stack in 
the [001] direction (Fig. 3, upper).

Although all the Ce sites in bastnäsite-(Ce) are crys-
tallographically equivalent, the crystal structure of hy-
droxylbastnäsite-(Ce) consists of three independent Ce 
sites at general positions that are correlated by a pseudo 6

_
 

axis (Fig. 4). The coordination of Ce is formed with three 

(OH)− ions and five (CO3)2− ions, of which four are mono-
dentate ligands and one is a bidentate ligand (Fig. 4, low-
er). On the contrary, the crystallographically equivalent 
9-hold Ce cations in bastnäsite-(Ce) are coordinated by 
three F− and six monodentate (CO3)2− ions (Fig. 4, upper).

Two-thirds of O atoms in individual (CO3)2− ions 
(O2, O4, O6, O8, O10, and O12) are superimposed on 
each other in the direction of the c-axis. The other one-
third of O atoms (O1, O3, O5, O7, O9, and O11) and C 

Table 2. Powder X-ray diffraction data for hydroxylbastnäsite-(Ce)

* d values were calculated by assuming a = 12.4258 (9) and c = 9.9095 (9) Å.  
Only reflections with I/I0 ≥ 1 are listed.
** The indices are based on the bastnäsite-(Ce)-type unit cell with a ≈ 7, c ≈ 10 Å, Z = 6.
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Table 3. Crystallographic data for hydroxylbastnäsite-(Ce)

R1 = Σ||Fo| - |Fc||/Σ|Fo|;wR2 = {Σ[w(Fo
2 - Fc

2)2]/Σ[w(Fo
2)2]}1/2.

S = {Σ[w(Fo
2 - Fc

2)2]/(n - p)}1/2; for n observations and p parameters.
w = 1/[σ2(Fo

2) + (0.0182P)2 + (16.7632P)], where P = (2Fc
2 + Fo

2 )/3.

Table 4. Atomic coordinates, Wyckoff position, equivalent isotropic displacement parameters, and bond valence sum (BVS, valence 
units) for atoms in hydroxylbastnäsite-(Ce)

Notes: Numbers in parentheses denote 1 esd of last unit cited.
Bond valence sum is weighted assuming 0.97Ce + 0.03Y for the Ce site and 0.85O + 0.15F for the O13-O17 sites.
* Ueq defined as one-third of the trace of the orthogonalized Uij tensor (see Table 5).

Table 5. Anisotropic displacement parameters (Å2) for hydroxylbastnäsite-(Ce)

The anisotropic displacement factor takes the following form:
exp[-2π2(h2a*2U11 + k2b*2U22 + l 2c*2U33 + 2hka*b*U12 + 2hla*c*U13 + 2klb*c*U23)].
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atoms (C1, C2, C3, C4, C5, and C6) are located on mirror 
planes perpendicular to the c-axis. The C-O bond lengths 
on the mirror planes are shorter than the others of a 
(CO3)2−, suggesting a distortion of triangle. The Ce-O in-
teratomic distances are comparable to those reported pre-
viously for rare-earth carbonate minerals, e.g., 2.58(3)-
2.62(2) Å for bastnäsite-(Ce) (Terada et al., 1993) and 
2.38(1)-2.785(8) Å for kozoite-(Nd) (Miyawaki et al., 
2000).

The bond-valence sums of cations (Table 4) are in 
good agreement with the ideal values, except for some C 
atoms, i.e., C4 and C5. The deviations in valency from the 
ideal values result from the deviations in interatomic dis-
tances from the typical C-O bond distances in the carbon-
ate groups. The bond-valence sums for O1-O12 anions 
are in the range 1.65-2.16 v.u., which approximate 2, the 
ideal value for divalent O2−. Those for O13-17 
[(OH)0.85F0.15] are in the range 1.13-1.17 v.u., which is 
close to the ideal value for monovalent (OH)− and F−.

In terms of its splitting feature, the Raman spectrum 
of hydroxylbastnäsite-(Ce) (Fig. 2) is very similar to 
those of the series of synthesized hexagonal RE(CO3)OH 
(Michiba et al., 2011). The ν1 symmetric stretching O-C-

O mode shows splitting in the Raman spectrum of hy-
droxylbastnäsite-(Ce) (1079 and 1097 cm−1 in Fig. 2), 
whereas that of bastnäsite-(Ce) shows a single sharp 
peak. This splitting feature suggests a slight lowering in 
the symmetry of the (CO3)2− triangle units among the 
three crystallographically independent sites in the crystal 
structure of hydroxylbastnäsite-(Ce). Further, the two in-
tense bands of O-H stretching vibrations (3400-3700 cm−1 
in Fig. 2) show splitting and broadening, indicating sever-
al kinds of O-H bonds resulting from the lowered sym-
metry in the crystal structure of hydroxylbastnäsite-(Ce).

The characteristic feature of the powder diffraction 

patterns of hydroxylbastnäsite-(Ce), as well as those of 
synthetic hexagonal RE(CO3)OH is that significant dif-
fraction intensities can be observed only for reflections of 
h = 3 n, k = 3 n, and l = 2 n. This diffraction pattern can 
be attributed to the sequence of rare-earth elements, the 
heavier atoms having significant scattering power, in in-
tervals of a/3 and c/2 in the crystal structure of hydroxyl-
bastnäsite-(Ce). Some of the weak reflections cannot be 
indexed with the bastnäsite-type unit-cell (a = 7.23, c = 
9.98 Å) but can be indexed with the unit-cell of synthetic 
hexagonal RE(CO3)OH (e.g., a = 12.47, c = 9.96 Å). The 
intensities of these reflections are so weak that these were 
possibly overlooked in previous powder X-ray diffraction 
studies on hydroxylbastnäsite-(Ce) (Kirillov, 1964), hy-
droxylbastnäsite-(Nd) (Farkas, 1985; Podporina and 
Burkov, 1986), and hydroxylbastnäsite-(Ce) from Kami-
houri (Minakawa et al., 1992), our primary X-ray diffrac-
tion study.

The present determination of the crystal structure of 
hydroxylbastnäsite-(Ce) from Kamihouri demonstrated 
that this mineral is the natural analogue of the synthetic 
hexagonal RE(CO3)OH with space group P6

_
. Hydroxyl-

bastnäsite-(Ce) differs from bastnäsite-(Ce) not only in 
the chemistry, but also in the crystallography. In the crys-
tal structure of hydroxylbastnäsite-(Ce), the replacement 
of F by OH modifies the coordination of RE polyhedra, 
thereby lowering the symmetry and enlarging the unit 
cell.
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Figure 3. Projection of the crystal structure of hydroxylbastnäsite-(Ce) onto (001) (lower) and (110) (upper). Orange, dark grey, red, and purple 
spheres represent Ce, C, O of carbonate, and O of hydroxyl ion, respectively. The crystal structures were rendered by the structure-drawing 
program ‘VESTA 3’ (Momma and Izumi, 2011).
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