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ABSTRACT

The crystal structure of bijvoetite-(Y), [M8
3+(H2O)25(UO2)16O8(OH)8(CO3)16](H2O)14, M = (Y, REE), pseudo-orthorhombic,

monoclinic, a 21.234(3), b 12.958(2), c 44.911(6) Å, b 90.00(2)°, V 12,357(6) Å3, space group B1211, Z = 4, was solved by direct
methods and refined by least-squares techniques to an agreement index (R) of 8.4% and a goodness of fit (S) of 0.81 for 6622
unique observed (|Fo| > 4sF) reflections collected for a twinned crystal using graphite-monochromatic MoKa X-radiation and a
CCD area detector. There are 16 symmetrically independent U6+ positions, each of which is part of near-linear (U6+O2)2+ uranyl
ion. Eight uranyl ions are coordinated by three O2– and two (OH)– anions each, resulting in uranyl pentagonal bipyramids, and
eight uranyl ions are coordinated by six O2– anions each, forming uranyl hexagonal bipyramids. The structure contains 16 unique
carbonate groups and eight unique M3+ sites that are occupied by variable amounts of Y, Dy and other REEs. The structure of
bijvoetite-(Y) is based on a novel uranyl carbonate chain that is parallel to [100], involving edge-sharing dimers of uranyl pen-
tagonal bipyramids, edge-sharing dimers of uranyl hexagonal bipyramids, and carbonate groups. The chains are cross-linked by
irregular M3+fn (f: unspecified ligand) polyhedra, forming (Y,REE)-bearing uranyl carbonate sheets that are parallel to (010).
The sheet in bijvoetite-(Y) is based upon a new sheet anion-topology. There are 39 symmetrically unique H2O groups in the
structure, 25 of which are bonded to M3+ and 14 of which are located in the interlayer, where they are held in place by H bonds.
The interlayer of the structure contains only H2O groups, and adjacent sheets are connected by H bonds only. The discovery of the
structure may have implications for nuclear waste disposal because uranyl carbonates may be abundant in a geological repository
due to the corrosion of uranium oxide nuclear fuel. It is proposed that the structure may incorporate transuranium elements.

Keywords: bijvoetite-(Y), uranyl carbonate, uranyl mineral, structure determination, nuclear waste disposal.

SOMMAIRE

Nous avons résolu la structure cristalline de la bijvoetite-(Y), [M8
3+(H2O)25(UO2)16O8(OH)8(CO3)16](H2O)14, M = (Y, terres

rares), pseudo-orthorhombique, monoclinique, a 21.234(3), b 12.958(2), c 44.911(6) Å, b 90.00(2)°, V 12,357(6) Å3, groupe
spatial B1211, Z = 4, par méthodes directes et nous l’avons affiné par moindres carrés jusqu’à un résidu R de 8.4% et un indice de
concordance S de 0.81 en utilisant 6622 réflexions uniques observées (|Fo| > 4sF). Le prélèvement s’est fait sur un cristal maclé
en utilisant un rayonnement MoKa monochromatisé au graphite et un détecteur à aire CCD. La structure contient seize atomes
U6+ symétriquement indépendants, chacun faisant partie d’un groupe uranyle (U6+O2)2+ presque linéaire. Huit de ces ions uranyle
sont en coordinence avec trois anions O2– et deux groupes (OH)–, en bipyramides pentagonales, et huit autres sont en coordinence
avec six anions O2– chacun, en bipyramides hexagonales. La structure contient 16 groupes carbonate uniques et huit sites M3+

uniques où logent des proportions variables de Y, Dy et autres terres rares. La structure de la bijvoetite-(Y) est fondée sur une
chaîne à uranyle et carbonate inconnue auparavant; elle est parallèle à [100], et contient des dimères à arêtes partagées de
bipyramides pentagonales et hexagonales d’uranyle, et de groupes carbonate. Ces chaînes sont rattachées transversalement par
des polyèdres irréguliers M3+fn (f: ligand non spécifié), pour former des feuillets de carbonate d’uranyle, d’yttrium et de terres
rares paralèlles à (010). Ce feuillet de la bijvoetite-(Y) constitue une nouvelle topologie anionique. Il s’y trouve 39 groupes H2O
symétriquement disposés dans la structure, dont 25 sont liés à M3+, et 14 sont situés dans l’interfeuillet, maintenus par des liaisons
hydrogène. L’interfeuillet ne contient que des groupes H2O, et les feuillets adjacents ne sont liés que par des liaisons hydrogène.
La découverte de cette structure pourrait bien avoir des répercussions pour l’enfouissement des déchets nucléaires; les carbonates
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INTRODUCTION

Compared to other mineral groups, uranyl minerals
are generally poorly characterized despite their signifi-
cance to mineral sciences and environmental issues
(Burns 1999a). This situation reflects experimental dif-
ficulties associated with their commonly large unit-cells,
strong X-ray absorption by the crystals, twinning, and
pseudosymmetry. The recent introduction of the CCD-
based (charge-coupled device) X-ray diffractometer to
mineralogy has permitted the solution of the structure
of several uranyl minerals: wyartite (Burns & Finch
1999), wölsendorfite (Burns 1999b), richetite (Burns
1998a), compreignacite (Burns 1998b), vanden-
driesscheite (Burns 1997), masuyite (Burns & Hanchar
1999), haiweeite (Burns 2000b), boltwoodite (Burns
1998c), parsonsite (Burns 2000a) and agrinierite (Cahill
& Burns 2000). We have used a CCD-based diffract-
ometer to determine the structure of bijvoetite-(Y), a
(Y,REE) uranyl carbonate that possesses a large unit-
cell and exhibits twinning, and report the results herein.

BACKGROUND

Uranyl carbonates are common minerals precipitated
from carbonate-bearing waters in the oxidized zones of
uranium deposits, and several uranyl carbonate miner-
als contain Y and the rare-earth elements (REE), which
are common, but generally minor, constituents of ura-
ninite, UO2+X (Finch & Ewing 1992, Janeczek & Ewing
1992). As such, uranyl carbonates are important prod-
ucts in the dissolution of uraninite and formation of sec-
ondary uranium minerals. In addition, these minerals
may be important for the disposal of nuclear waste. A
knowledge of the structures and parageneses of uranyl
carbonates is essential to properly understand migration
of radionuclides in soils and groundwater (Titayeva
1994, Langmuir 1978). In addition, uranyl carbonates
may form owing to alteration of spent nuclear fuel in a
geological repository.

Of the ~25 uranyl carbonate minerals, the structures
are known for only seven. The most common structural
theme found in uranyl carbonate minerals is the uranyl
tricarbonate ion, [(UO2)(CO3)3]4–, which occurs as an
isolated finite cluster. Liebigite, Ca2[(UO2)(CO3)3]
(H2O)11 (Mereiter 1982), schröckingerite, NaCa3[(UO2)
(CO3)3](SO4)F(H2O)10 (Mereiter 1986a), swartzite,
CaMg[(UO2)(CO3)3](H2O)5 (Mereiter 1986b), ander-
sonite, Na2Ca[(UO2)(CO3)3](H2O)6 (Mereiter 1986c),

and bayleyite, Mg2[(UO2)(CO3)3](H2O)18 (Mayer &
Mereiter 1986) all contain this finite cluster. In each
structure, the uranyl tricarbonate clusters are intercon-
nected by low-valence cations or H bonds (or both). The
structures of roubaultite, [Cu2(UO2)3(CO3)2O2(OH)2]
(H2O)4 (Ginderow & Cesbron 1985), and rutherfordine,
[(UO2)(CO3)] (Christ et al. 1955, Finch et al. 1999),
contain uranyl carbonate sheets, and as such are more
highly connected than structures containing isolated
uranyl tricarbonate clusters.

Several studies have shown that U6+ can occur in
solution as uranyl carbonate complexes of the general
form [(UO2)x(CO3)y(OH)z(H2O)q] (Kim et al. 1994,
Titayeva 1994). Minerals with a U:C ratio of 1:3 tend to
grow in fluids with relatively high pH, and have struc-
tures that are based upon isolated uranyl tricarbonate
clusters. Minerals with a U:C ratio other than 1:3 may
form in waters of lower pH and higher pCO2, and may
involve other structural themes, such as uranyl carbon-
ate sheets. The coexistence of these two groups of ura-
nyl carbonate minerals has not been reported. Thus,
uranyl carbonates constitute a sensible mineral group to
investigate the relationship between crystal structures
and mineral paragenesis.

Bijvoetite-(Y) was described from the Shinkolobwe
uranium mine, Likasi, in Shaba, Democratic Republic
of Congo, by Deliens & Piret (1982). It is associated
with lepersonnite, sklodowskite, curite, uranophane,
becquerelite, rutherfordine, studtite, and oursinite.
Deliens & Piret (1982) reported that bijvoetite-(Y) is
orthorhombic, space groups C2ma, Cm2b, or Cmma, a
21.223(3), b 45.30(7), c 13.38(2) Å, Z = 16. On the ba-
sis of an analysis done with an electron microprobe, the
empirical formula was given as (Y1.26Dy0.57Gd0.29
Tb0.10)S2.20 U4.01C3.82O23•14.26H2O or, ideally, (Y,REE)
(UO2)2(CO3)2(OH)3•~5.5H2O. Kamotoite-(Y), Y2(UO2)4
(CO3)3(OH)8•10–11H2O, which also contains REE cat-
ions, may be structurally closely related to bijvoetite-
(Y), and crystallizes in space group P21/n with cell
dimensions a 21.22, b 12.93, c 12.39 Å, b 115.3° (Deliens
& Piret 1986).

EXPERIMENTAL

X-ray diffraction

Data were collected for two crystals from different
specimens, both of which were provided by Dr. Mark
Feinglos of Duke University. The first crystal provided

d’uranyle pourraient se former abondamment dans un site d’enfouissement où il y a corrosion des tiges d’oxyde d’uranium ayant
servi comme source d’énergie. Nous croyons que cette structure pourrait incorporer des éléments trans-uraniques.

(Traduit par la Rédaction)

Mots-clés: bijvoetite-(Y), carbonate d’uranyle, minéral uranylé, détermination de la structure, enfouissement des déchets
nucléaires.
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superior data, as shown by the final refinement, and re-
sults are reported for that crystal only. A sphere of three-
dimensional data to 2u = 57.2° was collected using a
Bruker CCD-based detector mounted on a three-circle
diffractometer equipped with MoKa X-radiation (Burns
1998d). Frame widths of 0.6° in v were used, with 120
seconds spent counting per frame. The unit-cell dimen-
sions (Table 1) were refined using least-square tech-
niques and 6238 reflections. The data were integrated
and corrected for Lorentz, polarization, and background
effects using the Bruker program SAINT. An empirical
absorption-correction was done based on equivalent re-
flections by modeling the crystal as an ellipsoid. A total
of 72,834 reflections was collected, and merging of

equivalent reflections gave 29,357 unique reflections,
of which 6622 were classed as observed (|Fo| ≥ 4sF).

Electron-microprobe analysis

A crystal of bijvoetite-(Y) from the specimen used
for the X-ray experiment was mounted on the center of
a hollow aluminum tube using epoxy. The specimen was
hand-polished and coated with carbon. The elemental
analysis was done using an electron microprobe (JEOL
Superprobe 733 and Tracor Northern 5500 and 5600
automation) equipped with four wavelength-dispersion
spectrometers and operated at 15 kV at the Canadian
Museum of Nature. A beam current of 20 nA and a beam
diameter of 10 mm were used. The following standards
were employed: YIG (YLa), a set of synthetic REE
phosphates (CeLa, NdLa, SmLa, EuLa, GdLa, TbLa,
DyLb, ErLa), diopside (CaKa) and synthetic UO2
(UMb). Concentrations of the REEs were corrected for
overlaps. Data for all elements were collected for 25
seconds or 0.50% precision, whichever was attained
first. Data reduction was done using a PAP routine in
XMAQNT (C. Davidson, CSIRO, pers. commun.). The
results of the chemical analysis are given in Table 2,
with the proportion of CO2 and H2O calculated from
the crystal-structure analysis.

STRUCTURE SOLUTION AND REFINEMENT

Scattering curves for neutral atoms, together with
anomalous dispersion corrections, were taken from In-
ternational Tables for X-Ray Crystallography, Vol IV
(Ibers & Hamilton 1974). The Bruker SHELXTL Ver-
sion 5 system of programs was used for the refinement
of the crystal structure.

Initially, we assumed that the structure is orthorhom-
bic, but were unable to solve the structure in any of the
possible space-groups. In subsequent attempts to solve
the structure, we used the primitive monoclinic unit-cell
a 21.234(3), b 12.958(2), c 24.839(3) Å, b 115.30(2)°.
Systematic absences and reflection statistics were found
to be consistent with space group P21, and a structure
model was obtained using direct methods. However, the
model only refined to an agreement index (R) of ~20%,
with numerous significant features in the difference-
Fourier maps at locations that were incompatible with
additional atomic sites. Examination of the observed and
calculated structure-factors revealed that the most sig-
nificant deviations corresponded to Fobs >> Fcalc, sug-
gesting that the crystal was twinned, and that the
diffraction pattern corresponded to the superposition of
two or more reciprocal lattices.

The transformation matrix [001/010/2̄0̄1] was ap-
plied to obtain the unconventional B-centered pseudo-
orthorhombic unit cell with a 21.234(3), b 12.958(2), c
44.911(6) Å, b 90.00(2)° in order to facilitate a model
that included the effects of twinning. The structure was
solved in space group B1211 using direct methods. The
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twin law [100/00̄1/00̄1] was applied, and the structure
was refined according to the method of Jameson (1982)
and Herbst-Irmer & Sheldrick (1998). It was then pos-
sible to resolve the entire structure by inspection of dif-
ference-Fourier maps.

Because of the presence of twinning and the fairly
poor parameter-to-observation ratio caused by fairly
weak data from the superstructure, some uranyl ion U–
O and carbonate group C–O bond lengths refined be-
yond reasonable values. The structure was subsequently
refined with the “soft” constraints that uranyl ion U–O
and carbonate group C–O bond lengths are ~1.80 and
~1.29 Å, respectively. Occupancy refinements were
done for the M3+ sites using the scattering factors of Y
and Dy, with the total occupancy of each site constrained
to be unity. This resulted in reasonable displacement-
parameters for the M3+ sites. Refinement of the entire
model, including anisotropic- displacement parameters

for U and three overall isotropic-displacement factors,
for O2– and (OH)–, for H2O, and for C, converged to an
agreement index (R) of 8.37% for the 6622 unique ob-
served reflections (|Fo| > 4sF). The maximum electron-
density peaks in the difference-Fourier maps were 5.35
e/Å3 and –4.82 e/Å3, and were located close to the ura-
nium atoms. Final positional parameters and equivalent
isotropic-displacement parameters are given in Table 3,
anisotropic-displacement parameters for the U atoms are
in Table 4, mean bond-lengths of the cation polyhedra
are in Table 5, the refined occupancies of the M3+ sites
are in Table 6, and bond-valence sums at the cation and
anion sites are in Table 7. Additional selected inter-
atomic distances and observed and calculated structure-
factors are available from the Depositary of Unpub-
lished Data, CISTI, National Research Council, Ottawa,
Ontario K1A 0S2, Canada.

DESCRIPTION OF THE STRUCTURE

Cation polyhedra

The structure contains 16 U sites in the asymmetric
unit. The polyhedron geometries (Table 5) and bond-
valence sums (Table 7) associated with the U sites dem-
onstrate that all are occupied by U6+. Each U6+ cation
involves an approximately linear (UO2)2+ uranyl ion
(designated Ur) with <U–OUr> bond lengths of ~1.80
Å. Of the 16 uranyl ions, half are coordinated by 3 O2–

and 2 (OH)– anions, arranged at the equatorial corners
of pentagonal bipyramids, and eight are coordinated by
6 O2– anions, giving hexagonal bipyramids. In each case
the bipyramids are capped by the O atoms of the uranyl
ions (OUr). The <U–5feq> and <U–6feq> (f: O2–, OH–

or H2O; eq: equatorial) bond lengths range from 2.32 to
2.41 Å and 2.40 to 2.54 Å, respectively, which are con-
sistent with the values reported for well-refined struc-
tures of U6+ phases (Burns et al. 1997).

The structure contains 16 C atoms that are triangu-
larly coordinated, with <C–O> bond lengths of 1.29 Å,
as imposed by the soft constraints during refinement of
the structure. The eight M3+ sites are occupied by dif-
ferent proportions of Y and REE cations (Table 5) and
are coordinated by four O2– equatorial anions of uranyl
polyhedra in the sheets and various numbers of H2O
groups with <M3+–f> ranging from 2.20 to 2.70 Å. The
distribution of Y and REE atoms over the eight M sites
is fairly uniform; according to the results of site-scatter-
ing refinement, the Y content of the sites ranges from
40 to 66% (Table 6).
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Structural connectivity

Projection of the structure along [100] reveals that
bijvoetite-(Y) contains sheets of cation polyhedra that
are parallel to (010), with H2O groups located in
interlayer sites (Fig. 1). The structure contains chains of
uranyl and carbonate polyhedra (Fig. 2) that are cross-
linked by M3+fn polyhedra to form a sheet (Fig. 3).
There are two symmetrically distinct uranyl carbonate
chains, although they are topologically identical (Fig. 2).
Each chain contains uranyl pentagonal and hexagonal
bipyramids, as well as triangular carbonate groups. Two
pentagonal bipyramids share an equatorial edge, form-
ing a dimer (designated D1) with its long axis parallel
to the chain length (Fig. 2). Two hexagonal bipyramids
also share edges to form a dimer (designated D2), but
these dimers are oriented with their long axes perpen-
dicular to the chain length (Fig. 2). The D1 and D2
dimers alternate along the chain length in the [100] di-
rection, such that each D1 dimer is linked to a D2 dimer
on either side (Fig. 2). The (CO3)2– carbonate groups
are attached to the chain by sharing one edge with a
uranyl hexagonal bipyramid in D2, resulting in uranyl
carbonate chains with a U:C ratio of 1:1 (Fig. 2).

The uranyl carbonate chains are cross-linked through
M3+ cations, forming (Y,REE)-bearing uranyl carbon-
ate sheets (Fig. 3). Each M3+fn polyhedron shares one
edge with dimer D2 of one chain, as well as two verti-
ces with carbonate triangles of the same chain, and two
vertices with carbonate triangle groups in the other ad-
jacent chain.

There are 39 symmetrically independent H2O groups
in the structure, of which 25 are bonded to M3+ cations
in the sheets, whereas 14 are held in the interlayer of the
structure only by H bonds. The interlayer of the struc-
ture contains only H2O groups, and the sheets are con-
nected by H bonds only.

FIG. 1. Polyhedral representation of the structure of bijvoetite-(Y) projected along [100]. The Urfn and Mfn polyhedra are
shown shaded with crosses and broken parallel lines, respectively. Interlayer H2O groups that are held in the structure by H
bonds only are shown as larger unshaded circles. C atoms are illustrated with smaller circles. The C–O bonds are omitted.

153 38#1-fév.00-2119-13 31/05/00, 9:47158



THE STRUCTURE OF BIJVOETITE-(Y) 159

Bijvoetite-(Y) anion-topology

The sheet anion-topology for bijvoetite-(Y), gener-
ated using the procedure of Burns et al. (1996), is shown
in Figure 4. This novel anion-topology contains a chain
of edge-sharing pentagons and hexagons that are sepa-

rated by two chains: a chain of edge-sharing triangles,
and a chain of alternating, edge-sharing squares and
trapezoids. The REE-bearing uranyl carbonate sheet in
bijvoetite-(Y) may be derived from the sheet anion-to-
pology by populating each pentagon and hexagon with
a uranyl ion, each trapezoid with a M3+ cation, and each

FIG. 2. The uranyl carbonate chains in the structure of bijvoetite-(Y) projected along [010]. The chains shown in (a) and (b) are
symmetrically independent.

FIG. 3. The sheets of polyhedra in the bijvoetite-(Y) structure projected along [010]. Leg-
end as in Figure 1 except the CO3 triangles are shown in black.
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triangle that shares an edge with a hexagon, with a
(CO3)2– group.

Interlayer of the structure

Of the ~65 known structures of uranyl minerals, 50
are based upon sheets of polyhedra of higher bond-va-
lence (Burns 1999a), in which low-valence cations or
H2O (or both) are usually located in the interlayers of
the structure, connecting the sheets and, in some cases,
providing charge balance. The sheet in bijvoetite-(Y) is
neutral, thus the net charge of the interlayer must be
zero. Adjacent sheets are connected through H bonds to
H2O groups. H2O(1) through H2O(25) are bonded to
M3+ cations in the sheet, whereas H2O(26) through
H2O(39) are held in the structure by H bonds only
(Fig. 1).

Formula for bijvoetite-(Y)

The structure determination indicates that all atoms
are on general positions of space group B1211. There
are 16 U6+, 16 C4+ and 8 M3+ symmetrically indepen-
dent sites. There are 135 symmetrically unique anions
in the structure, and bond-valence sums (Table 6) indi-
cate that these correspond to 88 O2–, 8 (OH)– and 39
H2O. The structural formula for the crystal studied is
therefore [M8(H2O)25(UO2)16O8(OH)8(CO3)16](H2O)14,
with Z = 4. This formula is similar to that given by
Deliens & Piret (1982), except for the number of H2O
groups. The results of the electron-microprobe analysis
show that the M3+ sites are dominated by Y, with sub-
stantial Nd, Sm, Gd, and Dy, and lesser Ce, Eu, Tb, and

Er (Table 2). The chemical analysis gives U : C : M3+

proportions of 2 : 1.97 : 0.92, which are consistent with
results obtained from the structure determination. The
calculated density of bijvoetite-(Y) is 3.87 g/cm3.

DISCUSSION

Several aspects of the structure of bijvoetite-(Y) are
unique. The structural sheet has not been observed pre-
viously in a mineral or synthetic compound, nor has the
uranyl carbonate chain that occurs within the sheet. The
bijvoetite-(Y) sheet is the only uranyl-bearing sheet
known in a mineral that contains Y and REE cations,
and as such may be of considerable significance to
nuclear waste disposal (see below). Bijvoetite-(Y) is
only the second uranyl carbonate (after roubaultite)
known to contain both uranyl pentagonal and hexago-
nal bipyramids; all others contain only uranyl hexago-
nal bipyramids. Bijvoetite-(Y) is only the third uranyl
carbonate known to possess a structure based upon
sheets; all others contain isolated uranyl tricarbonate
clusters.

Potential transuranium actinide-host phase

Spent uranium oxide nuclear fuel contains UO2 as
well as transuranium actinides and fission products.
Under moist oxidizing conditions, such as exist at the
proposed geological repository at Yucca Mountain,
Nevada, UO2 fuel is unstable, and radionuclides may be
released from the spent fuel as it is altered (Finn et al.
1996). Uranyl carbonates may be important phases that
form where spent nuclear fuel is altered under moist

FIG. 4. The bijvoetite sheet anion-topology. The positions of (OH)– groups are indicated
by circles.
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oxidizing conditions in a carbonate-bearing environ-
ment. The crystal chemistries of the trivalent actinide
elements (Pu3+, Am3+, Cm3+) are similar to those of the
REEs. We therefore suggest that trivalent actinides re-
leased from spent fuel in a geological repository may
be incorporated in a phase such as bijvoetite-(Y), with
these actinides located in M3+ sites. Such a phase may
serve to retard the migration of actinides from the re-
pository; as such, it may be desirable to “manipulate”
the chemical environment locally to enhance the forma-
tion of such a phase.
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