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SYNTHESIS AND CRYSTAL STRUCTURE OF A NEW Pb URANYL OXIDE HYDRATE
WITH A FRAMEWORK STRUCTURE THAT CONTAINS CHANNELS
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ABSTRACT

Using lead oxide, uranyl nitrate and ultrapure water, seven hydrothermal synthesis experiments were performed with Pb:U
molar ratios ranging from 1:1 to 1:10. Reaction products were characterized by powder and single-crystal X-ray diffraction. Two
novel Pb uranyl oxide hydrates were found, with structural formulae Pb2(H2O)[(UO2)10UO12(OH)6(H2O)2] and
Pb0.5[(UO2)4O2(OH)5](H2O)4 (Pb-poor fourmarierite). The synthesis products are related to the Pb:U molar ratio of the solution,
and indicate a trend from curite, Pb3+x(H2O)2[(UO2)4O4+x(OH)3–x]2, to Pb2(H2O)[(UO2)10UO12(OH)6(H2O)2], then to
Pb0.5[(UO2)4O2(OH)5](H2O)4 with decreasing Pb in the solution. The structure of Pb2(H2O)[(UO2)10UO12(OH)6(H2O)2], Z = 4,
monoclinic, space group C2/c, a 13.281(5), b 10.223(4), c 26.10(1) Å, � 103.202(6)°, V 3450(2) Å3 , was solved by direct
methods and refined on the basis of F2 using 4065 unique reflections. The agreement index (R1) was 6.38%, calculated for 1306
unique observed reflections (|Fo| ≥ 4�F). The structure contains complex chains of edge- and vertex-sharing uranyl pentagonal
and square bipyramids, as well as distorted U6+O6 octahedra, along both the [110] and [1̄10] directions. The chains in the two
orientations are linked at z ≈ 0.25 and z ≈ 0.75, forming a framework that contains elongate open channels. The Pb2+ cations occur
in the channels between adjacent chains.
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SOMMAIRE

Nous avons effectué sept expériences de synthèse hydrothermale en utilisant l’oxyde de plomb, le nitrate d’uranyle et de l’eau
ultrapure, les mélanges ayant un rapport molaire Pb:U allant de 1:1 à 1:10. Nous avons caractérisé les produits de réaction par
diffraction X sur poudre et sur cristal unique. Deux nouveaux oxydes d’uranyle hydratés de plomb ont été trouvés:
Pb2(H2O)[(UO2)10UO12(OH)6(H2O)2] et Pb0.5[(UO2)4O2(OH)5](H2O)4 (fourmariérite déficitaire en Pb). Les produits de synthèse
dépendent du rapport molaire Pb:U de la solution, et indiquent une évolution allant de curite, Pb3+x(H2O)2[(UO2)4O4+x(OH)3–x]2,
à Pb2(H2O)[(UO2)10UO12(OH)6(H2O)2], et ensuite à Pb0.5[(UO2)4O2(OH)5](H2O)4 à mesure que diminue la teneur de la solution
en Pb. La structure du composé Pb2(H2O)[(UO2)10UO12(OH)6(H2O)2], Z = 4, monoclinique, groupe spatial C2/c, a 13.281(5), b
10.223(4), c 26.10(1) Å, � 103.202(6)°, V 3450(2) Å3 , a été résolue par méthodes directes et affinée en utilisant les facteurs F2

dérivés de 4065 réflexions uniques. L’indice de concordance (R1) est 6.38%, calculé sur la base de 1306 réflexions uniques
observées (|Fo| ≥ 4�F). La structure contient des chaînes complexes de bipyramides à uranyle pentagonales et carrées, partageant
coins et arêtes, de même que des octaèdres U6+O6 difformes le long des deux directions [110] et [1̄10]. Les chaînes dans ces deux
directions sont rattachées à z ≈ 0.25 et z ≈ 0.75, pour former une trame contenant des canaux ouverts allongés. Les cations Pb2+

sont logés dans les canaux entre chaînes adjacentes.

(Traduit par la Rédaction)

Mots-clés: oxyde à uranyle de plomb hydraté, minéraux à uranyle, détermination de la structure.
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INTRODUCTION

Pb uranyl oxide hydrates are important for under-
standing the interaction of groundwater with geologi-
cally old uranium deposits owing to the buildup of
radiogenic lead (Frondel 1958, Finch & Ewing 1992).
Seven Pb uranyl oxide hydrate minerals are known, and
the structure of each has been determined [fourmarierite,
Piret (1985); sayrite, Piret et al. (1983); curite, Taylor
et al. (1981); masuyite, Burns & Hanchar (1999);
vandendriesscheite, Burns (1997); richetite, Burns
(1998), and wölsendorfite, Burns (1999a)]. All seven
structures are based upon sheets of edge- and corner-
sharing uranyl polyhedra, with Pb2+ cations and H2O
groups located in the interlayers. Despite the dominance
of sheets in these minerals, they show considerable
structural diversity. Six distinct sheet-topologies occur
in Pb uranyl oxide hydrates, including the vanden-
driesscheite and wölsendorfite sheets, which are the
most complex sheets of uranyl polyhedra known. The
interlayers of Pb uranyl oxide hydrate minerals also are
complex, and in some cases involve partially occupied
sites (e.g., richetite, vandendriesscheite and curite). In
fourmarierite, the Pb content of the interlayer also var-
ies significantly, with OH– ↔ O2– substitution in the
sheets of uranyl polyhedra providing for charge balance
(Li & Burns 2000).

Continued alteration of geologically old uraninite
results in a series of Pb uranyl oxide hydrates variable
in their Pb:U ratio (Finch & Ewing 1992). These miner-
als are therefore ideal candidates for developing an un-
derstanding of the relationships between the structures
and paragenesis of uranyl minerals. Moreover, many
aspects of the crystal chemistry, stability, and alteration
mechanisms of these minerals require further study.

The technique of hydrothermal synthesis has pro-
vided crystals of curite and its strontium analogue of a
size and quality sufficient for single-crystal X-ray-dif-
fraction studies (Mereiter 1979, Burns & Hill 2000). As
part of our ongoing studies of Pb uranyl oxide hydrates,

we have conducted hydrothermal syntheses in the sys-
tem Pb–U–O–H, the Pb:U ratios being variable. Initial
characterization using X-ray powder diffraction com-
bined with single-crystal diffraction indicated two novel
phases. Crystal-structure analysis of one of them has
shown that it is a new Pb uranyl oxide hydrate with an
unusual framework structure; the results of the struc-
ture determination are reported herein. An earlier study
showed that the other phase is Pb-poor fourmarierite (Li
& Burns 2000).

EXPERIMENTAL

Crystal synthesis

Crystals were synthesized using hydrothermal tech-
niques. Seven experiments were conducted, each with
0.4 M uranyl nitrate solution and different amounts of
PbO, with Pb:U molar ratios ranging from 1:1 to 1:10
(Table 1). The pH of each solution was adjusted to 3.2
using 1 M NaOH solution. Approximately 4 mL of re-
actants were transferred to 23 mL Teflon-lined Parr
bombs that were placed in an oven and heated at 220°C
for 10 to 14 days. Reaction products were recovered by
filtration and were washed using ultrapure water, and
dried at room temperature.

Characterization of precipitates

Precipitates were examined optically and by X-ray
powder diffraction using a Rigaku Miniflex automated
diffractometer. The products of synthesis contain at least
three phases that could be distinguished optically. The
X-ray powder diffractograms for the two most abundant
crystalline phases in the products showed that one cor-
responds to curite, but the other could not be identified.
A third phase that occurs in small quantities was shown
to be Pb-poor fourmarierite by structure determination
(Li & Burns 2000). The proportions of these phases
were found to be sensitive to the Pb:U ratio of the ex-
periments (Table 1). We noted what may be a fourth
phase in the experiment that had a Pb:U molar ratio of
1:6, but were unable to isolate a sufficient quantity for
identification using X-ray diffraction.

Single-crystal X-ray-diffraction studies

The new Pb uranyl oxide hydrate (hereafter desig-
nated PbUOH) occurs as platy orange crystals with
maximum dimensions of 0.2 mm. A crystal from ex-
periment 3 (Table 1) was chosen for further study using
single-crystal X-ray diffraction. More than a hemisphere
of three-dimensional data to 57°2� was collected using
MoK� X-radiation and a Bruker CCD-based detector
mounted on a three-circle diffractometer. Frame widths
of 0.3° in � were used, with 60 seconds spent counting
per frame. The unit-cell dimensions (Table 2) were re-
fined using 510 reflections and least-squares techniques.

1433 38#6-déc.00-2203-11 27/02/01, 13:261434



STRUCTURE OF A NEW Pb URANYL OXIDE HYDRATE 1435

The intensity data were integrated and corrected for
Lorentz, polarization, and background effects using the
Bruker program SAINT. A semi-empirical absorption-
correction was based on equivalent reflections with the
crystal modeled as a (001) plate. Reflections with a
plate-glancing angle of less than 3% were discarded
from the data set, reducing Razimuthal from 11.2% to
3.3%. A total of 9213 reflections were collected; merg-
ing of equivalent reflections gave 4065 unique reflec-
tions, of which 1306 were classified as observed (Fo ≥
4�F).

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.

Systematic extinctions of reflections indicated space
groups C2/c or Cc. The structure was successfully
solved in C2/c. The positions of heavy atoms were ob-
tained from a direct-methods solution, and anions were
located in difference-Fourier maps calculated following
refinement of the model. During the course of refine-
ment, we noted that the displacement parameter for the
H2O(2) position was unusually high, suggesting that the
site is not fully occupied. The occupancy factor refined
to 0.45(8) and was subsequently fixed at 0.5. Refine-
ment of the occupancy factor for the Pb site gave
1.009(7), indicating that it is fully occupied by Pb. The
final cycle of refinement included all atomic-positional
parameters, anisotropic-displacement parameters for U
and Pb atoms, isotropic-displacement parameters for
anions, and a weighting scheme of the structure factors.
The displacement parameters for O(1), O(2) and O(13)
refined to physically unrealistic (small) values, and were
fixed during the final cycles of refinement. The refine-
ment, which was done on the basis of F2 for all unique
reflections, converged to an agreement index (R1) of
6.38%, calculated for the 1306 unique observed reflec-
tions (Fo > 4�F). The maximum electron-density peaks
in the final difference-Fourier maps were 3.76 e/Å3 and

–3.44 e/Å3. The structure was also solved and refined in
space group Cc, but no improvement over the refine-
ment in C2/c resulted. Final positional parameters and
equivalent isotropic-displacement parameters are given
in Table 3, anisotropic-displacement parameters for the
U and Pb atoms are given in Table 4, selected inter-
atomic distances and angles are in Table 5, and bond-
valence sums at the cation and anion sites are in Table 6.
Observed and calculated structure-factors are available
from the Depository of Unpublished Data, CISTI, Na-
tional Research Council, Ottawa, Ontario K1A 0S2,
Canada.

DESCRIPTION OF THE STRUCTURE

Cation polyhedra

The structure of PbUOH contains six symmetrically
unique U6+ cations. The U(1), U(3), U(4), U(5) and U(6)
cations are part of approximately linear (UO2)2+ uranyl
ions (designated Ur). Of these, all but the U(3) uranyl
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ion are coordinated by five anions arranged at the equa-
torial positions of pentagonal bipyramids that are capped
by the OUr atoms. The U(3) uranyl ion is coordinated
by four anions arranged at the equatorial corners of a
square bipyramid. The <U–5�eq> (�: unspecified
ligand, eq: equatorial) bond lengths range from 2.33 to
2.39 Å, and the <U–4�eq> bond length is 2.30 Å. These
values are in the range observed for uranyl polyhedra in
well-refined structures (Burns et al. 1997a). The coor-
dination polyhedron about the U(2) cation is unusual in
that it does not involve a uranyl ion. The U(2) cation is
coordinated by six anions in a distorted octahedral ar-
rangement (Fig. 1), with bond lengths ranging from 1.98
to 2.08 Å and a mean bond-length of 2.04 Å (Table 5).
Similar coordination geometries have been reported for
several synthetic uranyl compounds (Burns et al.
1997a).

The structure contains a single unique Pb2+ cation
that is coordinated by nine atoms of O and one H2O
group, with a mean <Pb–�> bond-length of 2.72 Å
(Fig. 2, Table 5). There are two distinct H2O groups in
the structure; H2O(1) is bonded to U(6), with a bond
length of 2.48 Å. The H2O(2) site, which is only par-
tially occupied, is bonded to the Pb2+ cation.

Structural connectivity

Projection of the structure of PbUOH onto (100)
shows that it is composed of a framework of vertex- and
edge-sharing uranium polyhedra (Fig. 3), in contrast to
the structures of other Pb uranyl oxide hydrates that are
based upon sheets of polyhedra. The details of the struc-
tural connectivity are best illustrated by projection along
[110] and [1̄10], as shown in Figure 4. The basic struc-

tural unit of PbUOH is a complex chain of edge- and
vertex-sharing uranyl pentagonal and square bipyra-
mids, and distorted UO6 octahedra. The chains of ura-
nium polyhedra are six polyhedra wide, as shown in
Figure 5a. The chains are aligned parallel with the [110]
and [1̄10] directions, and are laterally stacked and con-
nected through a net of corner-sharing U(2)O6–U(6)�7
polyhedra (Fig. 6) at z ≈ 0.25 and z ≈ 0.75 (Figs. 4a, b),
forming a framework of uranium polyhedra with elon-
gate open channels 3.9 � 8.1 Å in diameter (Fig. 4), as

FIG. 1. The distorted octahedral coordination about the U(2)
cation in the structure of PbUOH.
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measured from the centers of the oxygen atoms defin-
ing the channel edge.

The complex chain of uranium polyhedra shown in
Figure 5a contains three individual chains of edge-shar-
ing uranium polyhedra. The ratio of Ur�4 : Ur�5 poly-
hedra in the central chain is 1:1, and the ratio of UO6 :
Ur�5 in the chains on either side is 1:3 (Fig. 5a). Shar-
ing of polyhedron edges occurs in these chains, and they
are connected to form the complex chain by vertex-shar-
ing only. The complex chain of polyhedra contains to-
pological elements in common with the sheet found in
curite, as shown in Figure 5.

The Pb2+ cations are located in both ends of the elon-
gate channels that pass through the framework of ura-
nium polyhedra (Fig. 4). This configuration is somewhat
similar to the arrangement in curite, where Pb2+ cations
are located between sheets containing similar structural
elements.

Structural formula

The structure solution indicates that there are five
U6+ and one Pb2+ cations in general positions of space
group C2/c, and one U6+ cation on Wyckoff position
4e, giving a total of 44 U6+ and 8 Pb2+ cations per unit
cell. There are 164 O atoms in the unit cell, and the
bond-valence analysis (Table 6) indicates that these
correspond to 128 atoms of O, 24 (OH)– groups and 12
H2O groups. The structural formula is Pb2(H2O)
[(UO2)10UO12(OH)6(H2O)2], Z = 4, with the composi-
tion of the uranium polyhedral framework enclosed in
square braces.

DISCUSSION

The structure of PbUOH is composed of a frame-
work of uranium polyhedra that share vertices and
edges, whereas all other known structures of Pb uranyl
oxide hydrates contain sheets of uranyl polyhedra. The
uneven distribution of bond-valences within uranyl
polyhedra favors polymerization in two dimensions, and
usually results in sheets of polyhedra (Burns 1999b).
However, in PbUOH the U(2) cation does not involve a
uranyl ion, thus the distribution of bond-valences in the
U(2)O6 octahedron is more uniform than is the case in
uranyl polyhedra, with each anion receiving ~1.0 vu
(valence unit) from the bond to the central U6+ cation.
This polyhedron may be compared to a uranyl polyhe-

FIG. 2. The coordination environment about the Pb2+ cation
in the structure of PbUOH.

FIG. 3. The structure of PbUOH projected onto (100). Only
uranium polyhedra are shown. The U(2)O6 and U(6)�7
polyhedra are shown in light yellow, the others are colored
dark yellow.
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dron, in which the O atoms that are part of the uranyl
ion receive ~1.7 vu from their bonds to the U6+ cation,
whereas the equatorial anions of the polyhedra only re-
ceive ~0.5 vu from the bond to the U6+ cation at the
center of the polyhedron. In the case of a uranyl polyhe-
dron, polymerization with other uranium polyhedra may
only occur through non-uranyl ion oxygen atoms be-
cause the bonding requirements of the OUr atoms are
close to being met by the uranyl bond. In PbUOH, all
six vertices of the U(2)O6 polyhedron are shared with
other U6+ cations, permitting the U(2)O6 polyhedron,
which is located along the edges of the complex chain
(Fig. 5a), to be shared between two chains that are ori-
ented in opposing directions, resulting in a framework
of polyhedra.

Crystals of PbUOH occur together with curite and
Pb-poor fourmarierite in the synthesis products obtained
from our experiments. Thus it is apparent that PbUOH
grows under conditions that are similar to some of the
Pb uranyl oxide hydrate minerals. Crystals formed in
our experiments have variable Pb:U ratios, and their
abundances correlate with the Pb:U ratio of the solution
from which they were synthesized (Table 1). The struc-
ture of PbUOH is related to that of curite, and it coex-
ists with curite in some of our experiments, suggesting
they have overlapping fields of stability. It is therefore
possible that PbUOH will be found as a mineral.

The presence of a U6+ cation in approximately octa-
hedral coordination in the structure of PbUOH, in op-
position with the observation that U6+ in mineral
structures invariably occurs as part of a uranyl ion
(Burns 1999b), suggests that PbUOH may be a meta-
stable phase. If this is the case, it may still occur in natu-
ral systems and be an important phase in the sequence
that forms as Pb uranyl oxide hydrates are progressively
altered, but it may not be stable enough to persist for a
geologically long time.

Our findings may have some interesting implications
for the disposal of nuclear waste in a geological reposi-
tory. Laboratory simulations have shown that alteration
of UO2 under moist oxidizing conditions similar to those
in the proposed repository at Yucca Mountain promotes
the formation of a suite of uranyl phases, most of which
have structures that are based upon sheets of polyhedra
(Wronkiewicz et al. 1992, 1996). It is likely that these
uranyl phases will incorporate various radionuclides into
their structures (Burns et al. 1997b, Burns 1999c, Chen
et al. 1999, 2000). Rates of release of radionuclides may
depend to a large extent on the stabilities of the uranyl
phases. With continued alteration, a sequence of uranyl
phases will form, and radionuclides contained within
early-formed structures may be released upon alteration,
or they may be incorporated into the later-formed struc-
tures. PbUOH shows that frameworks of uranium poly-

FIG. 4. The structure of PbUOH (a) viewed along [110], (b) viewed along [1̄10]. Legend as in Figure 3; black circles represent
Pb cations.
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hedra can contain structural fragments known from
sheets in other phases, provided that octahedrally coor-
dinated U6+ is involved. It is possible that such phases
will occur as intermediates during the alteration of early-
formed uranyl phases in a geological repository, and
thus they may have an impact upon the ultimate release
of radionuclides.

During the time this manuscript was progressing
through the review process, we obtained the Ca ana-
logue of PbUOH by methods of hydrothermal synthe-
sis similar to those reported for PbUOH. A structural
analysis (R1 = 4.3%) showed that the Ca phase, with
lattice parameters a 13.314(2), b 10.086(1), c 26.113(3)
Å, � 103.229(3)°, is isostructural with PbUOH.
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