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ABSTRACT

The crystal structures of uranyl minerals and inorganic uranyl compounds are important for understanding the genesis of U
deposits, the interaction of U mine and mill tailings with the environment, transport of actinides in soils and the vadose zone, the
performance of geological repositories for nuclear waste, and for the development of advanced materials with novel applications.
Over the past decade, the number of inorganic uranyl compounds (including minerals) with known structures has more than
doubled, and reconsideration of the structural hierarchy of uranyl compounds is warranted. Here, 368 inorganic crystal structures
that contain essential U%* are considered (of which 89 are minerals). They are arranged on the basis of the topological details
of their structural units, which are formed by the polymerization of polyhedra containing higher-valence cations. Overarching
structural categories correspond to those based upon isolated polyhedra (8), finite clusters (43), chains (57), sheets (204), and
frameworks (56) of polyhedra. Within these categories, structures are organized and compared upon the basis of either their
graphical representations, or in the case of sheets involving sharing of edges of polyhedra, upon the topological arrangement of
anions within the sheets.
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SOMMAIRE

Les structures cristallines des minéraux et des composés inorganiques uranylés revétent une grande importance pour bien
comprendre la genese des gisements d’uranium, I’interaction de haldes et des déchéts de mines avec 1’environnement, le transfert
des actinides dans les sols et la zone vadose, et 1’efficacité des sites d’enfouissement des déchéts nucléaires, et pour développer
de matériaux nouveaux ayant des applications de haute technologie. Au cours de la derniére décennie, le nombre de composés
inorganiques contenant le groupe uranyle (y inclus les minéraux) dont la structure est connue a plus que doublé, et une reconsi-
dération de la hiérarchie structurale des composés uranylés est appropriée. Ici, 368 structures de cristaux inorganiques contenant
le U%* comme composant essentiel (dont 89 sont des minéraux) sont passées en revue. Elles sont regroupées sur la base de détails
topologiques de leurs unités structurales, formées par la polymérisation de polyedres contenant des cations de valence €levée. Les
catégories structurales générales correspondent a celles fondées sur les polyedres isolés (8), regroupements finis (43), chaines
(57), feuillets (204), et trames (56) de polyedres. A I'intérieur de ces catégories, les structures sont organisées et comparées en
fonction de soit leurs représentations graphiques, ou bien dans le cas de feuillets impliquant le partage d’arétes de polyedres, en
fonction de 1’agencement topologique des anions dans ces feuillets.

(Traduit par la Rédaction)
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INTRODUCTION

Crystals containing U have been the focus of
extensive research over several decades. The first crystal
structures of inorganic U (uranyl) compounds appeared
in the literature several decades ago (e.g., Evans 1963),
and by 1996, about 180 structures were known (Burns
et al. 1996). The introduction of CCD-based detectors
of X-rays to mineralogy (Burns 1998a) greatly extended
the reach of single-crystal X-ray diffraction into the
study of complex U%" compounds. Today, at least 368
structures of inorganic uranyl compounds are known,
of which 89 correspond to minerals. These materials
exhibit fascinating and complex atomic arrangements,
owing to the myriad of possible types of connections
between uranyl polyhedra and other uranyl polyhedra,
as well as polyhedra containing other higher-valence
cations. Current research concerning uranyl compounds
is driven by the search for novel solids with important
materials properties (e.g., Locock & Burns 2002a,
Krivovichev et al. 2002a, Krivovichev & Burns 2002a,
Almond et al. 2002a, Burns et al. 2005, Krivovichev et
al. 2005a,b), and their importance in the environment
(e.g., Li & Burns 2001a, Burns et al. 2000, 2004a,
Hughes Kubatko et al. 2003). Knowledge of the struc-
tures of uranyl minerals is important for understanding
the genesis of U deposits (Frondel 1958), and uranyl
minerals exhibit substantial structural and chemical
diversity, reflecting geochemical conditions dominant
during their formation.

Uranyl minerals and compounds are of consider-
able environmental importance. They are significant
for understanding water-rock interactions in U-rich
rocks (Frondel 1958). Uranyl minerals exert an impact
on the mobility of actinides in contaminated soils (e.g.,
Buck et al. 1996, Roh et al. 2000) and in vadose-zone
sediments polluted with actinides, such as the Hanford
and Savanna River sites in the U.S.A. (e.g., Yamakawa
& Traina 2001). Precipitation of uranyl phosphate
minerals in the vadose zone of contaminated sites by the
addition of phosphate has been proposed as a means to
mitigate U%* plumes in groundwater (Fuller et al. 2002).
Uranyl minerals can be bio-precipitated (Macaskie et
al. 2000), and potentially provide sources of phosphate
for biological consumption, as well as redox-active U
to serve as an electron acceptor needed for metabolism
of bacteria. Uranyl minerals are important products of
alteration of nuclear waste forms under simulated condi-
tions of geological repositories, such as those expected
in the proposed repository at Yucca Mountain, Nevada
(e.g., Finch et al. 1999a, Finn et al. 1996, Wronkiewicz
et al. 1996).

About 200 uranyl minerals have been described
from nature. They usually occur in the oxidized zones
of U deposits, where it is common for several uranyl
mineral species to coexist, commonly in intimate inter-
growths. In many cases, uranyl minerals are secondary
and result from the alteration of UO,.,,, but they are
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primary minerals in some occurrences. Owing to their
structural and chemical complexities, and the experi-
mental difficulties associated with their characteriza-
tion, understanding of uranyl minerals as a whole lags
behind the current level of understanding of most major
mineral groups. The structures are fully characterized
for less than 50% of described uranyl minerals, and
many aspects of their chemical composition, stability
and occurrence still require study.

Burns et al. (1996) presented a structural hierarchy
of 180 inorganic synthetic and natural uranyl phases.
Burns (1999a) expanded the hierarchy in the case
of minerals only. It is based upon the polymeriza-
tion of those polyhedra that contain higher-valence
cations. Low-valence cations, including H atoms and
H bonds, were ignored for the purpose of erecting the
hierarchy.

Here I provide a revised and greatly expanded hier-
archy of 368 structures of inorganic uranyl compounds
(including 89 minerals). The volume of known struc-
tures mandates a concise description of structures.
Illustrations of all of the structural units are provided,
and formulae and crystallographic parameters are given
in the tables for each of the 368 structures. I hope that
the reader will gain an appreciation of the complex
beauty of this chemical class of compounds, and that
the structural hierarchy will provide a basis for further
studies in actinide crystal chemistry.

I am delighted that this contribution appears in the
50" Anniversary edition of The Canadian Mineralogist,
not only because it is one of the premier mineralogical
journals in the world, but also because of the tremendous
impact that the Mineralogical Association of Canada has
had on my continuing education and career.

COORDINATION POLYHEDRA

Almost all U in crystal structures is present as
an approximately linear UO,>* uranyl ion. The formal
valence of the uranyl ion is 2+, so it must be coor-
dinated by anions in a stable crystal structure. The
uranyl ion is typically coordinated by four, five or six
ligands, arranged at the equatorial vertices of square,
pentagonal and hexagonal bipyramids, respectively
(Fig. 1). The bipyramids are capped by the O atoms of
the uranyl ions.

Burns et al. (1997a) provided U%*-O bond-length
and uranyl ion bond-angle data for ~100 crystal struc-
tures. Only well-refined structures analyzed by single-
crystal X-ray diffraction, with final R indices less than
7%, were included. The bond and angle distributions
for uranyl polyhedra have been revised to incorporate
data for structures reported since 1997, using the same
criteria adopted by Burns et al. (1997a). A total of 222
structures have been included. The U%*—d (¢: O, OH,
H,0) bond-length distributions for *TU%*, TU* and
[BIJS+ are provided in Figure 2.
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Consider first the case of [7TU%* (U%* coordinated by
seven atoms, including the uranyl ion); the distribution
of U%-0 bond lengths in 270 polyhedra containing
[7IUS* in 143 structures is presented in Figure 2b. The
distribution is bimodal, as each polyhedron contains a
uranyl ion. The average U%-Oy, (Ur: uranyl) bond-
length is 1.793 A, with a standard deviation of 0.035
A whereas for the U%*-0,, bonds, the average is 2.363
A with a standard deviation of 0.100 A. The distribu-
tions of both the U%*—0y, and U°® *—0,, bonds are rather
regular.

The bond-length distribution for B1U%* is shown in
Figure 2a. Although the sample size is smaller than that
of 71U, it is still apparent that all BlU* polyhedra in
well-refined structures contain a uranyl ion, and the
average U%*-Oy, bond length for 35 polyhedra in 32
structures is 1.783 A, with a standard deviation of 0.030
A. The distribution for the U6+—Oeq bonds is rather irreg-
ular, with an average of 2.460 A and a standard devia-
tion of 0.107 A. There are few 81U-0O, , bonds less than
~2.4 A, causing the asymmetric dlstnbutlon of bond
lengths apparent in Figure 2a. This feature presumably
is related to the geometrical limitations of packing six
coplanar O atoms around a single uranyl ion.

The bond-length distribution for [*JU%* is shown
in Figure 2c. As discussed in detail by Burns et al.
(1997a), not every [1U®* polyhedron in well-refined
structures has an associated uranyl ion. Several reported
structures contain /U in octahedral or distorted
octahedral coordination, thus there are three modes in
the bond-length distribution for [®/U®* that correspond
to U**-0y, and U%*-0,, bond lengths of uranyl square
bipyramids, and the more regular bond-lengths of octa-
hedral coordination (centered at ~2.1 A). Considering
only the 54 uranyl square bipyramids in 47 well-refined
structures, the average U®*—Qy, bond-length is 1.816
A with a corresponding standard deviation of 0.050
A, and the U%*-0,, bond-length is 2.264 A, standard
deviation 0.064 A.

Using the bond-valence parameters provided by
Burns et al. (1997a), the typical bond-valences of the
U%*-0y, and U%*-0O,, bonds of each coordination poly-
hedron are: [0TU%*— OU =1.59 valence units (vu), (91U~
O,y = 0.71 vu, "U-0y, = 1.64 vu, NUS*-0,, = 0.53
vu, BIU_0y, = 1.67 vu, [S]U“—Oeq =0.44 vu (Fig. 3).
These values are consistent with extensive linkage of
uranyl polyhedra through equatorial ligands, either with
other uranyl polyhedra or other polyhedra containing
higher-valence cations. The bond-valences incident
upon the Oy, atoms, due to the bond to U®* alone,
range from 1.59 to 1.67 vu. Thus, the apical (uranyl)
vertices of the uranyl bipyramids are seldom shared
with polyhedra containing higher-valence cations, as
this would overbond the O position. The two-dimen-
sional polymerization of uranyl polyhedra mandated by
the distribution of bond strengths within the polyhedra
favors the formation of sheets of polyhedra.
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In some cases, the solid state and solution chemistry
of actinyl ions involves significant cation—cation inter-
actions in which an O atom of an actinyl ion is also an
equatorial ligand of a neighboring polyhedron (Krot &
Grigoriev 2004). The cation—cation designation arises
from the formal valences of the actinyl ions, both of
which are cations. Such interactions are relatively
common for Np>*, but are rather unusual in the case
of U%* (Sullens et al. 2004), presumably owing to the
fact that the bonding requirements of the O atoms of
the uranyl ions are nearly met by the bonds within the
uranyl ion alone. To date, there are five inorganic uranyl
compounds that exhibit cation—cation interactions
(1.4% of known structures), and each of these structures
is composed of a framework of polyhedra.

STRUCTURAL HIERARCHY OF URANYL PHASES

Structural hierarchies are a means to organize a
wealth of complex and strikingly different structures
into a cohesive framework. They provide consider-
able insight into the crystal chemistry of the focus
compounds, as the hierarchical arrangement is usually
based upon structural connectivity. Structural hierar-
chies permit recognition of structural trends within
large groups of compounds that are generally obscured
by the complexity of the class of compounds. They can
be the basis for understanding the linkages between
mineral occurrences and underlying mineral structures,
especially in low-temperature geochemical environ-
ments that present complex assemblages of hydrous
minerals. However, consideration of minerals alone
in the development of a structural hierarchy is akin to
viewing a ballet with tunnel vision, as minerals repre-
sent only the subset of a chemical class that is stable
over geological times under geochemical conditions. As
such, the structural hierarchy presented herein includes
all inorganic compounds that contain U* as a necessary
structural constituent.

Following the approach of Burns et al. (1996) and
Burns (1999a), structures of uranyl compounds are
arranged here on the basis of their structural units
consisting of those cation-centered polyhedra of higher
bond-valence. Structures naturally fall into five catego-
ries corresponding to isolated polyhedra, finite clusters
of polyhedra, chains of polyhedra, sheets of polyhedra,
and frameworks of polyhedra. In each case the struc-
tural unit is illustrated, and pertinent crystallographic
information is provided in the Tables.

In most cases, assignment of a structure to one of
the five classes is straightforward. In a few structures,
sheets of polyhedra are linked together by sharing
anions, forming a framework, or the sheets are linked
through uranyl ions located in interlayer positions,
which also results in a framework. Such structures
usually contain sheets that are similar or identical to the
sheets that occur isolated in other structures; as such,
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Uranyl coordination polyhedra in uranyl compounds. Shown are (a) the (UO,)?* uranyl ion, (b) uranyl square bipyra-

mid, (c) uranyl pentagonal bipyramid, (d) uranyl hexagonal bipyramid, (e) uranyl square bipyramid, (f) uranyl pentagonal

bipyramid, (g) uranyl hexagonal bipyramid.

they typically will be grouped with those structures
despite their three-dimensional connectivity.

In many cases, the chemical formulae used in the
text and tables have been re-arranged from those given
by the original authors to emphasize structural features
and to facilitate comparisons. In Tables that list clusters
and chains, structures based upon similar structural
units are grouped, and double lines are used to separate
those that have different graphical representations. In
Table 4 (see below), structures based upon sheets with
identical graphical representations are grouped, and
those involving different graphs are separated by double
lines. In Tables 5 through 8 (see below), all of which
list structures that contain sheets of polyhedra, double
lines separate structures with different anion-topologies,
and dotted lines separate structures with distinct sheets,
but the same underlying anion-topology.

STRUCTURES CONTAINING ISOLATED POLYHEDRA

Eight structures contain isolated U polyhedra
(Table 1). In these structures, there are no direct link-
ages between the U polyhedra; linkages all take
place through low-valence cations. In the structures of
Ca3[U06], SI‘3[U06], KzLi4[UO6] and LiG[UOd, the
U®* cation is octahedrally coordinated, with no uranyl

ion present. The structure of Csy[(UO,)Cls] contains
UrCly square bipyramids, with Cl atoms at the equato-
rial positions. The structure of [(UO,)Cl,(H,0)s3] has
a Ur(H,O,Cl)s polyhedron, with two equatorial Cl
atoms. The structures of [(UO;)(H,0)5](Cl04), and
[(UO,)(H,0)5](C104),°2H,0 each contain isolated
Ur(H,0O)s pentagonal bipyramids, as well as isolated
perchlorate tetrahedra.

STRUCTURES CONTAINING FINITE CLUSTERS
OF POLYHEDRA

There are 43 compounds based upon finite clusters
of polyhedra of higher bond-valence, which represents
a significant growth from the 22 structures in this
class reviewed by Burns ez al. (1996). Of the 21 new
structures reported since 1996, only two correspond to
minerals, and only seven of the total in this class are
minerals. The structures are arranged in Table 2 on the
basis of their graphs; those with identical graphs are
grouped together, regardless of the chemical identities
of the constituents of the clusters.

Graphical representations of crystal structures are a
powerful approach to reducing structural complexity for
the establishment of underlying relationships amongst
groups of structures. In the case of uranyl compounds,
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F16.2. Bond-length distributions in uranium-bearing polyhedra in well-refined structures.
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FiG. 3. Uranyl polyhedra and the corresponding average bond-valence (in valence units,
vu) incident upon each vertex owing to the U*~O bond within the polyhedron.
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TABLE 1. STRUCTURES CONTAINING ISOLATED POLYHEDRA

Name Formula S. G, a(A) b(A) ¢ (A) B(°) Ref.
Ca U0, P2n 57292 5962 82001 90.56 1
S1,[UO,] P2in 60126 62138 86139 90.239 2
K,Li,[UO,] Pim 6.1927 53376 3
Li,JUO,] R3 83807 73834 4
Cs,[(UDCL,) Cm 12005 7.697 5850 100.00 5
[(UO)CL{H,0).] Prama 127738 10.495 5.547 6
[(UOXH,0),[(CIO}, Pln 52935 164543 148018 99.847 7
[UONHOWICIONS2H,O Phen 9200 10.679  14.457 7

References: (1) van Duivenboden & ljdo (1986), (2) lido (1993a), (3) Wolf & Hoppe (1987), (4) Wolf &
Hoppe (1985). (5) Tutov ez af. (1991}, {6) Debets (1968), {7) Fischer (2003).

this approach works best where most of the connec-
tions between polyhedra containing higher-valence
cations occur through the sharing of vertices. The graph
is obtained from the structure by representing each
distinct type of polyhedron with a colored circle, and the
number of vertices shared between adjacent polyhedra
are shown by connectors between the colored circles.
Throughout this paper, black circles are used to represent
uranyl polyhedra, and white circles represent tetrahedra
or triangles containing higher-valence cations. Consider
for example the clusters shown in Figures 4c and 4i. The
graph corresponding to the cluster in Figure 4c has two
black circles and eight white circles, which corresponds
to the number of uranyl polyhedra and tetrahedra in the
corresponding cluster. It is also immediately apparent
that there are two types of white circles, those that are
connected to two black circles, and those that are linked
to only one black circle. These white circles correspond
to the two- and one-connected tetrahedra of the cluster,
respectively. The graph also indicates that all linkages
between the polyhedra in the cluster arise by the sharing
of single vertices only (the linkages are indicated by
single connectors in the graph). In contrast, the graph
corresponding to the cluster shown in Figure 4i has
three types of white circles, those that are connected to
a single black circle by a single connector, those that
are connected to two black circles by single connectors,
and those that are connected to a single black circle
by two connectors. The presence of two connectors in
the cases of two of the white circles indicates that an
edge is shared between the uranyl polyhedron and the
corresponding tetrahedron.

Uranyl carbonate minerals that crystallize from
alkaline solutions contain the uranyl tricarbonate
cluster, [(UO,)(CO3)3]* (Fig. 4a). A uranyl hexagonal
bipyramid shares three edges with carbonate triangles,
and all equatorial anions of the bipyramids constitute
ligands of the carbonate groups. This cluster is known
from seven mineral structures as well as 10 synthetic
compounds (Table 2). In each case, independent uranyl

tricarbonate clusters are linked only through bonds
to low-valence cations, including H. A topologically
identical cluster containing nitrate triangles instead of
carbonate is found in the structures of Rb[(UO;)(NO3)s]
and K[(UO,)(NO3)s].

A uranyl square bipyramid shares each equato-
rial vertex with a different tetrahedron in the cluster
with composition [(UO,)(XO,)4] shown in Figure 4b.
This cluster was recently found in three compounds
(Table 2), with the X cation being Mo®" in two struc-
tures and Cr®" in the third case. A more complex uranyl
molybdate cluster composed of two uranyl pentagonal
bipyramids and eight MoOy tetrahedra is known from
Nag[(UO2)(M0O4)4] and NasTI3[(UO2)(MoO4)4] (Fig.
4c, Table 2). Each equatorial ligand of each uranyl
pentagonal bipyramid is shared with a tetrahedron, and
two tetrahedra provide a bridge between the uranyl
pentagonal bipyramids.

Remarkable clusters of uranyl pentagonal bipyra-
mids and sulfate tetrahedra occur in Nag[(UO)
(804)41(H20)2, Najo[(UO02)(504)41(SO4)2(H20)3,
and KNas[(UO)(SO4)4](H20) (Fig. 4d). One sulfate
tetrahedron shares an edge with the bipyramid, a
connectivity that had not been previously observed in
a hydrous uranyl sulfate. Three additional sulfate tetra-
hedra are linked to the other three equatorial vertices of
the bipyramid. The sharing of edges between polyhedra
containing U%* and S®* cations presumably entails
significant cation—cation repulsion. However, crystals
of these compounds several millimeters in maximum
dimension were grown at 70°C in uranyl sulfate solu-
tions, which implies cluster stability, even in solutions
(e.g., Burns & Hayden 2002).

Six uranyl nitrates contain isolated clusters with
uranyl polyhedra and nitrate triangles. The cluster in
Figure 4e has a uranyl hexagonal bipyramid that shares
two of its trans equatorial edges with nitrate triangles,
and the remaining two vertices of the bipyramid are
shared with two different nitrate triangles. This cluster
is the basis of the structure of Rby[(UO;)(NO3)4],
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TABLE 2. STRUCTURES BASED UPON FINITE CLUSTERS

Name Fig. Formula S.G. a (A) h(A) e(A) B¢ Ref.
Liebigite 4a Ca,[(UO.XCO,):1(H.0),, Bba2 16.699 17.557 13.697 {
Schrickingerite 4a NaCu,y[(UO),(CO);[(SONF(H,0),,  PT 9.634 9.635 14.391 9233 2
Bayleyite Ja Mg, [(VONCO)HHO) P2ja 26.560 15.256 6.505 92.90 3
Swartzite 4a CaMg[(UO,)(CO,))(H,0),, P2/im 11.080 14.634 6.43% 99.43 4
Andersonite 4a Na,Ca[{UO:}CO,), H,0)5 Rim 17.904 23.753 5
Grimselite da KNa[(LO,HCO,),i(H,0) PB2c 9.302 8.260 6
Cejkaite 4a Nay[(UO,)(COs)] PT 9.291 9,292 12.895 90.82 7
da RbNa,| (UO)(CO, ), |(H,0) ro2c 94316 8.3595 8
4a Cs,[(UONCO,), [(H,0), P2/n 18.723 9.647 11.297 96.84 9
da Sr;[(UOHCO,),](H,0), P2 e 11.379 11.446 25.653 93.40 10
4a {NH, ), [{UO)(CO,)] C2le 10.679 9373 12.850 96.43 11
4da Rb[(UO,XNO,),] R3c 9.384 18.899 12
4a Na,[(UO,)CO;)] P3ecl 9.342 12.824 13
4a Ca(UONCO,),1(NO,)L(H,0),, P2in 6.5729 16.517 15.195 90.494 14
4a Ca,[(UO)CO,),],.CL(H,0),, Pd/mbmr 16.744 8.136 14
4a Ca ), [(UO,)(CO,)],CLH,0),; Fd3 27489 14
4a Cs,[(UOHCO,] Cie 11.513 9.6037 12,9177 93.767 15
4a K[(UOQMNO,);] C2/e 13.487 9.5843 7.9564 116.124 L6
4a K,Ca,[(UONCO,),].(H), Punm 17.015 18.048 18.394 17
4b Cs [(UOXMo0,),] PT 11.613 12.545 14.466 95.281 18
4b Rb,[(UO,)(M0Q,),] C2/c 17.312 11.5285 13.916 127.634 19
4b K (U0, HCrO ), {(NOs), PT 7.0397 9.7341 9.7568 97.992 20
4¢ Na, [(UO,)(M00,),] PT 7.096 9.566 13413 86.62 21
4¢ Na, TL[(UO,)(MoO,),] Pbcn 20,582 7.4391 262514 22
4d - Nag(UO,)(SO,).KH,0p, PT 55503 11.2456 14256 92.583 23
4d Na [(UONS0,),1(50,)(H,0), Ce 93072 28.706 9.6152 93.401 24
4d KNa[(CO,XS0,),}[,0) C2/c¢ 16917 55999 35340 90.437 25
4e Rby,[(UO,)(NO,),] P2/ 6.42 7.82 12.79 108.68 26
4f [{(UO)NO;),I(H,0), Cmic2, 13.197 8.035 11,467 27
4f [{UO)(NO;),](H,0). P2le 14.124 8432 7.028 108.0 28
4f [(UO)(NO;),J(H,0), PT 7.0359 7.1730 10.084 82.041 29
4g [{UO)NO;),(H,O)[(H,O) P2le 7.1797 8.954 14.301 99,104 30
4h {UO,)LOH),{(NO,), [(H,0), P 8.622 8.628 10.393 105.56 31
4 K, [(UO,HS0,),] Prma 13.053 23.200 9.379 32
4 [{(U0,),CL0,(OH),{H.O), KH,0), P2iin 11.645 10.101 10.206 105.77 33
4 Rb,[(UO,);0.Cl(H,O),](H,0), P2 e 8.540 8.096 21.735 111.74 34
4 K, [(UO,),CLO,(0H),(H,0),] (H,0), PT 12,15 12,33 8.026 96.30 35
4j Cs,.[(UO,)OC], ] P2'm 8.734 4.118 7718 105.26 36
4k [{UO),0(0H)(H,O0), (NO)H,0), 7T 8.026 11.276 12.346 99.39 37
4] KL [(UO,),0,] PT 6.4738 9.6979 6.3438 102.30 38
4m [{(UO)OH)CKH,0),] P2 /n 17,743 6,136 10.725 95,52 39
4n K [(UOIB, ;05 (OH)J(H,0), P2in 12.024 2645 12.543 94.74 40
4o [(UO,)(C10,),{H,0)5] P2/ 5.4544 18.1109 10.3246 90.016 41

References: (1) Mereiter (1982a), (2} Mereiter (1986a). (3) Mayer & Mereiter (1986), {4) Mereiter (1986b), (5} Mereiter (1986¢), (6)
Li & Burns (2001b), (7) Ondrus e of. (2003), (8) Hughes Kubatko & Burns (2003), {9) Mereiter (1988), (10) Mereiter (£986d), (11)
Serezhkin et al. (1983), (12) Zalkin et al. (1989), (13) Lier al. (2001a), (14) Li & Burns (2002), (15) Krivovichev & Burns (2004a),
{16) Krivovichev & Burns (2004b), (17) Hughes Kubatko & Burns (2004), (18) Krivovichev & Burns (2002b), (19) Krivovichev &
Burns (2002a), (20) Krivovichev & Burns (2003¢), (21) Krivovichev & Burns (2001a), (22) Krivovichev & Burns (2003b), (23) Hayden
& Burns (2002a), (24) Burns & Hayden (2002), (25) Hayden & Burns (2002b), (26) Kapshukov ef al. (1971), (27) Taylor & Mueller
(1965), (28) Muecller et al. (1971), (29) Hughes & Burns (2003b). (30) Shuvalov & Burns {2003), (31) Perrin (1976), (32) Mikhailov
et al. (1977), (33) Aberg (1976), (34) Perrin (1977), (35) Perrin & Le Marouille (1977), (36) Allpress & Wadsley (1964), (37) Aberg
(197%), (38) Wolf & Hoppe (1986), (39) Aberg (1969), (40) Behm (1985), (41) Fischer (2003).
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(b)

0

(c)

FiG. 4. Clusters (and their graphical representa-
tions) of uranyl polyhedra and other polyhedra
containing higher-valence cations that occur in
the structures of uranyl compounds. The corre-
sponding compounds are listed in Table 2.

which is the only structure known in which nitrate
triangles are linked to uranyl polyhedra by sharing
only a single vertex; in all other cases, edges are
shared between uranyl and nitrate polyhedra. Two
clusters that are graphical isomers contain a single
uranyl hexagonal bipyramid that shares two equatorial
edges with nitrate triangles (Figs. 4f, g). The former
is found in the structure of [(UO,)(NOj3),](H,0)s,
[(UO2)(NO3),](H20), and [(UO,)(NO3),]1(H,0)3, the
latter is found in [(UO,)(NO3),(H,0),](H,0). In a more
complex cluster found in [(UO;),(OH),(NO3),](H20)4,
auranyl hexagonal bipyramid shares an equatorial edge
with a uranyl pentagonal bipyramid, as well as two
equatorial edges with nitrate triangles (Fig. 4h). In all
but Rby[(UO,)(NO3)4], the uranyl nitrate clusters are
linked only though H bonds.

The structure of the anhydrous compound K4[(UO,)
(S04)3] possesses a remarkable cluster (Fig. 4i), in
which two uranyl pentagonal bipyramids are bridged by
sharing vertices with two sulfate tetrahedra, and each
bipyramid also shares an additional vertex with another
sulfate tetrahedron, and an edge with a fourth sulfate
tetrahedron. This is the only example of an anhydrous
phase in which a sulfate tetrahedron shares an edge with

a uranyl bipyramid. This phase was grown at elevated
temperature, and its stability under ambient conditions
is uncertain.

Four clusters contain only uranyl bipyramids that
share equatorial edges (Figs. 4j, k, I, m). Two are
simple dimers of either square bipyramids or pentagonal
bipyramids (Figs. 41, m). One is a trimer of uranyl
pentagonal bipyramids (Fig. 4k), and one contains four
uranyl pentagonal bipyramids that share edges (Fig. 4j).
The latter two clusters each contain oxygen atoms that
are common to three uranyl polyhedra.

The uranyl borate cluster shown in Figure 4n was
synthesized by aging a boron-rich solution at room
temperature (Behm 1985). The cluster contains 16
borate triangles and tetrahedra that surround a uranyl
hexagonal bipyramid; four of the borate polyhedra
share edges with the uranyl bipyramid, and four addi-
tional borate polyhedra share a single vertex with the
bipyramid.

The cluster shown in Figure 40 contains a uranyl
pentagonal bipyramid that shares two vertices with
perchlorate tetrahedra. The remaining equatorial
vertices of the bipyramid are H,O groups, and the
clusters are linked through H bonding only.
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STRUCTURES CONTAINING INFINITE CHAINS
OF POLYHEDRA

Burns et al. (1996) listed 19 uranyl compounds
with structures based upon infinite chains of polyhedra
of higher bond-valence, of which five correspond to
minerals. Currently, 57 such structures are known,
of which 10 are minerals (Table 3). The remarkable
expansion of this structural class is largely attributable
to research focused on understanding linkages between
uranyl polyhedra and tetrahedra containing Mo%*, S¢*
or Cr%, as well as various polyhedra containing cations
with stereoactive lone-electron pairs such as Se** and
I°*, which occur in 16 of the new structures. Thirty-
nine structures containing uranyl polyhedra and any of
the lone-pair stereoactive cations Te**, Se** and I°* are
known; remarkably, 41% of these contain infinite chains,
whereas only 16% of all inorganic uranyl compounds
with known structures are based upon chains. Presum-
ably, the irregular polyhedra surrounding lone-pair
stereoactive cations, and the existence of the lone pair
of electrons rather than an additional ligand, somewhat
favor polymerization in one dimension only.

Chains of polyhedra in uranyl compounds are
arranged in Figure 5 on the basis of their graphs,
with chains dominated by the sharing of only vertices
between polyhedra provided first, followed by chains
that also involve sharing of polyhedron edges. Crystal-
lographic parameters of corresponding structures are
given in Table 3.

The simple chain of uranyl square bipyramids
that share vertices shown in Figure 5a occurs in
Nay[(UO2)0s], Cay[(UO2)0s], Sry[(UO2)03] and
Lis[(UO,)O3]. Each of the structures is anhydrous, and
linkages between the chains involve lower-valence
cations only.

The chains illustrated in Figures 5b through 5f are
graphical isomers. The chains contain either uranyl
square bipyramids or pentagonal bipyramids, and each
is four-connected within the chain, as illustrated in the
corresponding graph. Bipyramids are linked through
either tetrahedra or pyramids, each of which is two-
connected within the chain. Chain 5b contains either
arsenate, molybdate, or phosphate tetrahedra. Chains Sc,
5d, and 5f have lone-pair stereoactive Se** or Te**, as
reflected by the one-sided pyramidal coordination poly-
hedra about these cations. The structures corresponding
to each chain are listed in Table 3.

The chains of uranyl pentagonal bipyramids and
tetrahedra (or SeO3 pyramids) shown in Figures 5g, Sh
and 5i correspond to an identical graph, and are known
from seven compounds (Table 3). Uranyl pentagonal
bipyramids are bridged through two tetrahedra by the
sharing of vertices, such that four equatorial vertices of
the bipyramids are also tetrahedral vertices of bridging
(two-connected) tetrahedra. The fifth equatorial vertex
of the bipyramid is shared with a non-bridging tetrahe-
dron that decorates the side of the chain.
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The chains of uranyl pentagonal bipyramids and
tetrahedra shown in Figures 5j, 5k, 51 and 5m, which are
known from eight compounds (Table 3), are graphical
isomers. Each bipyramid shares equatorial vertices with
three tetrahedra, whereas the remaining two equatorial
vertices correspond to H,O groups. Each tetrahedron is
linked to three bipyramids, and the chains differ in the
details of the orientation of the tetrahedra.

Two chain types have been discovered that contain
uranyl pentagonal bipyramids, chromate tetrahedra, and
iodate pyramids (Fig. 5n, four structures, Fig. 50, two
structures). In these unusually complex chains, pairs of
uranyl pentagonal bipyramids are bridged by sharing
vertices with two chromate tetrahedra, and the resulting
tetramers of polyhedra are connected into chains by
sharing vertices with iodate pyramids. In both chains,
the tetrahedra are two-connected, and two vertices of
each are terminal. In chain 50, each bipyramid is linked
to two tetrahedra and two pyramids. In the case of chain
5n, iodate pyramids also decorate the chains by sharing
a single vertex with the uranyl pentagonal bipyramids,
resulting in bipyramids that are five-connected within
the chains.

The chains shown in Figures 5p (one structure) and
5q (two structures) combine uranyl pentagonal bipyra-
mids and molybdate tetrahedra. Pairs of bipyramids
share a vertex, resulting in dimers, and two tetrahedra
bridge the dimers on two sides by sharing vertices with
each bipyramid. The resulting tetramers are connected
into chains by sharing vertices with four different
tetrahedra. Thus, each bipyramid is five-connected
within the chain, whereas the tetrahedra are each
two-connected.

Two types of chain contain only uranyl polyhedra
that share edges. The structures of moctezumite and
[(UO,)CI,H,0] have simple chains of pentagonal bipyr-
amids that share edges (Fig. 5r), whereas studtite has
chains of edge-sharing hexagonal bipyramids (Fig. 5s).
Studtite is one of only two known peroxide minerals,
and it is the only one with a known structure (Burns &
Hughes 2003). Each hexagonal bipyramid contains two
peroxide groups that constitute edges of the bipyramid;
both of the O atoms of the peroxide group are bonded
to the central U%* cation. The remaining two vertices of
each bipyramid are H,O groups. Polyhedra are linked
by the sharing of peroxide groups, for which the corre-
sponding edges of the bipyramids are ~1.45 A. Recent
studies have shown that this unusual mineral probably
grows because of the buildup of peroxide that forms by
alpha-radiolysis of water in nature (Hughes Kubatko
et al. 2003).

The chains shown in Figures 5t and Su are based
upon the same graph. That in Figure 5t is from the struc-
tures of parsonsite and hallimondite, and is composed of
uranyl pentagonal bipyramids and phosphate or arsenate
tetrahedra. Bipyramids share an edge, forming a dimer,
and dimers are linked into chains by sharing edges and
vertices with tetrahedra. Additional tetrahedra decorate
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TABLE 3. STRUCTURES BASED UPON INFINITE CHAINS

Name Fig. Formula S.G. a(A) b(A) c(A) B(*) Ref.
5a Na,[(U0,)0;] 14im 7.5571 4.6411 !
Sa Ca,[(U0,)0;] P2Je 7.9137 54409 114482 108.803 2
Sa Sr,[(U0,)0] P2)le 8.1043 56614 119185  108.985 2
5a Li,[(U0,)0;] [4/m 6.725 4.451 3
Sa Pb,P[(UO,)0,] Pram  13.719 12.351 8.213 4
Walpurgite 5b Bi,0,[(UO)AsG,), 1(H,0), PT 7.135 10.426 5.494 110.82 3
Orthowalpurgite 5b Bi,0,[(UO,){AsO,).](H,0), Pbem 5.492 13.324  20.685 6
Deloryite 5b Cu,[(UOMMoO,),[(OH), C2Um 19.94 6.116 5.520 104.18 7
5b Cu,[UOL(PO,),] C2m 14.040 5.7595 5.0278  107.24 8
5b Cu,[(UOXMo0,),](OH), B2/m 19.8392 55108  6.1009 9
5b Li;[(UO)(MoO,).] T 5.3455 58287 82652 100566 10
sc Beta TI,[UOL(TeOy),] P2/n 54766 82348  20.849 92329 11
Derriksite 5d Cu,[(UO,XSe0,),(OH), Pn2,m 5.570 19.088 5.965 12
5d Sr;[(U0.)(Te0,),)(TeO;), C2fc 20.546 56571 130979 944l6 1l
Se UO,(H,As0,),(H,0) C2le 13.164 8.862 9.050 124.41 13
sf [UOL(HSe0,):(H,0)] C2/c 9.924 12.546 6.324 98.09 14
5f [(UO,)(HSeO,),(H,0)] A2/a 6.354 12578 9.972 §2.35 15
g Na,[(UO}CrO,);] PT 7.1548 8.4420  11.5102 79310 16
5h [(UO)H,PO,){H.0)](H;0), P2Jc 11.369 13.899 7.481 113.67 17
5h K, [(UO,)(CrO,),[(NO,)(H,0), P2232, 61112 12136 27,464 18
5h Mn[(UO,)(SO,),(H,ON(HLO), P2, 6.506 11.368 8.338 90.79 19
5h Na; Tl [(UO)MoQ,);L(H,0),,,  F2fe 19.7942  7.1913  22.8835  97.828 20
5h Na,[(UO)MoO,),(H;0), P22,2, 107662  11.9621  12.8995 20
Demesmaekerite si Pb,Cus[(UO,)(Se0,),].(OH)(H,0), PT 11.955 10.039 5.639 100.36 21
5§ [(UOXCrO(H,0)] (H,0) P2Jc 11.179 7119 26.49 94.19 22
5] [(UO,)SOMH,0),](H,0),, e 13.70 10.79 11.91 110.8 23
5§ [(UONSOMH,OLIH, O« P2Ja 16.887 12.492 6.7354  90.88 24
5j [(UO NSO NH,00,]1(H,0), P2ea  11.227 6790 21186 25
5 [(UO,)(Se0 ) (H,0),](H,0), e 14.653 10.799 12.664 119.95 26
5k (UO,)(CrO,)(H,0), C2/m 16.786 22731 6.9969  90.051 27
5l [(UO)CrO,)(H,0)](H,0) 2, 97206  7.1617  11.0909  9238% 27
5m [(UOXCrO)(H,0)1,(H,0), P2jc 31.397 71701 162480 97515 27
5n K, [UOLACTONI0,),] P2\c 111337 7.2884 155661 107977 28
5n Rb,[UO,(Cr0,)(10;),] P2Je 11.3463 73263 159332 108173 28
5n Cs,[UO(CrOMJ0;),] P2/n 73929 81346 22.126 90.647 28
5n K,[UO,MoO,)10,)-] P2/c 113717 17.2903 157122 108.167 28
50 Rb[UOL(CrO,)10;3(H,0)] T 7.3133 3.056% 84870  87.075 28
50 Cs,[(UOL)(CrO,)10;).] P2y/n 73929 81346 22.126 90.647 29
5p Rb,[(UO,),0(Mo0,),] PT 10.1567  10.1816  13.1129 76553 30
5q Nag[(UO,),0(Mo0,).] PT 7.637 8.164 8.746 79.36 31
5q K [(UO,),0(Mo0,),] T 7.828 7.830 10.302 73.13 31
Moctezumite 5r PbTe[(UO)04] P2 /¢ 7.813 7.061 13.775 93.71 32
5t [(UO)CLH,0] P2/m 5.828 8.534 5.557 97.79 33
Studtite 5s [(UOXNONH,00,1(H,0), C2/e 14.068 6.721 8.428 123356 34
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TABLE 3. STRUCTURES BASED UPON INFINITE CHAINS
Name Fig. Formula S.G. a(A) b(A) c(A) B(*) Ref.
Parsonsite 5t Pb,[(UO)(PO,).] 1 6.842 10.383 6.670 98.17 35
Hallimondite 5t Pb,[(UO,)(AsO,),(H,O), PT 7.1153  10.4780 6.8571 95.711 36
5u Cal(UO,)(Se0,),) PT 55502 6.6415  11.013 93342 37
Su St[(UO,XSe0,),] PI 5.6722 67627  11.2622 93.708 38
Sv Si{(U0,)(8e0,),]+2H,0 P2/¢ 7.3067 81239  13.651 100.375 37
5w [UOL10,}.] P2,/n 4.245 16.636 5.284 107.57 39
5x K,[(U0,),(10,),0,] PT 7.0372 77727 89851  105.668 40
5% Rb,[(U0,)4(10,),0.] P1 7.0834 7.8935 9.092 105.110 41
5x TLI(UO,),(103),0,) T 7.0602  7.9475 90175 105595 41
Sy Ba[(UQ,).(105),0,](H,0) P2je 8.062 6.940 21.67 98.05 41
5y SI{(U0,),(10,),0,](H,0) P2 /e 78140 69425 21434 99.324 41
5y Pb[(UO,),(10,),0,](H,0) P2/ 7.8441 69328 21340 99.062 41
Utanopilite 5z [(UO,}(SO,)0.{OH}(H,0),] T 8.896 14.029 14339 98.472 42

References: (1) Wolf & Hoppe (1986). (2) Loopstra & Rietveld (1969), (3) Reshetov & Kovba (1966}, (4) Sterns er al. (1986), (5)
Mereiter (1982b), (6) Krause ef al. (1993), (7) Pushcharovsky ef a/. (1996), (8) Guesdon ¢f al. (2002), (9) Tali er af. (1993), (10)
Krivovichev & Burns (2003d), (11) Almond er al. (2002a), (12) Ginderow & Cesbron (1983a), (13) Gesing & Rischer (2000), (14)
Koskenlinna et al. (1997), (15) Mistryukov & Michailov (1983}, (16) Krivovichev & Burns (2003¢), (17) Krogh-Andersen et ad. (1983),
(18) Krivovichev & Burns (2003¢), (19) Tabachenko ef af. (1979), (20) Krivovichev & Burns (2003b), (21} Ginderow & Cesbron
(1983b), {22) Serezhkin & Trunov (1981), (23) Brandenburg & Loopstra (1973}, (24} van der Putten & Loopstra (1974), (25} Zalkin
et al. (1978), (26) Serezhkin et ad. (1981a), (27) Krivovichev & Burns (20031), (28) Sykora ef al. (2002a), (29) Sykora ef al. (2002b),
(30) Krivovichev & Burns (2002a), (31) Krivovichev & Burs (2001a), (32) Swihart ef af. {1993}, (33) Taylor & Wilson (1974), (34)
Burng & Hughes (2003), (35) Burns (2000), (36) Locock er al. (2005), (37) Almond ¢7 ¢l (2002b), (38) Almond & Albrecht-Schmitt
(2004), (39) Bean ¢t al. (2001a), (40) Bean er al. (2001Db), (41) Bean & Albrecht-Schmitt (2001), (42) Burns (2001a).

the edges of the chains by sharing vertices with the
polyhedra. The structures of Ca[(UO;)(SeO3),] and
Sr[(UO,)(SeOs),] contain chains (Fig. 5u) in which
selenite pyramids assume the role of tetrahedra in the
parsonsite chain.

The chain shown in Figure 5v is known only from
Sr[(UO,)(Se03),](H,0),, and contains units similar
to those in Ca[(UO;)(Se03);,] and Sr[(UO,)(SeO3),].
These chains have the same dimers of edge-sharing
uranyl pentagonal bipyramids, with two selenite pyra-
mids that share edges with the bipyramids, but the
linkages of these units into chains differ.

The backbone of the chain found in UO,(103); (Fig.
Sw) is composed of uranyl hexagonal bipyramids that
share edges, and is thus related to the chains found in
studtite (Fig. 5s). In UO,(103),, the chains also contain
iodate pyramids that are attached to either side by
sharing edges with the bipyramids.

The chain shown in Figure 5x occurs in three uranyl
iodates, and is unusual in that it is the only chain that
contains uranyl ions in two different coordinations.
The zig-zag chain is formed by the sharing of edges
between uranyl pentagonal bipyramids and square
bipyramids, arranged such that there are dimers of

pentagonal bipyramids that are bridged by the square
bipyramids. Additional rigidity of the chain is provided
by iodate pyramids that bridge adjacent dimers of
pentagonal bipyramids, and the chain is decorated by
iodate pyramids that share only a single vertex with
the bipyramids.

The complex chain shown in Figure 5y is known
from three uranyl iodates (Table 3). The bulk of the
chain is composed of uranyl pentagonal bipyramids
that share equatorial edges, resulting in a chain that is
two bipyramids wide. Chain rigidity is enhanced by
iodate pyramids that bridge between bipyramids, and
additional iodate pyramids decorate the chain by sharing
single vertices with the bipyramids.

The chain found in uranopilite (Fig. 5z) is the most
complex chain found to date in a uranyl mineral. It
is composed of uranyl pentagonal bipyramids that
are linked by sharing equatorial edges to form six-
membered clusters. Within these clusters, two O atoms
are bonded to three uranyl ions, and all but four of the
equatorial anions that terminate the cluster are H,O
groups. Identical clusters of six bipyramids are linked
by sharing vertices with sulfate tetrahedra, such that
each tetrahedron is four-connected. Chains are linked
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FiG. 5.

Chains (and their graphical representations) of uranyl polyhedra and other polyhedra containing higher-valence cations

that occur in the structures of uranyl compounds. The corresponding compounds are listed in Table 3.

into the three-dimensional structure by H bonds, both
directly between adjacent chains, and to interstitial H;O
groups. Hydrogen bonds also extend between clusters
of bipyramids within the same chain.

STRUCTURES WITH INFINITE SHEETS OF POLYHEDRA

Structures containing infinite sheets of polyhedra
of higher bond-valence are the most abundant class in
uranyl minerals and synthetic inorganic compounds,
accounting for 204 of the 368 structures examined
herein. The dominance of sheets of polyhedra arises
from the uneven distribution of bond strengths within
uranyl polyhedra. The bond-valence requirements of
the Oy, atoms are nearly satisfied by the bond to the
U®* cation alone, thus these O atoms usually do not
form bonds to other higher-valence cations. In contrast,
the equatorial ligands of the uranyl bipyramids must
participate in additional significant bonding for a
stable configuration to result. In some cases, equatorial
ligands correspond to H,O groups that are not bonded
to additional high-valence cations. However, it is more
common for uranyl polyhedra to link to other uranyl
polyhedra or other polyhedra of higher bond-valence
through the equatorial ligands, which favors the forma-
tion of sheets.

Burns et al. (1996) and Burns (1999a) grouped
sheets on the basis of the topological arrangement of
anions within the sheet. In this approach, all anions that
are bonded to at least two cations within the sheet are
considered, and those separated by less than ~3.5 A are
connected by lines. Removal of all atoms from further
consideration results in the sheet anion-topology, which,
when projected onto a plane, is a two-dimensional tiling
of space that represents the topological arrangement of
anions within the sheet from which it was derived. The
utility of this approach is that sheets of polyhedra that
bear little immediate resemblance commonly have the
same underlying sheet anion-topology. The sheet anion-
topology is a representation of an approximate closest

packing of anions, with smaller cations populating
interstitial positions to produce the observed sheets.
As shown by Miller et al. (1996) and Burns (1999a),
the sheet anion-topologies can be assessed as stacking
sequences of a small number of distinct chains of poly-
gons, which provides a useful means of comparison of
the topologies as well as a short-hand notation. This
approach has demonstrated that some of the extraordi-
narily complex sheets recently found in minerals such
as vandendriesscheite and wolsendorfite are composed
of modules of simpler sheets found in other minerals or
synthetic compounds (Burns 1997, 1999b).

Sheets dominated by the sharing of vertices

The sheet anion-topology approach works well for
most sheets that are dominated by the sharing of edges
between polyhedra of higher bond-valence. However,
sheets connected only by the sharing of vertices
between polyhedra correspond to a myriad of complex
anion-topologies that defy usefulness. This was not a
substantial setback for Burns er al. (1996) or Burns
(1999a), but the recent discovery of many such sheets
in synthetic compounds, especially those containing
hexavalent cations in tetrahedral coordination (such as
Mo®, Cr®*, S, requires a new approach to their hier-
archical organization. To further understanding of the
relationships within sheets dominated by vertex sharing,
Krivovichev & Burns (2003j) developed a graphical
approach for the analysis of such sheets. This approach
has considerable merit, as it is generally possible to find
parent graphs that may be used to derive the graphs of
a diverse range of sheets by simple deletion of vertices
and connectors.

Krivovichev (2004) has greatly expanded the treat-
ment of Krivovichev & Burns (2003j) to include a
graphical approach to structures containing zero-, one-,
and two-dimensional units with corner-sharing between
coordination polyhedra. He developed a method of
graphical representation of these structures, and intro-
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TABLE 4. STRUCTURES CONTAINING SHEETS DOMINATED BY SHARING OF VERTICES

Name Fig.  Parent Graph Formula S.G. a (A) b(A) c(A) B(°) Ref.
6c 3636 L122b UO,(10,%(H,0) Pbhen 8452 7707 12.27] 1
6d 3636 L1/2b Cs[(U0,)($e0,),H,0H,0 Pra2, 14367 11.682  7.826 2
6f  3.63.6 Li12¢ (NH)LHUONSO)HOIH,O)Y P2l 7.783 7.403  20.918 10225 3
6h  3.63.6 L1A2d Cs,[(UOMo0,),] Pbca 11762 14.081  14.323 4
6h  3.63.6 L1:2d  Cs,[(UO,)(Mo0,),](H,0) P2l 8.2222 11.0993 13.9992 95155 4
6h  3.63.6 L1/2d K, [(UO,XMoO,),] P2l 12.269 13468 12857 9508 5
6h 3636 L1/2d Na{(UO,)(MoQ,),](H.0), P2./n 8.9023 11,5149 138151 107,743 6
6h  3.63.6 L12d Rb,[{UO)NMoO,).] P2/ 12,302 13.638  13.508 94975 7
6h 3636 L12d K, [(UOXMoO,),[(H,0) Plic 7.893 10907 13558 9870 8
6h 3636 L1I2d  Rb[(U0)N(Mo0,),IH,0) P2 ic 7967 10956 13.679 9669 9
6h 3636 L1/2d TLIUONCIO,),] Pea2, 10.977 14004  14.04] 10
6h 3636 L12d TLUO)MoO,).] Peca2, 10.7034 13.4252 13.9364 10
6i 3.63.6 L12d K[(UO)HSeO,XSe0,)] P2/n 8.4164 10.1435 9.6913 97.556 11
61 3636 L12d  RbHUO,)(HSeO,)(Se0;)] P2in 84167 10.2581 98542 96825 11
6i 3.63.6 L122d  Cs[(UO,XHSeO,)(Se0,)] P2/n 13.8529 10.6153 12.5921 101.094 11
61 3.63.6 L1/2d  TI(UO,)HSeO,)(Se0,)] P2in 8364 10.346 9.834  97.269 11
6i 3636 L1/2d  (NH)UO{Se0;),(H,Q0)ys P2,/c 7193 10368 13823 9147 12
6i 3.63.6 Ll2d  (NIL(UO,MHSeO,)(Se0;)] P2in 8.348 10326 9.929 9706 13
6 3.63.6 L12d  Na(UO,NSe0),I(H0), P2ic 8650 11.003 13879 10808 14
6k 3.63.6 L1/2e  Na,[(UO)MoO,)] P22,2, 7.2298 11.3240 12.0134 15
6] 3636 Ll2¢  Ag.(UO,)(ScO;), P2in 5.8555 65051 21.164  96.796 11
on 3636 Li12g MgU0,),(Mo0,),(H.0), Cmie2, 17.105  13.786  10.908 16
6n 3636 L12g  Za(UO,)(MoO,),(H,0), Cme2, 17.056 13786 10919 16
6p  3.6.3.6 L23e  K,[(UC)(CrO,),(H,0)IH0), P2/ 10.7417 14.529  14.1387 108.135 18§
6r  3.63.6 L3/5b  K,[(UD,)(CrO,),(H.0), P2/ 82336 18.8042 21.2413 89979 I8
6r  3.6.36 L35b Mg [(UO)(Cro)(H,0),, Pbhca 19.9206 21.0526 18.49606 19
6 3.636 L3/5b  Cay[(UO)CrO),[(H,0),, P2im 110359 17.5364 115056 11818 19
6r  3.03.6 L3/5b Cuy[(UO)((S,Cr)0,):(H;0),, Pbea 18.0586 19.9898 20.5553 20
6r  3.6.3.6 L3/5b  Zn,[(UO,L(SeO,)])(H,0),, Pbca 18.4288 19.9793 20.6901 21
6t 5.3.5.3 B-Cs,(UO,),(Mo0,), P4s/n 10.1367 16.2831 22
6t 53.53 Cs,[(U0,),(50,),] P21 9.62 8.13 23
Meta-uranocircite  6v 4.4.4.4 Ba[(UONPO,)],(H,O) P2/a 9780 9882  16.868 24
Threadgoldite ov 4444 Al[(UO,)(PONL{OH)H,0), C2/e 20.168 9847 19719 11071 25
Meta-autunite 6v 4444 Ca[(UO)PO,)]-(H,0), Pdinmm 696 8.40 26
Autunite by 4444 Ca[(UO)(PO)(H,0),, Pnma 140135 20,7121 6.9959 27
Salceite 6v 4444 Mg[(UO)PO)](H,0),, P2/ 6.951  19.947 9.896 13517 28
Abernathyite 6v 4444 K[(UONASONI(H,0), Pdimce 7176 18.126 29
Zcunerite 6y 4444 Cu[(UO,}(As0,),],(11,0),, Painne 7.1797 20.857 30
Metazeunetite 6v 4444 Cul[(UO,)}{As0,),LFLO), Pdln 7.1094 17.416 30
Torbernite 6v 4444 Cul[(UO)(PO), ), (H0),, Pd/nnc 7.0267 20.807 30
Metatorbernite 6v 4444 Cu[{UO,(PO,).]-(H,0), Pi/n 6.9756 17.349 30
6v 4444 [(UO)H( POYI(H,0), Pd/mce 6.995 17.491 31
ov 4444 KIUOMNPOH(D,0), Pd/nce 6.99379 17.7839 32
6v 4444 ND,[{UO,XPO)H](D,0), Pa/mcc  7.0221 18.0912 33
6v 4444 NH,[(UO,)(AsO,)](H,0), Pdince 7.189 18.191 29
6v 4444 KH,O[(UO,XAsO,)].(H,0), Pd/nce 7171 18.048 29
6v 4444 [(UO)D(AsO)D-O), Pdince 7.1615 17.6390 34
ov 4444 Li[{UOMAsO)ID,0), Pa/n 7.0969 9.1903 35
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TABLE 4. STRUCTURES CONTAINING SHEETS DOMINATED BY SHARING OF VERTICES

Name Fig.  Parent Graph Formula S.G. a (A) b(A) c(A) B(") Ref
6w 4444 Li,[(UO,)05) Prma 10.547  6.065 5.134 36
6w 4444 Ba[(UO,)0,] Pbem 5744  8.136 8.237 37
6w 4ddd SI[(UO,)0,] Phem 54806  7.9770  8.1297 38
6w 4444 1-[(UO)OH),] P2e 5560  5.522 6416 11271 39
6w 4444 B-[(UO,)(OH),] Phca 56438  6.2867  9.9372 40
w4444 B-Nay[(UO,)0,] Peen 11708 5805  5.970 41
6w 4444 Pb[(U0,)0,} Phem 5.536  7.968 8.212 42
6y 4444 K,(UOL)(PO,),] Pdjumc  6.985 11.865 43
7a Pb(UO,)(SeO;), Pme2, 11.9911 5.7814 11.2525 11
7b Ba[(UO,)Se0;);} PT 7.0523 74627 10.0433 108.027 44
7c K[(UOMCrO)(OH)(H,0), 5 P2 /¢ 13292 9477  13.137 104.12 45
7d Cs[{UO,)(PO,),] Pl/n 6.988 10.838 13.309 10425 46
Te (UO,)H(PO,); P2.ib 9811 20814 8.6947 47
7t (NH,)[(UO,)F(SeO,}](H,0) Pnina 8450  [3.483  13.569 48

7g [Co(H,0), ;[ (UO,)s(SO,)(H,0)]
(H,0)s Ple 27.1597 99858 22.7803 106.52 49

References: (1) Bean ef al. (2001a), (2) Mikhailov er al. (2001a), (3) Niinistd er of. {1978), (4) Krivovichev & Bums (2004c), (5)
Sadikov ef /. (1988), (6) Krivovichev & Burns (2003b), (7) Krivovichev & Burns (2002a), (8) Krivovichev er a/. (2002b), (9)
Khrustalev ez of. (2000), (10) Krivovichev et ol (2005c), (11) Almond & Albrecht-Schimitt (2002a), (12) Koskenlinna ez of. (1997), (13)
Koskenlinna & Valkenen (1996), (14) Mikhailov ef al. (2001b), (15) Krivovichey et al. (2002b), (16) Tabachenko ef al. (1983), (i8)
Krivovichev & Bums (2003¢), (19) Krivovichev & Burns (2003a), (20) Krivovichev & Burns (2004d), (21) Krivovichev & Kahlenberg
(2005), {22) Krivovichev et al. (2002a), (23) Ross & Evans (1960), (24) Khosrawan-Sazed] (1982a), (25) Khosrawan-Sazed] (1982b),
(26) Makarov & Ivanov (1960), (27) Locock & Burns (2003a), (28) Miller & Taylor (1986), (29) Ross & Evans (1964), (30) Locock
& Burns (2003b), (31) Fitch et af. (1983), (32) Morosin (1978), (33) Fitch & Cole (1991), (34) Fitch & Fender (1983), (35) Fitch er al.
(1982), (36) Gebert er af. (1978), (37) Reis ef al. (1976), {38) Loopsira & Rietveld (1969), (39} Siegel et ¢l. (1972b), (40) Taylor &
Bannister (1972), (41) Kovba (1971}, (42) Cremers ef ol (1986), (43) Linde er af. (1980}, (44) Almond er af. (2002b), (45) Serezhkina
er af. (1990), (46) Linde et af. (1978), (47) Sarin er al. (1983), (48) Blatov er of. (1989), (49) Krivovichev & Burns (2006).

duced short-hand notations for the required graphs.
His study included structures in which two adjacent
polyhedra share no more than one common vertex, and
where there is no linkage between polyhedra of the same
type. These criteria match many of the sheets containing
uranyl polyhedra that are dominated by vertex sharing
(Table 4), and Krivovichev (2004) arranged these struc-
tures on the basis of their graphs, together with coverage
of non-uranium structures.

Krivovichev (2004) defined the connectedness, s,
of a polyhedron as the number of adjacent polyhedra
with which it shares common corners. Consider the
graph shown in Figure 6a. It contains black circles and
white circles. Each black circle is connected to six white
circles, and white circles are connected to three black
circles. The elementary unit of the graph is a rhomb that
contains two black and two white circles. The values of
s at the nodes of the rhomb written in cyclic order are
{3.6.3.6}, which may be used to designate the graph.
Krivovichev (2004) denoted the {3.6.3.6} graph as a

parent graph because a series of graphs may be derived
from it, which correspond to known structures, by
simply deleting connectors or vertices, together with
all of their associated connectors in the case of deleted
vertices. In the case of the {3.6.3.6} graph, Krivovichev
(2004) found 34 derivative graphs that correspond to
known structures, with M:T ratios of 1:2,2:3,4:3, 13:18,
3:8, 5:8, 3:5, and 1:1 (where M represents non-tetrahe-
dral polyhedra such as uranyl pentagonal bipyramids,
and T corresponds to tetrahedra). Krivovichev (2004)
provided a designation for the graphs of the general
form L M/T ¢, where L designates that the graph is a
sheet, M/T gives the ratio of non-tetrahedral polyhedra
to tetrahedra, and c is an alphabetic designator used to
distinguish various graphs with the same M/T ratio.
Several sheets considered by Krivovichev (2004)
and herein have either Se**O; or I>*O; polyhedra. In
these cases, the cations contain stereoactive lone pairs
of electrons that occur in the position of the fourth
vertex of a distorted tetrahedron. For the purposes of
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FIG. 6. Sheets (and their graphical representations) of uranyl
polyhedra and other polyhedra containing higher-valence
cations that are dominated by the sharing of vertices. The
corresponding compounds are listed in Table 4.
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the current discussion, Se**O; and I*O3 polyhedra are
treated as tetrahedra.

Twenty-nine uranyl compounds contain sheets
with corresponding graphs that are derived from the
{3.6.3.6} parent graph (Table 4). Polyhedral repre-
sentations of each distinct sheet, together with their
corresponding graphs, are shown in Figure 6.

Two sheets are known that correspond to the
graph L1/2b (Fig. 6b). The sheet in the structure of
[UO,(I103)2(H,0)] contains uranyl pentagonal bipyra-
mids and I°*O3 pyramids. The sheet in Cs,[(UO,)
(Se04)2(H,0)](H,0) is composed of uranyl pentagonal
bipyramids and selenate tetrahedra. In each case the
bipyramids are only connected to four tetrahedra, and
the fifth equatorial vertex of the bipyramid is occu-
pied by H,O. Each tetrahedron is connected to two
bipyramids.

The structure of (NH4)2[(UO,)(SO4)2(H>0)](H,0)
contains the sheet shown in Figure 6f, which is based
upon the L1/2¢ graph shown in Figure 6e. The
bipyramids share equatorial vertices with four sulfate
tetrahedra, and H,O is present at the fifth equatorial
vertex of the bipyramid. As in L1/2b, each tetrahedron
is connected to two bipyramids. Sheets based upon
graphs L1/2b and L1/2c differ in the orientation of the
bipyramids and the unshared equatorial vertices of the
bipyramids. Sheets based on L1/2b have all unshared
vertices of the bipyramids extending in the same direc-
tion, but these vertices alternate in opposite directions in
the case of sheets based upon L1/2¢ (Figs. 6d, f).

Twenty-three structures contain sheets with a M:
T ratio of 1:2; they contain twice as many tetrahedra
as uranyl pentagonal bipyramids. Sixteen correspond
to the graph designated L1/2d by Krivovichev (2004)
(Table 4). Of these, eight have molybdate tetrahedra
(Fig. 6h) and seven contain selenite pyramids or
selenate tetrahedra (Fig. 61), and all but three crystallize
in space group P2,/c or P2/n. Each uranyl pentagonal
bipyramid in the uranyl molybdate and uranyl selenite
or selenate sheet shares vertices with five distinct
tetrahedra, but tetrahedra are linked either to two or
three bipyramids. The connectivity of the tetrahedra
traversing around the bipyramids is 2-3-3-2-3 in each
case. All known structures containing this sheet have
monovalent cations in the interlayer regions, where H,O
also occurs in some cases.

The structures of Na,[(UO,)(Mo0Oy),] and Ag,[(UO,)
(Se03),] contain sheets based upon the L1/2e graph
shown in Figure 6j. Examination of the sheets shown in
Figures 6k and 61 shows that each bipyramid is linked
to five tetrahedra, and that tetrahedra are connected
to either two or three bipyramids. The connectivity
of the tetrahedra traversing around the bipyramids is
2-2-3-3-3 in both cases, which differs from L1/2d, for
which the connectivity is 2-3-3-2-3.

The isostructural compounds Mg[(UO,)3(M0QO4)4]
(H,0)g and Zn[(UO,)3(Mo004)4](H,0)g contain the
uranyl molybdate sheet shown in Figure 6n that is based
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upon graph L1/2g (Fig. 6m). In these structures, the
uranyl dimolybdate sheets are connected through uranyl
pentagonal bipyramids located in the interlayer, resulting
in frameworks. They are included here as sheets because
the fundamental portion of the structure corresponds to
a graph whose parent is {3.6.3.6}. Within the sheet, each
bipyramid is linked to five tetrahedra, and tetrahedra
are either connected to two or three bipyramids. The
connectivity of the tetrahedra traversing around the
bipyramids is 2-3-3-2-3, which is identical to graph
L1/2d. The distinction between sheets based upon
graphs L1/2g and L1/2d lies in the specific bipyramids
to which each tetrahedron bridges.

The uranyl chromate sheet in the structure of
K5[(UO2)2(Cr0O4)3(H20),](H20)4 (Fig. 6p) is the only
example of a uranyl compound with a sheet based upon
the graph designated L2/3e (Fig. 60). This is a relatively
open sheet in which each bipyramid is linked to four
tetrahedra, with the fifth vertex of the bipyramid corre-
sponding to H,O. Of the four tetrahedra that are linked
to any bipyramid, two bridge between two bipyramids
and two are connected to three bipyramids.

Five structures contain sheets that are based upon
the graph designated L3/5b (Fig. 6q). Each contains
a uranyl chromate sheet with a bipyramid-to-tetrahe-
dron ratio of 3:5 (Fig. 6r). All bipyramids share their
five equatorial vertices with five tetrahedra, and all
five of the tetrahedra are connected to three different
bipyramids.

The structures of B-Cs;[(UO7)2(Mo004)3] and
Cs[(UO2)2(S04)3] contain identical sheets (Fig. 6t),
and are the only known uranyl compounds that are
based upon graphs derived from a parent graph with
the connectivity {5.3.5.3}3{5.3.5.3} (Fig. 6s) (Krivovi-
chev 2004). Each bipyramid in this sheet is linked to
five tetrahedra, of which three of the tetrahedra are
connected to three bipyramids and two are linked to
four bipyramids.

The {4.4.4.4} graph shown in Figure 6u corresponds
to the autunite anion-topology of Burns et al. (1996).
The autunite-type sheet shown in Figure 6v is formed
by uranyl square bipyramids and tetrahedra that are
connected by sharing vertices, such that each bipyramid
is connected to four tetrahedra, and each tetrahedron is
linked to four bipyramids. Structures of the autunite
and meta-autunite groups contain this sheet, with either
phosphate or arsenate tetrahedra. The sheet is based
upon the autunite anion-topology that is composed of
squares that share vertices and edges (Burns et al. 1996).
This is a large family of structures, with 17 refined thus
far, of which 10 correspond to minerals. The structures
vary considerably in the occupation and connectivity
of their interlayer constituents (e.g., Locock & Burns
2003a, d). The minerals of this group are commonly
associated with uranium deposits containing phosphate,
and have a significant impact upon uranium mobility in
such situations due to their low solubilities (Murakami
et al. 1997). Current studies are addressing the possi-
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bility that enhanced formation of autunite-group
minerals in the subsurface may reduce uranium mobility
in the vadose zones of contaminated sites.

The sheet of vertex-sharing uranyl square bipyramids
shown in Figure 6w is also based upon the {4.4.4.4}
graph presented in Figure 6u. This sheet occurs in
seven structures (Table 4). In five cases, the structures
are anhydrous, and sheets are connected by bonds to
interlayer cations including Li, Ba, Sr, Na and Pb. In
v-UO2(OH); and B-UO,(OH),, all of the equatorial
vertices of the uranyl square bipyramids are occupied by
hydroxyl groups, and linkages between adjacent sheets
are assured through H bonds only.

The structure of K4[(UO;)(POy4),] contains the
unusual sheet of uranyl square bipyramids and phos-
phate tetrahedra shown in Figure 6y. This sheet can be
obtained from the autunite sheet (Fig. 6v) by deleting
every second bipyramid. The sheet contains twice as
many tetrahedra as bipyramids, each bipyramid is linked
through its equatorial vertices to four tetrahedra, but the
tetrahedra are only connected to two bipyramids.

Miscellaneous sheets based upon uranyl pentagonal
bipyramids and tetrahedra (or Se**O3 pyramids) domi-
nated by single linkages between polyhedra are shown
in Figure 7. The structures of Pb[(UO,)(SeO3),] and
Ba[(UO,)(Se03),] contain sheets with identical compo-
sitions, but different connections between polyhedra
(Figs. 7a, b). In both sheets, each bipyramid is linked
to four different SeO3 pyramids, three by the sharing
of a single vertex, and one by sharing an edge. Half
of the SeOs3 groups are linked to two bipyramids only
by sharing single vertices (designated A), whereas the
other half are connected to one bipyramid by sharing
a vertex, and another by sharing an edge (designated
B). The distinction between the two sheets lies in the
arrangement of these two types of SeOs groups. In the
sheet shown in Figure 7a, a circuit about any bipyramid
involves the sequence ABAB, whereas the circuits in the
sheet in Figure 7b involve the sequence AABB.

The structure of K[(UO;)(CrO4)(OH)][(H,0); 5
contains dimers of edge-sharing uranyl pentagonal
bipyramids, and all of the equatorial vertices of the
bipyramids that are not shared within the dimer are
linked to chromate tetrahedra (Fig. 7c). Each tetrahedron
is connected to three different dimers of bipyramids.

The structures of Cs[(UO;)(POs)s] (Fig. 7d) and
[(UO,)H(PO3)3] (Fig. 7e) are closely related in that
each contains sheets of uranyl pentagonal bipyramids
and phosphate tetrahedra, with groups of tetrahedra
linked by vertex sharing. In Cs[(UO,)(POs)s3], three
phosphate tetrahedra are linked, and non-bridging O
atoms are shared with four different bipyramids. All
of the equatorial vertices of the bipyramids are shared
with tetrahedra. In [(UO,)H(PO3)3], phosphate tetra-
hedra are linked into dimers and trimers, and only four
of the equatorial vertices of the bipyramids are shared
with tetrahedra.

THE CANADIAN MINERALOGIST

The structure of (NH4)[(UO,)F(SeOy4)](H,0) is
based upon the uranyl selenate sheet shown in Figure 7f.
The sheet contains uranyl pentagonal bipyramids
that are linked into chains by the sharing of a single
vertex between adjacent bipyramids. According to
Blatov et al. (1989), the vertices shared between the
bipyramids correspond to F, which is uncommon in
uranyl compounds. The three equatorial vertices of
the bipyramids that are not shared within the chain are
linked to selenate tetrahedra. Each selenate tetrahedron
is connected to three bipyramids of two chains, resulting
in the uranyl selenate sheet. It is interesting to note
that this is the only known sheet that involves uranyl
pentagonal bipyramids and tetrahedra in which the
bipyramids are linked by sharing single vertices.

The structure of Co(H,0)6[(UO»)5(SO4)5(H,0)]
(H,0O)s contains the complex sheet of uranyl pentagonal
bipyramids and sulfate tetrahedra shown in Figure 7g.
The structure has two types of bipyramids; those that
share all five, and those that share only four of their
equatorial vertices with sulfate tetrahedra. In the latter
case, the fifth equatorial vertex of the bipyramid corre-
sponds to H,O. There are three types of tetrahedra
in the sheet, which share two, three, or four of their
vertices with bipyramids. The inclusion of H,O in an
equatorial position of some of the bipyramids, as well
as the connection of some sulfate tetrahedra to only two
bipyramids, results in small pores within the sheets of
polyhedra.

Sheet anion-topologies containing
triangles and pentagons

Those structures based upon sheet anion-topologies
containing only triangles and pentagons are presented
in Table 5 and Figure 8. Only five such topologies have
been found in structures, and in all but one case, all
of the pentagons of the anion topologies are occupied
with uranyl ions, giving uranyl pentagonal bipyramids,
whereas the triangles remain vacant. Thus, the sheet
anion-topologies in Figure 8 represent five distinct
types of sheets composed only of uranyl pentagonal
bipyramids.

Protasite anion-topology: The protasite anion-
topology (Fig. 8a) is the basis for two distinct types
of sheet. Population of each pentagon of the anion
topology with a uranyl ion results in the well-known
a-U;30s-type sheet of edge-sharing uranyl pentagonal
bipyramids (Fig. 8b). This sheet is the basis of seven
known uranyl oxide hydrate minerals, as well as four
synthetic phases. The sheet topology is compatible with
a variety of interlayer constituents, including Pb, Na, K,
Ca, Sr, Ba and Cs. The net charge of the sheet is vari-
able, as there are four distinct distributions of hydroxyl
ions known for this anion topology (Fig. 9).

Three uranyl sulfates are known that contain a sheet
based upon the protasite anion-topology (Fig. 8c). In
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Fic. 7. Miscellaneous sheets of uranyl polyhedra and other polyhedra containing higher-valence cations that are dominated by
the sharing of vertices. The corresponding compounds are listed in Table 4.
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FiG. 8. Sheets (and their anion-topologies) of uranyl poly-
hedra and other polyhedra containing higher-valence
cations that are based upon anion topologies containing
triangles and pentagons. The corresponding compounds
are listed in Table 5.
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this sheet, uranyl pentagonal bipyramids are connected
by sharing vertices with sulfate tetrahedra, such that
each bipyramid and each tetrahedron is four-connected
within the sheet.

Na[(UO»)40,(0OH)s](H20), anion-topology: The
structure of Na[(UO,)40,(OH)s](H,0),, which was
obtained by mild hydrothermal synthesis, represents
the first occurrence of its underlying sheet anion-
topology (Fig. 8d). The composition of this sheet
is distinct from any known sheet with the protasite
anion-topology, despite the fact that it is composed
only of uranyl pentagonal bipyramids. The sheet in
Na[(UO,)40,(0OH)5](H,0); is closely related to that of
Ca[(UO,)403(0OH)4](H,0),, as outlined below.

Fourmarierite anion-topology: The fourmarierite
anion-topology (Fig. 8f) is the basis of topologically
identical sheets found in fourmarierite, schoepite, and
metaschoepite. The sheets in each mineral are arrange-
ments of uranyl pentagonal bipyramids; in fourmari-
erite, the sheets have a net negative charge, whereas
those in schoepite and metaschoepite are electroneutral.

THE CANADIAN MINERALOGIST

In fourmarierite, Pb?* cations and H,O groups occupy
interlayer positions, but the interlayers of schoepite
and metaschoepite contain only H,O. In a study of the
crystal chemistry of fourmarierite, Li & Burns (2000a)
found evidence for significant variability of both the
amount of Pb in the interlayer, and the OH content
of the sheets. Li & Burns (2000a) also synthesized a
crystal intermediate in composition between schoepite
and fourmarierite, suggesting that a solid-solution series
involving a coupled substitution is possible between
these minerals. Li & Burns (2000a) proposed the
general formula Pb(1,x)[(U02)4O(3,2X)(OH)(4+2);)](H20)4
for fourmarierite.

Vandendriesscheite anion-topology: The vanden-
driesscheite anion-topology is the most complex
topology known that contains only pentagons and
triangles (Figs. 8h, i). The sheet is truly extraordinary
in that it contains a 41 A primitive repeat-distance, a
reflection of the complex arrangement of pentagons and
triangles in its corresponding anion-topology. Notably,
there are several simpler topologies that are also based

TABLE 5. STRUCTURES CONTAINING SHEETS BASED UPON ANION TOPOLOGIES
CONTAINING TRIANGLES AND PENTAGONS

Name Fig. Formula S. G. a (A) b (A) ¢ (A) B(°} Ref
Protasite 8b  Ba[(UO,),0,(0H),](H,0), Pn 12.2949 7.2206 6.9558 90.401 I
Billietite 8b  Ba[(U0,),0,(0H),],(H,0), Pbn2, 12.0720 30.167 7.1455 t
Becquerelite 8 Ca[(UO,),0,(0H),[,(H,0), Pn2a 13.8527 12,3629 14.9297 2
8b 81 ,[(U0,),0; 5,(OH), 4] (H,0), P3 7.020 6.992 2
8b CSS[(Uoz)mOT(OH)ls](HzO)} /3 14.124 22.407 3
8b  Na,[(UO,),04(OH),] P2/n 7.0476 114126 12,0274 90.563 4
Richetite 8b  (Fe,Mg) Pb, [(UO,),0,(OH) ,1,(H,0),, £l 20.939 12.100 16.345 11537 5
Agrinierite 8b K, (CaysS155)[(UO,),0,(OH), (H 0 F2mm 14.094 14.127 24.106 6
Masuyite 8b  Pb[(UG,),0,(0OH),](H,0), Pn 12.241 7.008 6.983 90.40 7
Compreignacite 8b  K,[(UO,);0,(0H),],(H,0), Pnnm 14.859 7.175 12,187 8
8b a0, C2imm 6.716 11.960 4.147 9
8¢ Mg[(UO,)(S0,),](H,0), C2le 11.334 7.715 21.709 102.22 10
8¢ {(UO)(S0),1H,(H,0) C2e 11.008 8.242 15.619 113.71 It
Sc K [UOSO,),1(H,0), Pnma 13.806 11.577 7.292 12
8¢ Na[(UO,),0,(OH);])(H,0), PT 8.0746 84633 112181 87492 13
Fourmarierite 8¢  Pb[{UO,),0,(0OH),](H,0), Bb2\m 13.986 16.400 14.293 14
Mectaschoepite 8g  [(LO,),0(0H)J(H,0)s Pbem 14.6861 13.9799  16.7063 15
Schoepite 8¢ [(UV0,),0(0H),,J(H0),, P2ca 14.337 16.813 14.731 16
Vandendriesscheite 81 Pb, . [(UO,),,0,(OH}, J{ILOY,, Phea 14.116 41.378 14535 17
8k 0-Cs,[(UO,),0;] C2/m 14.528 4.2638 7.605 112. 18
8k p-Cs,[{UO,),0,] C2/m 14.615 4.3199 7.463 113.78 18

References: (1) Pagoaga ef al. (1987), (2) Burns & Li (2002), (3) Hill & Burns (1999), (4} Li & Burns (2001a), (5) Burns (1998b), (6)
Cahill & Burns (2000}, (7) Burns & Hanchar (1999), (8) Bumns (1998c), (9) Loopstra (1977), (10) Serezhkin ef al. (1981b), (11) Alcock
etal. (1982), (12) Niinists ezl (1979), (13) Burns & Deely (2002), (14) Piret (1985), (15) Weller ef al. (2000, (16) Finch ez al. (1996),

(17) Burns (1997), (18) van Egmond (1976b).
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FiG. 9. Observed distributions of OH groups within the protasite anion-topology. The
locations of OH groups are indicated by open circles. Vertices in the anion topology
that are not marked by circles correspond to O atoms.

upon pentagons and triangles, and factors that result
in the stabilization of the complex vandendriesscheite
sheet are unclear. However, the sheet is related to a
simpler sheet that contains only uranyl pentagonal
bipyramids. Using an approach involving stacking
sequences of chains of polygons, Burns (1997) showed
that the vandendriesscheite anion-topology is built
of modules of the much simpler protasite (a-U3Og)
anion-topology.

Cs2[(UO3),03] anion-topology: The structures of
the alpha and beta polymorphs of Cs;[(UO;),03] each
possess sheets of uranyl pentagonal bipyramids (Fig. 8k)
that are based upon the sheet anion-topology shown in
Figure 8j. Each of the pentagons in the anion topology
share three of their edges with adjacent pentagons, and
all of the pentagons are populated by uranyl ions in the
observed sheets. The sheet contains a zig-zag chain of
edge-sharing pentagonal bipyramids that is two poly-
hedra wide (vertical in Fig. 8k), topologically identical
to that in the zippeite sheet (see below, Fig. 11v). Unlike
in the zippeite sheet, these chains are linked by sharing
of edges between bipyramids of adjacent chains. The

triangles of the topology are vacant, and the Cs cations
are located between the sheets of polyhedra.

The distinction between the various sheets
containing only uranyl pentagonal bipyramids is most
apparent in the distribution of the triangles within
the sheet anion-topology, which remain vacant in the
populated sheets. In the case of the protasite anion-
topology and derivative sheets, each triangle is isolated
from the others and points in the same direction. In
Na[(UO,)402(OH)s](H20),, the triangles occur in pairs
that share a vertex, resembling bowties, and there are
two distinct orientations of bowties. The fourmarierite
anion-topology also contains triangle bowties, but differs
from Na[(UO,);,0,(OH)s](H,0); in that each is oriented
in the same direction. The vandendriesscheite anion-
topology contains both isolated triangles and triangle
bowties; all bowties are aligned, whereas the isolated
triangles occur in two orientations. The Cs;[(UO;),0s]
anion-topology contains pairs of triangles that share an
edge, giving a flattened rhomb.

The uranyl oxide hydrates based upon sheets of
uranyl pentagonal bipyramids are the first minerals



1860

to form where uraninite, UO,,,, is altered in a moist,
oxidizing environment (Finch & Ewing 1992). Studies
of natural analogues, as well as laboratory-scale simu-
lations, have also demonstrated that several of these
minerals form where spent nuclear fuel is altered in an
oxidizing environment in the presence of water, similar
to conditions expected in the proposed geological repos-
itory for nuclear waste at Yucca Mountain, Nevada (e.g.,
Pearcy et al. 1994, Finn et al. 1996, Finch ef al. 1999a).
Recently, Burns et al. (2004a) showed that Np* is
incorporated into synthetic powders of the Na analogue
of compreignacite, which supports the hypothesis that
formation of such minerals in a geological repository
may impact the future mobilities of key radionuclides.

Sheet anion-topologies containing triangles,
squares and pentagons

Seventy-one uranyl compounds are known that
contains sheets that are based upon anion topologies
containing triangles, squares and pentagons. In all cases
at least some of the pentagons are populated by uranyl
ions; thus all sheets in this class contain uranyl pentag-
onal bipyramids. The triangles of the anion topologies
are occupied by BO;3 groups in two structures, and by
the face of a tetrahedron in many structures. The square
sites of the anion topologies provide coordination envi-
ronments for cations in square pyramidal or octahedral
coordination.

Uranophane anion-topology: The uranophane
anion-topology is elegant in its simplicity (Fig. 10a). It
contains chains of edge-sharing pentagons that are sepa-
rated by chains of edge-sharing triangles and squares.
This anion topology is the basis for a chemically diverse
group of compounds that includes the important group
of the uranophane minerals. In all but two of the repre-
sentative structures, the pentagons are all populated by
uranyl ions, giving pentagonal bipyramids. In the case
of ulrichite, half of the pentagons are populated by Ca,
and half of the pentagons contain Na in Nass5(UO3)3
(Hp sPO4)(POy)s, but the Na is not considered to be part
of the structural unit for the purposes of illustration in
Figure 10h. There are 17 structures known that contain
sheets based upon the uranophane anion-topology, of
which 11 are minerals; they are grouped in Table 10
(see below) according to the specific population of the
topology.

In the compounds Na[(UO,)(BO3)] and Li[(UO,)
(BO3)], the triangles of the uranophane anion-topology
are populated by BO3; groups (Fig. 10b). These anhy-
drous compounds are readily synthesized at elevated
temperatures, and contain topologically identical
sheets.

The uranophane-group minerals are uranyl silicates
that have sheets based upon the uranophane anion-
topology. In each case, the triangles of the topology
correspond to the faces of silicate tetrahedra, but three
graphical isomers of the uranyl silicate sheet are known
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to occur because of different orientations of the silicate
tetrahedra. This may readily be seen by examining the
sheets given in Figures 10c—e, with emphasis on the
orientation of the apical, non-bridging, O or OH groups
of the silicate tetrahedra. The structure of oursinite,
which was only recently reported, represents a new
graphical isomer. With the exception of kasolite, all of
the uranophane-group minerals with known structures
contain acid silicate groups, where the hydroxyl group
is non-bridging within the sheet.

Studies of natural analogues (Pearcy et al. 1994),
as well as laboratory simulations (Wronkiewicz et al.
1992, 1996, Finch et al. 1999a) have shown that altera-
tion of spent nuclear fuel in the proposed geological
repository at Yucca Mountain, Nevada, will likely result
in the formation of uranophane and boltwoodite. Burns
et al. (1997b) argued that these minerals may incorpo-
rate various radionuclides released from the nuclear
waste, and as such, they may have an impact upon rates
of radionuclide release from the proposed repository.
Using crystals of natural boltwoodite, Burns (1999c¢)
ion-exchanged Cs into interlayer positions of the
structure by treating crystals with solutions containing
CsCl at elevated temperatures. Notably, ion exchange
was accomplished for single crystals that remained
intact even following exchange, and ion exchange was
demonstrated by structure solution for a treated crystal.
This was the first demonstration of ion exchange in a
single crystal of a uranyl mineral, and demonstrated that
radioactive Cs can be accommodated in the interlayer
region of boltwoodite. Recently, Burns et al. (2004a)
showed that Np>* is incorporated into powders of
uranophane synthesized at pH ~5 and 100°C, conditions
similar to those expected in the proposed repository
at Yucca Mountain where water may first contact the
nuclear waste.

The structure of ulrichite was recently revisited by
Kolitsch & Giester (2001); this work confirmed many
of the earlier-reported aspects of the structure, but
provides a new space-group assignment and signifi-
cantly improved precision of the structural parameters.
Ulrichite contains a sheet that is based upon the urano-
phane anion-topology, with half of the pentagons popu-
lated by uranyl ions, and the other half populated by
Cadsg polyhedra (Fig. 10f). The triangles of the topology
are populated by phosphate tetrahedra.

The structure of umohoite was once considered
to contain sheets of uranyl hexagonal bipyramids
(Makarov & Anikina 1963). A redetermination of
the structure revealed a new uranyl molybdate sheet
that is based upon the uranophane anion-topology
(Krivovichev & Burns 2000a). Each pentagon in the
anion topology is populated by a uranyl ion, giving
uranyl pentagonal bipyramids, and the squares of the
topology are equatorial vertices of distorted Mods
polyhedra (Fig. 10g), and the non-sheet ligand is H,O.
The interlayer of the structure contains only H,O, with
the sheets connected by H bonds.
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Table 6.

The structures of K,[(UO,),03], [H2(UO3)304],
[(UO3)(CuOy)], schmitterite, and K[(UO,)(NbOy)]
all contain sheets based upon the uranophane anion-
topology, in which all pentagons are occupied by uranyl
ions, and the squares of the topology are occupied by
various cations (Figs. 10i-m). In K,[(UO,),05] (Fig. 10i)
and [Hy(UO,)304] (Fig. 10j), uranyl ions populate the
squares of the anion topology, resulting in uranyl square
bipyramids, with all squares occupied in K,[(UO,),03]
and only half of the squares occupied in [Hy(UO3)304].
Schmitterite is unusual in that it is the only uranyl
tellurite with a structure based upon the uranophane
anion-topology (Fig. 101). Each square contains Te*
in a highly distorted pyramidal geometry owing to the
stereoactive lone-electron pair on the cation.

FiG. 10.  Sheets of uranyl polyhedra and other polyhedra containing higher-valence cations
(and their anion topologies) that are based upon the uranophane anion-topology and that
contain triangles, squares, and pentagons. The corresponding compounds are listed in

A substantial family of synthetic uranyl phosphate
framework structures has recently been discovered
that contains sheets based upon the uranophane anion-
topology, with the triangles populated by the faces of
phosphate tetrahedra. Uranyl polyhedra in the inter-
layer regions provide direct connections between the
sheets, and this family of structures is included with
the framework structures discussed below (see below,
Figs. 15m-o).

Francevillite anion-topology: The francevillite
anion-topology (Fig. 11a) consists of pairs of edge-
sharing pentagons and edge-sharing squares as well
as triangles. Twelve structures are known in which
sheets are based upon this anion topology, of which
four are minerals (Table 6). In all of the sheets, each
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TABLE 6. STRUCTURES CONTAINING SHEETS BASED UPON ANION TOPOLOGIES
WITH TRIANGLES, SQUARES AND PENTAGONS

Name Fig. Formula S.G. a(A) b(A) c(A) B() Ref
10b  Na[(UO.)(BO)] Peam 10.712 5.780 6.862 I
10b  Li[(UO,)(BO,)] P2jc 5.767 10.574 6.835 105.04 2
a-uranophane 10c  Ca[{UOXSIOOH)L(H,O), P2, 15.909 7.002 6.665 97.27 3
Boltwoodite 10c (K, s,Na, - )[(UO,XSIO,0H)(H,0), 5 FP2/m 7.077 7.060 6.648 104.98 4
10c  Cs[(UO,)(Si0,0H)], P2,/m 7.4038 70774 66366 104314 5
Cuprosklodowskite 10¢  Cu[(UO,}SiO,0H)],(H,0), Pl 7.052 9.267 6.655 89.84 6
Sklodowskite 10 Mg[tUO,)Si0,0H)],(H.0), C2m 17382 7.047 6.610 105.9 7
Kasolite 10¢  Pb[(UO,)(Si0,)}(H,0) P2/ 6.704 6.932 13.252 104.22 8
10c Mg [(UO,)(AsO,)].(H.0), C2im 18.207 7.062 6.661 99.65 9
Oursinite 10d  Co[(UO)Si0;01)],(11.0), Cmicu 7.0494 17.550 12.734 10
B-uranophanc 10¢  Ca[{UO,XSi0,0H)},(H,0), P2/a 13.966 15.443 6.632 91.38 Il
Ulrichite 10f  CaCu(UO,)PO,},*4H,O P2/ 12.784 6.996 13.007 91.92 12
Umohoite 10g  [(UO,)MoO,(H,0)](H,0) PT 6375 7529 14.628 8595 13
10h  Nag(UO,),(H, PO NPO,), Pl 6.675 6.922 10.732 82.29 14
100 K,[(UO,),0,] P2, 6.931 7.690 6.984 109.69 15
10]  [Hy(UO,)0,] FT 6.802 7417 5556 1255 16
10k [(UO)Cu0y,)| PT 6.516 7614 5.615 125.18 17
Schmitterite 101 [(UOXTeOy] Pea2, 10.161 5.363 7.862 18
10m K[(UOQ,KNBO,)] Pcah 7.579 11321 15259 19
Francevillite T1b  Bay Py o [(UO.),(V,0,)(H,0). Pean 10.419 8.510 16.763 20
Curienite 11b  Pb{(UO,)AV,0)[(H,0), Pcan 10.40 8.45 16.34 21
Uranosphacritc 11b [Bi(UQ,)O,0H] P2/n 7.559 7.811 7.693 9288 22
11b  K,[(UO,).(V,0,)] P2 la 10.47 8.41 6.59 103.8 23
Sengierite 11 Cu,[{UO,),(V,0,)OH),(H,0), P2\/a 10.599 8.093 10.085 103.42 24
11b  Ni[(UO,),(V,0.)](H,0), Pnam 10.60 8.25 15.12 25
11 Cs,[{UON(V.0] P2/a 10.521 84369 7308 10608 26
b Cs,[{UO,),(Nb,O)] P2/c 7.430 8.700  10.668 105.08 27
11b K, [(UO,),(Cr0,)] P2 s 6.5483 83548 104200  105.040 28
11b  Rb,[{(UO,1(Cr,04)] P2/ 6.8677 8.3599 104625  106.004 28
11b Cs,;[(UO,)(Cr00] P2,/c 7.2643 8.3803  10.5100 106399 28
11b Mg, [(UO,),(Cr,0))(H,0), Pram 10.5825 15.1337 8.1425 28
11d B-U,0, Cmem 7.069 11.445 8.303 29
Wyartite 11d  Cal*'(UO,),(CO5)0,(OH)Y(H,0), P2,2.2, 11.271 7.105 20.807 30
Tanthinite 11d  [U,*(U0,),040H),(H,0),](H,0, P2,ca 7178 11473 3039 31
Spriggite 11d  Pb,[(UO,),040H),|(H,0), C2c 28.355 11.990 13.998 104.248 32
Iriginite 111 [(UO,)Mo,0(H,0),](H.0) Phcm 6.705 12.731 11.524 33
11f [(UO,)Mo,0,(H,0),] C2/e 35.071 6.717 11513 90.069 34
L [Ca(UO)Mo,0.),] P2/n 6.651 8.236 11.447 90.44 35
Sayrite 1Th  Pb,[(UO,)0,(OH),{H,0), P2//c 10.704 6.960 14.533 116.81 36
1k K, [(UO,)0,(UO,), Pham 6.945 19.533 7.215 37
11j  [Pby(UOL), 0. Pmmn  28.459 83790 6.7650 38
1§ [Sr(UOY,0,4] Pmmn 28.508 83806  6.7333 39
11 Sr, (H,00.[(UO,),0;5 :(OH), 15]» Pram 12314 12.961 8.404 40
Curite 111 Pby[(UD,),0OH),J(H0), Pram 12.551 13.003 £.390 41
1o K (UO,),,O4 OH) HH,0) Pn 13.179 20.895 13.431 106.32 42
11p  Caf(UO,),0,(0H),J(H,0), PT 8.0556 8.4214  10.958 87.922 43
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TABLE 6. STRUCTURES CONTAINING SHEETS BASED UPON ANION TOPOLOGIES
WITH TRIANGLES, SQUARES AND PENTAGONS

Name Fig. Formula S.G. a(A) b(A) c(A) B() Ref
T Cs,[(U0,),0,] Phcn 18.776 7.070  14.958 44

Vandenbrandeite 11t [(UO,)CuW(COH),] Pl 7.855 5.449 6.089 101,90 45
Zippeite 11v Ky (H,0):{(UO,),(S0,),0,(OH)] c? 8.7524 139197 17.6972 104178 46
“Na zippeite” 11v Na,(H,0),,[(UO,),(S0,),0(0H),] P2,/n 17.6425 14,6272 17.6922 104461 46
“Mg zippeite” 1lv Mg(H,0), J[(U0,)},(S0,)0:] C2m 8.6514 141938 17.7211 104131 46
“Zn zippeite” v Zn(H,;0), {(UO)(S0,)0,] C2m 8.6437 14.1664  17.701 104.041 46
“Co zippeite” 11y Co(H,0),[(U0,),(50,)0,] C2/im 8.650 14252 17.742 104.092 46
Marecattite 11y Mgy(H, 04 [(U0,),0(0HNSO,)],(H,0),, Pl 10.815 11249  13.851 72412 47
1lv  (NH,),(H,0)[(UO,),(S0,)0.], C2m 8.6987 14.166  17.847 104117 46

1y (NH),[(UOL(S0)0,] Crmca 14.2520 8.7748  17.1863 46

v Mg,(H;0),[(UO,),(S0.)0.], P2 /¢ 8.6457 17.2004 184642 102,119 46

1x Ky(COLWO)0 P2,/n 8.083 28.724 9.012 102,14 48

11x  Rby(UO.),(WO,)O P2,/n 8.234 28.740 9378 10459 48

11x  TL[(UO,),0(MoO;)] P2/n 82527 285081 91555  104.122 49

1z K (UO)HAVO,),0s P2Jc 6.856 24797 7.135 9879 50

11z NagUO,)(VO,),0; P2 e 12.584 24361 7.050 100.61 50

11z 0-Rb,U.Y,0s C2e 24.887 7.099 14376 103.92 51

1z B-RbUsV,0,, P2/n 7.1635 14.079 24965 9023 5l

1lab K (i0,)(Mo0.),0, Pan 23488 6.7857 52

11ad [Mg(UO,)(B,05)] Pcam 9.747 7315 7911 53

Waolsendorfite 11af Pb, ;Bag,[(U0,),0(CH)YI(H,0) Crnem 14.131 13.885  55.969 54
11ah Cs,[{UQ,)};0(Mo0Q,),(MoOy)] Pl 7.510 7.897 9.774 81269 355

18] Ag,[(U0),0(M0,0s,)] Cie 24672 23.401 6.7932 94985 56

11aj Na,[(UO,);04Mo0,0,0)] e 24.359 23.506 6.8028 9485 56

Tal Ky(UGO),{Mo0,)0, P2/c 8.250 15.337 §.351 104,75 57

References: (1) Gasperin (1988), (2) Gasperin (1990), (3) Ginderow (1988). (4) Burns (1998d), (5) Burns (1999¢), (6) Rosenzweig
& Ryan (1975), (7) Ryan & Rosenzweig (1977), (8) Rosenzweig & Ryan (1977a), (9) Bachet er al. (1991), (10) Kubatko & Burns
(2006), (11) Viswanathan & Harneit (1986), {12) Kolitsch & Giester (2001), (13) Krivovichev & Burns (2000a), (14) Gorbunova &/
al. (1980), (15) Sainc (1989), (16) Sicgcl eral. (1972a), (17) Dickens et el (1993), (18) Meunier & Galy (1973), (19) Gasperin (1987b),
(20} Mereiter (1986¢), (21) Borene & Cesbron (1971), (22) Hughes et a/. (2003), (23) Appleman & Evans (1965), (24) Piret et al.
(1980), (25) Boréne & Cesbron (1970), (26) Dickens ef af. (1992), (27) Gasperin {1987c), (28) Locock ef al. (2004), (29) Loopstra
(1970), (30) Burns & Finch (1999), (31) Burns ef af. (1997c¢), (32) Brugger ef af. (2004), (33) Krivovichev & Burns (2000b), (34)
Krivovichev & Burns (2002¢), (35) Lee & Jaulmes (1987); Marsh (1988), (36) Piret ef ol. (1983), (37} Kovba (1972}, (38) ljdo (1993b),
(39) Cordfunke er af, (1991), (40) Burns & Hill (2000a), (41) Li & Burns (2000b), (42) Burns & Hill (2000b), (43) Glatz ef af. (2002),
(44) van Egmond (1976a), (45) Rosenzweig & Ryan (1977b), (46) Burns ef al. (2003), (47) Brugger er al. (2003), (48) Obbade er al.
(2003¢), (49} Krivovichev & Burns (2003g), (50) Dion es al. (2000}, (51) Obbade et of. (2003a), (52) Obbade et al. (2003b), (53) Gasperin
(1987a), (54) Burns {1999b), (55) Krivovichev & Bums (2002b), (56) Krivovichev & Burns (2003h), (57) Obbade e/ of. (2003b).

of the pentagons of the anion topology is populated by
uranyl ions, giving uranyl pentagonal bipyramids. The
francevillite group of minerals, as well as synthetic
uranyl vanadates, involves population of the squares of
the anion topology by VOs square pyramids, resulting
in dimers of edge-sharing pyramids. Within each dimer,
the apical vertices of the two adjacent square pyramids
point in opposite directions. One structure is known

that contains NbOs square pyramids. Recently, five
structures have been reported with the francevillite-type
sheet in which the squares are populated by CrOs square
pyramids (Locock et al. 2004). These structures are
remarkable in that they contain pentavalent chromium,
which is uncommon in crystal structures. In each case,
low-valence cations in the interlayers of the structures,
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which also contain H,O groups in some cases, provide  group shares an edge with one U polyhedron such that it
linkages between the sheets. extends into the interlayer. The sheets are linked through
B-Us30g anion-topology: The B-U30g anion- bonds to Cain the interlayer, as well as by a network of
topology (Fig. 11c¢) is the basis of the structure of H bonds. The structures of ianthinite and spriggite each
3-U30s, which contains U in multiple valence states, have sheets of uranyl pentagonal and square bipyramids
and three minerals. This topology is similar to the that are topologically identical to those in B-U3Og; in
uranophane anion-topology in that both contain iden-  spriggite, all of the U is hexavalent, whereas the U in
tical chains of edge-sharing pentagons, as well as chains  the structure of ianthinite has multiple valence states.
of edge-sharing triangles and squares. The distinction ~ On the basis of an imprecise refinement of the structure,
is that pentagons of adjacent chains share vertices only ~ Burns et al. (1997c¢) reported that ianthinite probably
in the B-U3Og anion-topology, which also contains  contains both U and U**, but the subsequent discovery
more triangles. In the case of the sheet in 3-U3Og, all  of wyartite suggests that ianthinite also may contain
of the pentagons and squares of the anion topology are  pentavalent U.
populated by U. Wyartite is the only mineral known to Iriginite anion-topology: Iriginite, as well as two
contain pentavalent uranium, although several synthetic ~ synthetic uranyl molybdates, contain sheets based upon
compounds contain uranium in this valence state the iriginite anion-topology, shown in Figure 11e. The
(Burns & Finch 1999). The sheet of uranyl polyhedra  sheets are identical in these three structures, and contain
in wyartite is closely related to that in B-U3Og, but one  uranyl pentagonal bipyramids and distorted Modg
of the U polyhedra contains pentavalent U, and the CO3  octahedra that form dimers by sharing an edge. Uranyl
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FiG. 11.  Sheets of uranyl polyhedra and other polyhedra containing higher-valence cations that are based upon anion topologies
and that contain triangles, squares, and pentagons (other than the uranophane anion-topology). The corresponding compounds
are listed in Table 6.
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pentagonal bipyramids are linked to four different Modg
octahedra, two by sharing edges and two by sharing
only vertices. In the case of [Ca(UO;)(M0,07)],
pentagons of the anion topology are populated by Ca
as well as U.

Sayrite anion-topology: Two structures are known
that contain sheets of uranyl square and pentagonal
bipyramids (Fig. 11h) that are based upon the sayrite
anion-topology (Fig. 11g). The squares and pentagons
of the anion topology are each populated by uranyl ions;
thus the resulting sheet is composed of edge- and vertex-
sharing uranyl square and pentagonal bipyramids. The
sheet is anhydrous in K,[(UO;)505](UO,),, and the
interlayer of the structure contains uranyl ions. In the
case of the rare mineral sayrite, the sheet contains H
present as OH groups, and adjacent sheets are linked
by bonds to Pb** cations and H,O groups located in
the interlayer.

[Pb3(UO3);;014] anion-topology: The isostructural
compounds [Pb3(U0O2);1014] and [Sr3(U0O2)11014]
contain complex sheets of uranyl square and pentag-
onal bipyramids and either Pbd; or Srd; pentagonal
bipyramids (Fig. 11j). In this case, inclusion of Pb and
Sr in the structural unit is warranted, as they assume
similar structural roles as U. Adjacent sheets are linked
directly through the Pbd; or Srds polyhedra. These
structures are remarkable in the presence of Pb** and
Sr?* within the sheets of uranyl polyhedra, which is
not known to occur in any of the structures of uranyl
oxide hydrates.

Curite anion-topology: The curite anion-topology
(Fig. 11k), which contains pentagons, distorted squares,
and triangles, is the basis of sheets of uranyl pentagonal
and square bipyramids in curite and its synthetic Sr-
substituted analogue. Although the square bipyramid in
this sheet is strongly distorted from an ideal geometry,
similarly distorted square bipyramids also occur in the
structures of Ks[(UO,);00s(OH)9](H,O) (Fig. 11n),
Ca[(UO,)403(OH)4](H0), (Fig. 11p), and Pby(H,O)[(
UO,)10UO12(OH)¢(H,0)6] (see below, Fig. 15¢g). Li &
Burns (2000b) studied the structures of several crystals
of curite, including a synthetic crystal, and found that the
Pb sites are partially occupied in each crystal studied.
The general formula Pbs,,(H,0), [(UO2)404+,(OH)3_]»
was proposed, and Pb variability in the interlayer is
accompanied by changes of the hydroxyl content of
the sheet of uranyl polyhedra, which provides a charge-
balance mechanism. Synthesis and structure determina-
tion of the Sr-substituted analogue of curite (Burns &
Hill 2000a) demonstrate that the unusual sheet of uranyl
polyhedra found in curite is not a result of the distorted
coordination environment about the interlayer Pb>*
cation caused by a stereoactive lone-electron pair.

Ks[(UO3)100s(OH)g](H,0) anion-topology: Burns
& Hill (2000b) reported the structure of a new K uranyl
oxide hydrate that contains complex sheets of uranyl
pentagonal bipyramids and highly distorted uranyl
square bipyramids (Fig. 11n). Despite its chemical simi-
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larity to compreignacite, this phase has not been found
as a mineral. The sheet within its structure consists of
double-width chains of bipyramids that share equatorial
edges; adjacent chains are connected by the sharing of
vertices and edges between bipyramids. The chains
are similar to those of the curite-type sheet (Fig. 111),
except that they contain fewer square bipyramids,
although these polyhedra are similarly distorted in the
two structures.

Ca[(U0O)403(0OH)4](H20); anion-topology: Despite
its chemical similarity with becquerelite, the structure
of Ca[(UO,)403(OH)4](H,0), is based upon a novel
sheet of uranyl pentagonal bipyramids and distorted
square bipyramids (Fig. 11p). The sheet contains two
distinct double-width chains of bipyramids, one that
contains only pentagonal bipyramids, and one that
contains equal proportions of square and pentagonal
bipyramids. The chains are linked into sheets only by
the sharing of vertices between bipyramids. The sheet
is similar to the curite-type sheet and the sheet found in
K;5[(UO,)1008(OH)9](H,0) in the dominance of double-
width chains and the presence of highly distorted square
bipyramids. Ca[(UO;)403(OH)4](H,0), has not been
found in nature, but it is readily synthesized under a
variety of conditions, and it commonly occurs with
becquerelite in products of synthesis (Glatz ef al. 2002).
Recently, Kubatko et al. (2005) determined the heats
of formation of several uranyl oxide hydrates using
drop-solution calorimetry. Those results demonstrated
that Ca[(UO,);03(OH)4](H,0), is unstable in terms of
enthalpy relative to the oxides; thus it appears to form
metastably in synthesis reactions.

The sheet in Ca[(UO,)403(0OH)4](H,0); is closely
related to the sheet of uranyl pentagonal bipyramids found
in the structure of Na[(UO;)40,(OH)s](H,0), (Fig. 8e).
The U(3) square bipyramid in Ca[(UO,)403(OH)4](H,0),
has only four equatorial ligands; if this were a pentagonal
bipyramid, the sheet would be topologically identical
to that in Na[(UO;)40,(OH)s](H,0),. Displacement of
a single atom by ~0.6 A is the topological difference
between these two sheets.

Cs4[(UO3)507] anion-topology: The Cs4[(UO;)s07)]
anion-topology (Fig. 11q) is the basis for the sheet (Fig.
11r) found only in Cs4[(UO;)507]. The sheet contains
both uranyl square and pentagonal bipyramids that are
connected by sharing equatorial edges and vertices.
Adjacent sheets are linked through bonds to the Cs
cations in the interlayer of the structure.

Vandenbrandeite anion-topology: The vandenbran-
deite anion-topology (Fig. 11s) is the basis for one sheet
(Fig. 11t) that contains dimers of edge-sharing uranyl
pentagonal bipyramids that are linked by dimers of
edge-sharing Cuds square pyramids. The Oy, anions
of the pentagonal bipyramids are apical ligands of the
Cuds square pyramids of adjacent sheets.

Zippeite anion-topology: The zippeite anion-
topology and corresponding sheet are shown in Figures
11u and 11v. The sheet contains zig-zag chains of edge-
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sharing uranyl pentagonal bipyramids, and the chains
are connected by the sharing of vertices between the
bipyramids and sulfate tetrahedra, such that each sulfate
tetrahedron is linked to four different bipyramids. The
formulae and crystallographic parameters for zippeite-
group compounds are listed in Table 6. Vochten et al.
(1995) reported the first structure of a zippeite-structure
material for the synthetic analogue of zippeite, the
K-bearing mineral. Burns er al. (2003) presented a
revised structure for zippeite, as well as structures for
four additional synthetic analogues of zippeite-group
minerals and three synthetic phases of the zippeite
group. Brugger et al. (2003) reported the structure of
the new zippeite-group mineral marecottite.

Burns et al. (2003) showed that although the
uranyl sulfate sheets are topologically identical in each
zippeite-group structure studied, the sheets in some
are anhydrous, whereas in others they may contain
hydroxyl groups located at equatorial vertices of the
uranyl pentagonal bipyramids. The interlayer configura-
tions of zippeite-group phases are diverse, and include
either monovalent or divalent cations as well as H,O
groups. Burns et al. (2003) concluded that the distribu-
tion of interlayer constituents can be rationalized on
the basis of the bonding requirements of the uranyl
sulfate sheets.

K>[(UO3)2(WOs)O] anion-topology: Three topo-
logically identical sheets (Fig. 11x) have recently been
found that are based upon the anion-topology shown in
Figure 11w, which contains clusters of eight pentagons
linked by edge-sharing (Table 6). Each of these clusters
is connected to four identical clusters by sharing one
vertex with each, which results in both triangles and
squares in the anion topology. All pentagons of the
anion topology are populated by uranyl ions in each of
the three structures, giving uranyl pentagonal bipyra-
mids, and three out of four of the squares are the bases
of square pyramids containing W in two structures, and
Mo in the other. One square pyramid shares three of its
edges with uranyl bipyramids, whereas the other two
share only one edge with a bipyramid, but two of their
vertices are shared with other bipyramids. Interlayer
cations provide linkage between the sheets.

Ks[(UO;)5(VO4),0s5] anion-topology: Topologically
and chemically identical uranyl vanadate sheets (Fig.
11z) based upon the same anion-topology (Fig. 11y)
have recently been found in four anhydrous compounds
(Table 6). The sheet contains three-polyhedron-wide
chains of uranyl square and pentagonal bipyramids,
identical to those found in the B-U;Og-type sheet
(Fig. 11d), that are connected into sheets by sharing
edges and vertices with VOu tetrahedra. Linkages
between sheets are provided by monovalent cations
located in the interlayer regions of the structures.

Ks[(UO3z)s(Mo0Os)30¢] anion-topology: The uranyl
molybdate sheet contained in Kg[(UO,)g(M00Os)30¢] is
shown in Figure 11ab, with its corresponding anion-
topology in Figure 11aa. The sheet contains groups of
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six uranyl pentagonal bipyramids that are linked into a
cluster by the sharing of equatorial edges. The resulting
clusters are linked into a sheet both by sharing vertices
directly between clusters, and by sharing polyhedron
edges with MoOs groups.

[Mg(UO;)(B>0s)] anion-topology: The [Mg(UO,)
(B,0s5)] anion-topology, and the corresponding hetero-
polyhedral sheet, are shown in Figures 1lac and 11ad,
respectively. The sheet contains uranyl pentagonal
bipyramids that share two equatorial edges with BO3
groups that are part of B,Os dimers of BO3 groups.
Each bipyramid also shares two equatorial vertices
with other BO3 groups, and MgOg octahedra share an
equatorial edge of a bipyramid, as well as vertices with
two other bipyramids.

Wolsendorfite anion-topology: The structure of
wolsendorfite contains an extremely complex sheet of
uranyl square and pentagonal bipyramids (Fig. 11af),
and has a primitive repeat-distance of 56 A (Burns
1999b). Wolsendorfite contains the most topologically
complex sheet known in any uranyl compound. By
considering the sheet anion-topology of wélsendorfite
(Fig. 1lae) as a stacking sequence of simpler chains,
Burns (1999b) demonstrated that the topology is
composed of modules of the simpler protasite (a-U3Og)
and (3-U;Og anion topologies. Sheets are linked through
a complex interlayer that contains Pb and Ba cations,
as well as HyO groups.

Cs4[(UO2)30(M004)2(MoOs)] anion-topology: The
uranyl molybdate sheet that occurs in the structure of
Cs4[(UO2)30(M004)2(M0Os)], and its corresponding
anion-topology, are shown in Figures 1lag and 11ah.
The uranyl molybdate sheet contains uranyl pentagonal
bipyramids, molybdate tetrahedra, and MoOs poly-
hedra. Three bipyramids share edges and a common
O atom, resulting in trimers that are linked into chains
by the sharing of polyhedron vertices. The MoOs poly-
hedron occupies a pocket in the chain of bipyramids,
where it shares two of its edges with bipyramids. The
chains of bipyramids and MoOs polyhedra are linked
into sheets by sharing vertices with tetrahedra, and each
tetrahedron is linked to two bipyramids, one from the
chain on either side.

Ag1o[(UO3z)sOs(Mos5Oz9)] anion-topology: The
structures Ong]O[(UOQ)SOs(MOjOz())] and Nam[(UOQ)s
Og(Mo5050)] contain the sheet of uranyl pentagonal
bipyramids and MoOg or WOg octahedra shown in
Figure 11aj, with the corresponding sheet anion-
topology shown in Figure 1lai. The sheet consists
of complex chains of edge-sharing uranyl pentagonal
bipyramids that are in turn linked through sharing equa-
torial edges and vertices of the bipyramids with dimers
of edge-sharing MoOg or WOg octahedra. Identical
sheets are linked into complex double sheets through
a MoOy tetrahedron that shares two equatorial vertices
with MoOg or WOg octahedra in the sheet above as well
as the sheet below. The unusual linkage of molybdate
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and tungstate polyhedra in this structure type results in
pentanuclear MosO, and W50y clusters.

K>(UO;)2(M004)O, anion-topology: The structure
of K[(UO,)2(M004)O;] contains the sheet of uranyl
pentagonal bipyramids and molybdate tetrahedra shown
in Figure 11al, which is based upon the sheet anion-
topology given in Figure 1lak. The sheet contains
chains of edge-sharing bipyramids two polyhedra wide
that are cross-linked into a sheet by sharing equatorial
vertices with molybdate tetrahedra.

Sheet anion-topologies containing triangles,
squares, pentagons and hexagons

Twenty uranyl phases, including 17 minerals,
contain sheets based upon anion topologies with
triangles, squares, pentagons and hexagons (Table 7).
These include the large phosphuranylite group of uranyl
phosphate minerals, for which several new structures
have been described recently.

Phosphuranylite anion-topology: The phosphura-
nylite anion-topology, shown in Figure 12a, contains
pentagons that share edges, resulting in dimers, which
are in turn linked into chains by sharing edges with
hexagons. These chains are linked through chains of
edge-sharing triangles and squares, arranged such that
the triangles and squares alternate along the chain
length. Several populations of this anion topology are
known, but none involves occupancy of the square
sites. In most cases, both the pentagons and hexagons
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are populated by uranyl ions, resulting in chains of
edge-sharing pentagonal and hexagonal bipyramids.
Population of the triangles of the anion topology by
phosphate tetrahedra, such that a face of the tetrahedron
corresponds to the triangle of the topology, results in the
uranyl phosphate sheets of the phosphuranylite group.
Four graphical isomers of this sheet are known; they
differ in the orientations of apical (non-sheet) ligands
of the phosphate tetrahedra (Figs. 12b—e). For example,
consider the orientations of the tetrahedra attached to a
single chain of uranyl polyhedra in the phosphuranylite
sheet (Fig. 12b). Tetrahedra attached to the chain on
either side immediately opposite each other are in the
same orientation. Along the side of a chain of uranyl
polyhedra, the tetrahedra alternate up and down. In
the case of the vanmeersscheite sheet (Fig. 12c), all
tetrahedra that share edges with a given chain of uranyl
polyhedra are in the same orientation.

The interlayers of the structures of minerals of the
phosphuranylite group are complex, and some contain
more than one type of cation, as well as HO groups.
The structures of phosphuranylite and vanmeersscheite
are unusual in that both contain uranyl ions in all
three common coordinations: square, pentagonal and
hexagonal bipyramids. The square bipyramids are
located between the sheets in each structure, with the
uranyl ions extending roughly parallel to the sheets. In
phosphuranylite, all four of the equatorial ligands of
the square bipyramid are apical (non-sheet) vertices
of the phosphate tetrahedra of sheets on either side. In

1

ACA

FiG. 12.  Sheets of uranyl polyhedra and other polyhedra con-
taining higher-valence cations that are based upon anion
topologies and that contain triangles, squares, pentagons
and hexagons. The corresponding compounds are listed
in Table 7.
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TABLE 7. STRUCTURES CONTAINING SHEETS BASED UPON ANION TOPOLOGIES
CONTAINING TRIANGLES, SQUARES, PENTAGONS AND HEXAGONS

Name Fig. Formula S. G. a(A) b(A) e(A) 8(°) Ref

Phosphuranylite 12b  KCa(H;0)(UO.)[(UO,)(PO,)L0.],(H,0), Cinem 15.899 13.740 17.300 1

Upalite 12b  AIf(UO,1L(PO,),0(0H)](H,0). F2,la 13.704 16.82 9.332 111.5 2

Frangoisite-(Nd) 12b  Nd[(UO,),(PO,),0(0H)](H,0), P2le 9.298 15.605 13.668 112,77 3

Dewindtite 12b  Pby[H(UO,)0.(PO,).1.(H,0),, Bmmb 16.031 17.264 13.605 4

Vanmeersscheite 12¢  U(OH),[(UO,),(PO,),(OH),)(H,0), P2,mn 17.06 16.76 7.023 5

Dumontite 12¢ Pb,[(UO,)(PO,),0,](H,0)s FP2,/m 8.118 16.819 6.983 109.03 6

Hiigelite 12¢ Pb,[(UO,),0:{As0,),](H.0); P2/m 31.066 17.303 7.043 96.492 7

Phurcalite 12d Ca,[(UO,)5(PO,).(0OH),J(OH),(H,0), Pbea 17.415 16.035 13.598 8

Phuralumite 12d  AL[(UO,)(PO,),(OH),J(OH),(H,0),, P2ja 13.836 20918 9.428 112.44 9
Althupite 12d  AITh{UQO,)[(UO,),(PO).O(OH)]1.(OH)(H,0),;

PT 10.953 18.367 13.504 68.20 10

Bergenite 12¢  Ca,Ba,|(UOL),0,(PO,),15(H,0) P2 /e 10.092 17.245 17.355 112.678 11

Fontanite 12f Ca[(U0,)4(CO5),0,](H,0), P2./n 6.968 17.276 15.377 90.064 12

Marthozite 12g  Cuf[(U0,)(Sc0;),0,](H,0)4 Pbhn2, 6.9879 16.4537  17.2229 13

Guilleminite 12g  Ba[(U0,),(Se0;),0,(H,0) P2, 7.084 7.293 16.881 14

Larisaite 12g  Na(H;0)[(UO,),(Se0;),0,J(H,O), Pllim 6.9806 7.646 17.249 90.039 15

12g  Srf(UO,),(5¢0,),0.1(H,0), C2/m 17.014 7.0637 7.1084 100544 16

Johannite 12h  Cu[(UO,)(50,)-(OH), I(H,0), PT 8.903 9.499 6.812 112,01 17

12h  Sr{(UO,),(Cr0,),(OH),](H,O), PT 8.923 9.965 11.602 99.09 18

Roubaultite 12]  [Cuy(UO,)L(CO,),0,(0H),J(H.0), PT 7.767 6.924 7.850 90.89 19

121 [Ca(U0,),(BO;)] 2 16.512 8.169 6.582 96.97 20

References: (1) Demartin ef af. (1991), (2) Piret & Declercq (1983), (3) Piret et al. (1988), (4) Piret et al. (1990), (5) Piret & Deliens
(1982), (6) Piret & Piret-Meunier (1988), (7) Locock & Burns (2003b), (8) Atencio ef al. (1991), (9) Piret ef al (1979), (10) Piret &
Deliens (1987), (11} Locock & Burns (2003¢), {12) Hughes & Burns (2003a), (13) Coeper & Hawthorne (2001), (14) Cooper &
Hawthorme (1995), (15) Chukanov et al. (2004), (16) Almond & Albrecht-Schmitt (2004), (17) Mereiter {1982c), (18) Serezhkin et
al. (1982), (19) Ginderow & Cesbron (1983), (20) Gasperin (1987d).

contrast, the uranyl square bipyramid in the vanmeers-
scheite interlayer shares vertices with only two phos-
phate tetrahedra, one from each adjacent sheet. Linkage
of the uranyl phosphate sheets through interlayer uranyl
polyhedra results in open three-dimensional structures
in phosphuranylite and vanmeersscheite.

The structure of hiigelite contains sheets that are
topologically identical to those in vanmeersscheite and
dumontite, but in this case, the triangles of the anion
topology are populated by arsenate tetrahedra.

Recent studies of uranyl carbonates have revealed
more structural complexity within this chemical class (Li
et al. 2000, Hughes Kubatko & Burns 2003). Although
many uranyl carbonates that form under somewhat
alkaline conditions contain the isolated uranyl tricar-
bonate cluster, minerals formed under neutral to acidic
conditions tend to adopt sheet structures. Fontanite is
the only uranyl carbonate with a sheet based upon the
phosphuranylite anion-topology (Fig. 12f). This sheet
contains uranyl pentagonal and hexagonal bipyramids,

and the triangles of the anion topology are populated by
carbonate triangles, such that the CO3 group shares an
edge with a hexagonal bipyramid and one vertex with
a pentagonal bipyramid of an adjacent chain. Calcium
cations and H,O groups located in the interlayer provide
linkages between the sheets in fontanite.

Four uranyl selenites, of which three are minerals,
contain sheets based upon the phosphuranylite anion-
topology. Each sheet has chains of uranyl pentagonal
and hexagonal bipyramids linked by bonds to Se**O;
pyramids with a base of three O atoms and Se** at the
fourth apex of the pyramid (Fig. 12g). The strongly
distorted coordination environment about the Se**
cation is due to the presence of a stereoactive lone-pair
of electrons on the cation that is directed away from
the coordinating anions. In each structure, low-valence
cations and H,O groups provide linkages between the
sheets.

Johannite and Sr[(UO;),(CrOy4),(OH),](H,0)g
contain sheets based upon the phosphuranylite anion-
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topology (Fig. 12h). However, in this case the hexagons
of the topology are not occupied; the sheet contains
dimers of edge-sharing uranyl pentagonal bipyramids
that are linked only by sharing vertices with sulfate or
chromate tetrahedra. Edges of the tetrahedra correspond
to the hexagons of the anion topology, thus occupancy
of the hexagons by uranyl ions would result in short
US—S%* or US*—Cr%* interatomic distances.
Roulbaultite anion-topology: The structure of roul-
baultite contains the complex sheet shown in Figure 12j,
which is based upon the anion topology shown in Figure
12i. This structure has notable similarities to that of
fontanite (Fig. 12f). Both contain the same chain of
uranyl pentagonal and hexagonal bipyramids, and CO3
triangles. In fontanite, these chains are linked directly
through the sharing of vertices between the CO3 group
of one chain with uranyl pentagonal bipyramids of
an adjacent chain. In contrast, the roulbaultite sheet
also contains chains formed by the sharing of edges
between Cudy octahedra, and uranyl carbonate chains
are separated by chains of octahedra on either side.
The uranyl carbonate chains are linked to the chains
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of octahedra through the sharing of non-chain vertices
of the COj triangles, as well as equatorial vertices of
uranyl pentagonal bipyramids. Linkages between the
sheets in roulbaultite occur by H bonds to interlayer
H,O groups only.

Miscellaneous anion-topologies with hexagons

Twenty-one compounds, of which only one is a
mineral, are grouped as miscellaneous sheets with anion
topologies containing hexagons (Table 8, Fig. 13). Only
six anion topologies are needed to account for all of the
21 structures.

a-UO; anion-topology: The simplest anion-topology
involves a two-dimensional tiling of space using only
hexagons (Fig. 13a), and corresponds to the sheets
of uranyl hexagonal bipyramids (Fig. 13b) that are
known from 10 structures. The structure of a-UQOj3 has
sheets constructed from hexagonal bipyramids, but in
the reported structure, no uranyl ions are present, and
adjacent sheets are linked through the sharing of apical
ligands between adjacent sheets. In the structure of a-

TABLE 8. MISCELLANEOUS STRUCTURES CONTAINING SHEETS BASED UPON
ANION TOPOLOGIES CONTAINING HEXAGONS

Name Fig. Formula S.G.  a(A) b (&) ¢ (A) o () B (™) v(°)  Ref
13b a-LO, C2mm 3.961 6.860 4.166 I
13b a-[(UO}OHY] Coca 4242 10302 6.868 2
13b BL[(UC)0,]0, o) 6872 4009  9.690 920.16 3
13b Cs,(UOXD.0). Cm 145314 42739 76011 113,02 4
13b Ca[(UO,)O.] Km 62683 36,040 s
13b a-Sr[(U0Y)O,] Rm 6587 35.30 6
136 -SH[(U0)O.] Bm 654 35.54 6
13b  a-Cd[(UO,)0.] Rm 6233 36.12 7
13b (NayU,0,) Rim 634 36,11 8
13 K,U,0. Bm 699 32.90 9

Rutherfordine 13d [UG,CO,] Imm?2 4.840 9.273 4.298 10
13d [(UO,)(Se0,)] P2Jm 5408 9278 42545 93.45 1
13f K[(UONW,0.]  Pmen 7.5884 86157 13946 12
13 Na[(UD,)W,0,] T 66484 7.5308 84869  86.190 13
13f a-Ag[UOIW,0]  P2Jc 84263 74807 12.927 95.443 13
13 PAG(UO)W,0,]  Prma 86415 75610 12.4513 13
13h [(UO,)(B,0.0] (2 12504 4183 10453 12218 13
13] [(UO,)TiND,0;] Fddd 728 1262 1602 15
13j [(UO,) Nb,O,] Fddd 738 1278 15.96 16
13 Cs|UV,0, P2/a 11904 6832 12095 106.99 17
3L [(UONSh.O] Clm 13490 40034 5.1419 104164 18

References: (1) Loopstra & Cordfunke (1966), (2) Taylor (1971), (3) Koster ez al. (1975), (4) Mijlhoff ef al. (1993), (5) Loopstra &
Rietveld (1969), (6) Fujino et al. (1977), (7) Yamashita et al. (1981), (8) Kovba et al. (1958), (9) Jove ef al. {1988), (10) Finch ez al.
(1999b), (11) Loopstra & Brandenburg (1978), (12) Obbade er af. (2003¢), (13) Krivovichev & Burns (20031), (14) Gasperin (1987¢),
(15) Chevalier & Gasperin (1969}, (16) Chevalier & Gasperin (1968), {17} Duribreux ez al. (1999}, (18) Sykora er al. (2004a),



HIERARCHY OF U%* MINERALS AND INORGANIC COMPOUNDS

[(UO2)(OH),], sheets of uranyl hexagonal bipyramids
are connected through H bonds that extend through the
interlayer region. Eight additional structures are based
upon sheets of hexagonal bipyramids, with linkages
provided by low-valence cations in the interlayers
(Table 8).

Rutherfordine anion-topology: The rutherfordine
anion-topology is composed of hexagons and triangles
(Fig. 13c). It contains chains of edge-sharing hexagons
that are identical to those of the a-UQOj3 anion-topology
(Fig. 13a), but these chains are now connected in the
second dimension only by the sharing of vertices rather
than edges, and adjacent chains are separated by trian-
gles. The sheet in the structure of rutherfordine has all of
the hexagons of the anion topology populated by uranyl
ions, and half of the triangles correspond to CO3 groups,
whereas the remaining triangles are vacant (Fig. 13d).
Note that all of the COj triangles are in the same orienta-
tion. The structure of [(UO,)(SeOs3)] contains sheets that
are topologically identical to those in rutherfordine, but
the triangles of the topology are populated by Se**O;
polyhedra that are distorted owing to the lone-electron
pairs on the Se** cations. Neither rutherfordine or
[(UO,)(Se03)] have interlayer constituents.

K>[(UO2)(W,0g] anion-topology: Four structures
have recently been reported (Table 8) that contain the
anion topology shown in Figure 13e. The corresponding
sheet contains chains of edge-sharing uranyl pentagonal
bipyramids. Two equatorial edges of the bipyramids are
shared with tungstate octahedra, such that octahedra are
attached to either side of the chain (Fig. 13f). Adjacent
uranyl tungstate chains are connected by the sharing of
vertices between the tungstate octahedra. Low-valence
cations provide linkages between the sheets, and each
of these structures is anhydrous.

[(UO>)(BO3)O] anion-topology: The uranyl borate
sheet in the structure of [(UO,)(B,03)O] (Fig. 13h)
contains uranyl hexagonal bipyramids and borate
triangles. The anion topology of the corresponding sheet
(Fig. 13g) is similar to that of rutherfordine (Fig. 13c)
in the presence of chains of edge-sharing hexagons that
are separated by triangles, but in this case the chains are
not directly linked, but rather are separated by chains
of edge-sharing triangles that are two triangles wide.
The uranyl borate sheets are linked through van der
Waals forces only.

[(UO>)Nb30gs] anion-topology: Two uranyl niobates
and one uranyl vanadate contain the sheet shown in
Figure 13j (Table 8), which is based upon the anion
topology in Figure 13i. The squares in the anion topology
are populated by NbOg octahedra in [(UO;)Nb3Og], by
both NbOg and TiOg octahedra in [(UO,)TiNb,Og],
and by VOs square pyramids in CsUV30;. In all three
structures, the sheets are directly linked, with the Oy,
atoms of one sheet being the apical ligands of the octa-
hedra or square pyramids of the adjacent sheet.

[(UO2)(Sb,04)] anion-topology: The compound
[(UO2)(SbyO4)] possesses a novel sheet of uranyl
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hexagonal bipyramids and SbO4 square pyramids (Fig.
131), with the sheet anion-topology shown in Figure
13k. The sheet contains chains of edge-sharing bipyra-
mids similar to those in rutherfordine (Fig. 13d) and
[(UO,)(B203)0] (Fig. 13h). Unlike the case of ruther-
fordine, these chains are not directly linked, but rather
are connected through zigzag chains of edge-sharing
SbOy square pyramids. Note that the SbO4 polyhedra
are distorted because of the presence of a stereoactive
lone-electron pair, and are geometrically similar to the
Te**O,4 polyhedra in the structure of schmitterite (Fig.
101).

Miscellaneous topologies

The compounds listed in Table 9 are based upon a
variety of sheets with miscellaneous topologies. Each
sheet is shown in Figure 14. The structure of the uranyl
carbonate bijvoetite is unusual in that it contains uranyl
carbonate sheets (Fig. 14a), whereas the majority of
uranyl carbonates contain isolated uranyl tricarbonate
clusters. The sheet contains both uranyl pentagonal
and hexagonal bipyramids, and there are dimers of
each that result from the sharing of equatorial edges.
The dimers of hexagonal bipyramids are oriented
perpendicular to the length of chains of uranyl poly-
hedra, and are connected through the dimers of uranyl
pentagonal bipyramids, which extend along the length
of the chains. As such, each of the equatorial vertices
of the pentagonal bipyramids are shared with other
uranyl polyhedra, but two of the equatorial vertices of
each hexagonal bipyramid are bonded to only one U%*
cation. The resulting chain of polyhedra is unique in
uranyl compounds. Carbonate groups are attached to the
sides of the chains by sharing edges with the hexagonal
bipyramids, such that each bipyramid is linked to two
carbonate triangles. The chains are linked into sheets
through irregular coordination-polyhedra about trivalent
cations, which correspond to Y and various rare-earth
elements, especially Dy. The sheets are linked through
H bonds to H,O groups located in the interlayer of the
structure.

The structure of haiweeite contains sheets of uranyl
pentagonal bipyramids and silicate tetrahedra (Fig.
14b). The bipyramids share edges, giving a chain that is
one bipyramid wide, and silicate tetrahedra share equa-
torial edges of the bipyramids along both sides of the
chain. The resulting uranyl silicate chain has the same
anion-topology as that found in the uranyl silicates of
the uranophane group (Fig. 10). However, the way these
chains are connected into sheets distinguishes haiweeite
from the uranophane group. The chains are directly
linked in the uranophane group, as silicate tetrahedra
bridge between adjacent chains of bipyramids. In the
haiweeite sheet, the uranyl silicate chains are linked
through a complex crankshaft-like chain of silicate
tetrahedra, and two such chains in different orientations
are superimposed in the long-range structure, which may
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be consistent with a domain structure or true disorder of
the chain orientations. The resulting complex sheets are
linked by Ca cations in the interlayer, as well as through
H bonds to interlayer H,O groups.

The structure of Agy[(UO,)4(103),(104),0,] contains
a sheet of uranyl pentagonal and hexagonal bipyra-
mids, as well as both I°*O4 and I°*O3 polyhedra. The

(a (b

(e)

M

R

LS

Fic. 13.
The corresponding compounds are listed in Table 8.
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hexagonal bipyramids share an edge, forming a chain
one polyhedron wide that is identical to that found in
rutherfordine and other structures shown in Figure 13.
However, unlike the structures in Figure 13, pentagonal
bipyramids are attached to each side of this chain by
sharing two of their equatorial edges with two different
hexagonal bipyramids. The resulting chain is unique

Miscellaneous sheets of uranyl polyhedra and other polyhedra containing higher-valence cations that contain hexagons.

TABLE 9. STRUCTURES BASED UPON MISCELLANEOUS SHEET-TOPOLOGIES

Name Fig. Formula S. G. a (A) b(A) ¢ (A) B(°) Ref
Bijvoetite lda  [M¥(H0)4U0,), Ol OH)(CO,,1(H,0) 4

B12,1 21.234 12.958 4.4911 90.00 1

Haiweeite 14b  Ca[(U0,),Si;0,,(OH),[(H,0), Crmem 7.125 17.937 18.342 2

ldc  Ag,(U0,),(10,),(10,),0, P2/n 15.040 8.051 18.332 100.738 3

14d  Ag(UO,),0(Mo0O,);s] C2/e 16.4508 113236 124718 100.014 4

14e  K[UO,Te,05(OH)] Cricm 7.9993 8.7416  11.4413 5

141 Cs,[(UO,)L(V,05)0,] Pmmn 8.4828 13.426 7.1366 6

14g TL{{UO.),[Te,0(OH)(Te,0y)}«2H,0  Pbam 10.0623 23.024 7.9389 5

14h  Cs(UO,),(W0,)(OH),(H,0), Hdem 15959 14215 7

References: (1) Li et al. (2000), (2) Burns (2001b), (3) Bean ef al. (2001¢), (4) Krivovichev & Burns (2002d), (5) Almond & Albrecht-
Schmitt (2002b), (6) Obbade ef &/, (2004b), (7) Sykora & Albrecht-Schmitt (2004).
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amongst uranyl compounds. Distorted 1O, pyramids
are attached to both sides of the chains of uranyl poly-
hedra by sharing three of their vertices with uranyl poly-
hedra. The I**O, pyramids, which were described for
the first time from this structure, are strongly distorted
by the presence of a stereoactive lone-electron pair. The
complex chains are linked through I>*O3 pyramids that
also are distorted because of a stereoactive lone-electron
pair, and these pyramids share one vertex with the chain
on either side. The sheets are linked through interlayer
Ag cations.

The structure of Age[(UO,)30(Mo0Oy)s] contains
unusual sheets of uranyl pentagonal bipyramids and
molybdate tetrahedra (Fig. 14d). Trimers of uranyl
pentagonal bipyramids result from the sharing of edges,
and these polyhedra share one common O atom. The
trimers are connected by sharing vertices with molyb-
date tetrahedra that share one ligand with each of two
such trimers. There is also a molybdate tetrahedron
that bridges between two uranyl polyhedra of the same
trimer. This sheet is unusual in that it has the only occur-
rence of an isolated trimer of uranyl polyhedra. Similar
trimers exist in other sheets, but in all other cases they
are linked directly by the sharing of vertices and edges
between the uranyl polyhedra. The sheets are connected
through bonds to interlayer Ag cations.

The structure of K[UO,Te,O5(OH)] contains the
sheets of uranyl square bipyramids and distorted Te**O,

0o ¢
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Fic. 14. Miscellaneous sheets of uranyl polyhedra and other
polyhedra containing higher-valence cations. The corre-
sponding compounds are listed in Table 9.

pyramids shown in Figure 14e. The Te**O, pyramids,
which are distorted because of a stereoactive lone-elec-
tron pair, share vertices to form a chain. These chains
are linked by the sharing of equatorial vertices of the
bipyramids with the Te**O, pyramids. The sheets are
linked through bonds to the K cations, which are located
within the voids in the sheets.

The structure of Cs4[(UO;)2(V,07)O;] contains the
sheets of uranyl square bipyramids and vanadate tetra-
hedra shown in Figure 14f. The uranyl square bipyra-
mids share equatorial vertices, resulting in a chain one
polyhedron wide that is identical to those found isolated
as chains in several anhydrous compounds (Fig. 5a).
The chains are linked into sheets by sharing equato-
rial vertices with vanadate tetrahedra of pyrovanadate
groups. Sheets are linked through Cs cations in the
interlayer.

The structure of TI3{(UO,),[Te,O5(OH)](Te,Og) }o
2H,0 has the sheets of uranyl pentagonal bipyramids
and Te**O4 pyramids shown in Figure 14g. The
distorted Te**O, pyramids share vertices, resulting in
chains similar to those in K[UO,Te,Os(OH)] (Fig. 14e).
The chains of Te**O, pyramids are linked by sharing
equatorial vertices of the uranyl pentagonal bipyra-
mids, and sheets are linked through the TI cations in
the interlayer.

The structure of CSG[(U02)4(W5021)(OH)z(Hzo)g]
contains unusual sheets of uranyl pentagonal bipyra-
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mids, tungstate octahedra, and tungstate square
pyramids (Fig. 14h). Four pentagonal bipyramids
share vertices, forming a ring, with a tungstate square
pyramid located at the center of the ring, such that its
equatorial edges are also equatorial edges of the uranyl
polyhedra. The resulting clusters are linked to four
identical clusters through sharing edges and vertices
with dimers of tungstate octahedra that are formed by
sharing an edge.

STRUCTURES CONTAINING INFINITE
FRAMEWORKS OF POLYHEDRA

Burns er al. (1996) included only 26 structures in
their hierarchy that contained frameworks with uranyl
polyhedra. Through the detailed work of several groups
in synthesizing new structures, this structural class has
now ballooned to 56 (Table 10).

Frameworks of uranium polyhedra

Seven framework structures are based solely on
uranium polyhedra. Four of these are polymorphs of
UOs; (Figs. 15a—d). These structures involve a range
of U coordination polyhedra, and two (B-UO; and
8-UO3) do not contain uranyl ions. The structure of
(UO,)Cl, does contain a uranyl ion, but four of the
equatorial vertices of the pentagonal bipyramids in the
structure are Cl atoms. The bipyramids are linked by
the sharing of edges, resulting in chains that are one

THE CANADIAN MINERALOGIST

polyhedron wide (Fig. 15¢). Identical chains are known
from the structures of moctezumite and (UO,)Cl,(H,0).
Linkage of the chains is through a cation—cation inter-
action in which some of the O atoms of the uranyl
ion also are equatorial ligands of the bipyramids of
adjacent chains.

The structure of (NH4)3(H20)2{[(UO»)190019o(OH)]
[(UO4)(H,0),]} is an infinite framework of uranium
polyhedra (Fig. 15f), five of which are uranyl square
or pentagonal bipyramids, whereas the sixth is better
described as a distorted octahedron. Uranyl square
and pentagonal bipyramids are linked by sharing
vertices, resulting in a sheet based upon the 3-U3zOg
anion-topology that is topologically identical to those
in ianthinite and spriggite (Fig. 11d). The square sites
of the 3-U3Og anion-topology contain both the uranyl
square bipyramids and the distorted U%* ¢y octahedra.
Two additional uranyl pentagonal bipyramids share an
equatorial edge, giving a dimer. The sheets are stacked
along [001], and are connected into a framework by
linkages to the dimer of bipyramids located between
the sheets. The NH4 and H,O groups are located
within channels that extend parallel to the sheets of
polyhedra.

The compound Pb,y(H,O0)[(UO32);0UO2(OH)e
(H0)g] is the first Pb uranyl oxide hydrate reported to
possess a framework structure (Fig. 15g). It has both
uranyl square and pentagonal bipyramids, as well as
one U®* site that is in somewhat distorted octahedral
coordination. The structure contains complex chains

TABLE 10. INFINITE FRAMEWORK STRUCTURES

Name Fig. Formula S.G. a(A) b(A) e (A) B(*) Ref
152 y-UO, MJjand 69013 19.9754 1
15b B-UO, P2, 10.34 14.33 3.910 99.03 2
15c UO, HP P22, 7511 5466 5224 3
154 8-U0;, Pm3m 4.165 4
15¢ (UO.)Cl, Prma 5.725 8.409 8.720 5
15F (NH:(H,0), [[(U0;),,0,(OHICUONH 0T}
C2/e 11.627 21.161 14.706 6
155 Pby(H,0)[(UO,),,UC,{OH),(H,0)] e 13.281 10223 26.10 103.20 7
15h  KNa,(UO,),(81,0,,),(H,0), 2 12.782 13.654 8.268 119.24 8
15h  Nay(UO)X(S1,0,0(H,0), C2im 12.770 13.610 82440  119.248 9
Soddyite 151 {(UD.(Si0,)(H,0), Fddd 8334 11212 18.668 10
151 (UO,)L(GeO)H,0), Fddd 8.179 11515 19.397 11
Weeksite 15) K, 2By 2:Can a[(UO:):(S1:0,5)H,0 Commb  14.200 14248 35.869 12
15k Na,(UO,)(Si0,) Hjacd  12.718 13.376 13
151 RbNa(UO,X5i,0,)*H,0 P1 7.3668 7.8691 8.1766 14
15m (UO,)L(PO,),(H:0), Prma 7.063 17022 13172 15
I5n (UO)H[(UO,)(AsO)].(H,0), P2/e 11.238 7.152 21.941 1043576 16
150 (UO)[(UO,)AsO,)]-(H.0); Pca2, 20.133 11.695 7.154 17
Cmicm 17.978 13.561 7.163 17

(UO)(UOXVO,) L, (H,0)s
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TABLE 10. INFINITE FRAMEWORK STRUCTURES

Name Fig. Formula S.G. a(h) b(A) c(d) B¢°) Ref
15p  Cs,(UO)[(UO,XPO,}],(H,0), Cmic2, 14.854 13.879 12.987 18
15p  Cs,(UO)(UO,)MAsO)],(1LO) Cmic2, 15.157 14.079 13.439 19
15p Rb,(UO,)[(UO)(PO )] (H,0) Fm 15.72 13.84 13.05 90.39 18
15p Rby(UO)[(UO,)(AsO,)](HLO), . C2/m 13.4619 15.8463  14.0068 92311 19
15p K, (UO,)[(UO,)(PO,)L(H.0), Fm 15.257 13.831 13.007 91760 18
159 (UO,),V,0, P2/ 5.646 13.178 7.282 119.74 20
151 Na(U0,),(VO,), 14 famd 7.2267 34.079 21
155 Cs,[(UQ,)(MoO,)-(H,0),] Phem 13.990 10.808 25671 22
1535 {NH,),[(UO,)(MoO,},(H,0),] Phem 13.970 10.747 25.607 23
158 Rb,[(UO,)(MoO,},(H.0),] Phcm 13.961 10.752 25.579 24
15t @-Csy(UO,)(MoQ,), Pra?, 20.4302 85552 98549 25
15t Rb,[(UO,),(MoO, )] Pra2, 20.214 8.3744 9.7464 26
15t TL(UO,%.(Mo0,);] Pra2, 20.1296 82811 9.7045 27
150 Ba(UO,);(Mo0O,),(H,0), Phea 17.797 11.975 2333 28
15v  o~(U0O,)(MoO,)(H,0), P2 fe 13.612 11.005 10.854 113.05 29
15w Sr(UO,)(MoO,),(H,0),, 222, 11166 20.281 24.061 30
15w Ca[(UO,)(MoO,),(H,0),](H,0), €222 11.3691 20.0311  23.8333 31
15x Mg(UO,),(MoO,),(H,0), Cmc2, 17.105 13.786 10.908 32
15y (NH,)L[(UO,){MoO,),)(F,0), Po6, 11.4067 70.659 33
15z Na,(UO,)(P,0,) Pna2, 13.259 8.127 6.973 34
15aa a-(U0,)(8e0,) P2Je 6.909 5.525 13.318 103.79 35
15aa B-(UO.)SO,) PlJe 6.760 5711 12.824 102.91 35
15aa (U0, MoO,) P2 je 7.202 5.484 13.599 104.54 36
15ab [(UO,)(PO,)O(OH)(H,0),](H.0) P4./mbc  14.105 13.083 37
15ac Pb,(UO,N(TeO,), P2,/n 11.605 13.389 6.981 91.23 38

Cliffordite t5ad {UO)(Te;0,) Pa3 11.335 38
15ae Nay[(UO,)(TeO,),,] 12,3 14.633 39
15af K [(UO,),(VO)(10,),01H,0 Pha 9.984 16.763 4977 40
15ag Li(UO,)NWO,), Pben 7.9372 12.786 7.4249 41
15ah Li,(UO,),(WO,),0 Ce 14.019 6.3116 22296 98.86 42
15ai Ba,MgUQ, Fm3m 8.379 43
15a) K,BiU,0,, Pm3m 8.631 44
15ak B-Cd(U0,)O, Crmmin 7.023 6.849 3514 45
15al UCr, O, P3lm 4988 4,620 46
wee - Cu(UOL)O, P2/m 5475 4957 6.569 118.87 47
- Mn(UG,)0, Imma 6.647 6.984 6.750 48
15am UY (UO,)(PO,), PT 8.8212 9.2173 5.4772 97.75 49
15an Cs|(UO,)(HIONOHYOWH,O)(H,0),,  Cc 13.0960 100714 11.0398  102.064 50

References: (1) Loopstraer al. (1977), (2} Debets (1966), (3) Siegel er al. (1966), (4) Weller er al. (1988), (5) Taylor & Wilson (1974),
(6) Lieral (2001b), (7) Li & Burns (2000c¢), (8) Burns ¢ a/. (2000), (9) Li & Burns (2001a), (10) Demartin ef a/. (1992), (11) Legros
& Jeannin (1975), (12) Jackson & Burns (2001), (13) Shashkin er a/. (1974). (14) Wang er al. (2002), (15) Locock & Burns (2002a),
(16) Locock & Bums (2003f), (17) Saadi er af. (2000}, (18) Locock & Burns (2002b), (19} Locock & Burns (2003¢), (20) Tancret et
al. (1995), (21) Obbade et ol (2004a), (22) Krivovichev & Burns (2001b), (23) Krivovichev & Burns (2001b), (24) Krivovichev &
Burns (2002a), (25) Krivovichev et @d. (2002a), (26) Krivovichev & Burns (2002a), (27) Nazarchuk et al. (2005a), (28) Tabachenko
el al. (1984a), (29) Serezhkin ez al. (1980b), (30) Tabachenko e a/. (1984b), (31) Nazarchuk es al. (2005b). (32) Tabachenko et al.
(1983), (33) Krivovichev er al. (2003), (34) Linde et al. (1984), (35) Brandenburg & l.oopstra (1978), (36) Serezhkin er al. (1980a),
(37) Burns er al. (2004b), (38) Branstiitter (1981), (39) Almond ¢f ol. (2002a), (40) Sykora & Albrecht-Schmitt (2003), (41) Obbade
ef al. (2004¢), {42) Obbade er al. (2004c¢), (43) Padel ef of. (1972), (44) Gasperin ef al. (1991), (45) Yamashita er af. (1981), (46)
Hoekstra & Siegel (1971), (47) Siegel & Hoekstra (1968), (48) Bacmann & Bertaut (1966), (49) Bénard et af. (1994), (50) Sullens er
al. (2004).
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FiG. 15.  Frameworks of uranyl polyhedra and other polyhedra containing higher-valence cations. The corresponding compounds
are listed in Table 10.
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of vertex- and edge-sharing uranium polyhedra that
are closely related to the chains of polyhedra that make
up the curite sheet (Fig. 111). The Pb>* cations are
located in channels extending through the framework
of polyhedra.

Frameworks of uranium polyhedra
and silicate tetrahedra

The structures of six framework urany] silicates, two
of which are minerals, and one uranyl germanate, have
been described. In each structure, uranyl polyhedra share
vertices or edges with silicate (or germanate) tetrahedra,
and the frameworks are composed entirely of uranyl
polyhedra and silicate (or germanate) tetrahedra.

The compound KNa3[(UO;)2(S140,0)21(H20)4 was
first found as an alteration phase of actinide-bearing
borosilicate glass under consideration as a contain-
ment material for nuclear waste (Burns et al. 2000).
The structure contains sheets of vertex-sharing silicate
tetrahedra involving both four- and eight-membered
rings of tetrahedra (Fig. 15h). Adjacent silicate sheets
are connected through uranyl square bipyramids, such
that apical ligands of the silicate tetrahedra correspond
to all four of the equatorial vertices of the bipyramid
(Flg 151’1) Na4[(U02)2(Si4010)2](H20)4 was later
synthesized, and has an identical uranyl silicate frame-
work (Li & Burns 2001a).

Soddyite and the isostructural compound [(UO;),
(GeO4)(H,0),] contain uranyl pentagonal bipyramids
that form chains by sharing equatorial edges (Fig.
15i). Each bipyramid also shares an edge with a tetra-
hedron, and the single unshared equatorial vertex of
the bipyramid is occupied by H,O. Adjacent uranyl
silicate (germanate) chains are directly linked as each
tetrahedron shares two edges with bipyramids from
two different chains. Additional linkages arise through
H bonds.

The structure of weeksite (Fig. 15j) contains sheets
of uranyl pentagonal bipyramids and silicate tetrahedra
that are topologically identically to those found in
haiweeite. In the case of haiweeite, adjacent sheets are
connected through bonds to Ca cations located in the
interlayer. In weeksite, the sheets are connected into a
framework through the apical O atoms of the silicate
tetrahedra, which provides for channels extending
parallel to the sheets that contain lower-valence cations
and H,O.

The structure of Na,[(UO,)(SiO4)] contains U®* in
distorted octahedral coordination, with four short (~2
A) and two longer (~2.3 A) U*-0 bonds. Each U Oy
octahedron shares four of its vertices with silicate
tetrahedra, and Na cations are located in channels in
the framework (Fig. 15k).

The compound RbNa[(UO,)(Si,06)]1(H20) contains
rings of four silicate tetrahedra formed by the sharing
of tetrahedral vertices (Fig. 151). Identical rings of
tetrahedra are linked into sheets that are parallel to
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(001) by sharing vertices with uranyl square bipyramids,
such that each of the equatorial ligands of the square
bipyramid is shared with a tetrahedron from a different
ring. The sheets are linked into a framework through
additional uranyl square bipyramids, such that the four
vertices of the silicate tetrahedra are shared with two
tetrahedra within the ring, and two bipyramids. Note
that similar four-membered rings of silicate tetrahedra
occur in KNa3[(U02)2(Si4O10)2](H20)4, in which they
are linked directly to form silicate sheets (Fig. 15h).

Frameworks of uranyl pentagonal bipyramids
and phosphate, arsenate, or vanadate tetrahedra

The compounds [(U02)3(PO4)2](H20)4, (UOz)
[(UO2)(AsO4)]2(H20)4, (UO)[(UO2)(AsO4)]2(H20)s,
and (UOy)[(UO,)(VO4)]2(H,0)s each contain topologi-
cally identical sheets of uranyl pentagonal bipyramids
and tetrahedra, as shown in Figure 15m. The sheet is
based upon the uranophane anion-topology (Fig. 10a),
but is a novel graphical isomer. Note that all of the
tetrahedra that share edges with bipyramids of any given
chain of bipyramids are oriented in the same direction,
in contrast to the uranyl silicate sheets shown in Figure
10. In all four structures, adjacent sheets are connected
through uranyl pentagonal bipyramids located between
the sheets, resulting in frameworks. Each of the bipyra-
mids between the sheets shares one of its equatorial
vertices with a tetrahedron in the sheet on either side,
and the remaining three equatorial vertices are H,O. In
the cases of [(UO,)3(PO4)2](H20)4 (Fig. 15m), (UO,)
[(UO2)(VO4)2(H20)s, and (UO)[(UO,)(AsO4)](H20)4
(Fig. 15n), the sheets of polyhedra are relatively flat. In
the case of (UO»)[(UO,)(AsOy4)]>(H,0)s, the sheets are
strongly corrugated (Fig. 150).

The Compounds CSz(UOQ)[(UOz)(PO4)]4(H20)2,
Rby(UO2)[(UO2)(PO4)]4(H20)2, K2(UO)[(UO2)
(PO4)14(H20),, Cs2(UO)[(UO2)(AsO4)14(H,0)2, and
Rb(UOL)[(UO,)(AsO4)]4(H,0)4 5 possess homeotypic
framework structures (Fig. 15p). Each has sheets of
uranyl pentagonal bipyramids and tetrahedra that are
based upon the underlying uranophane anion-topology
(Fig. 10a). In each structure, the sheet is the same
graphical isomer as found in (-uranophane. Adjacent
sheets are connected into a framework by sharing
vertices with uranyl pentagonal bipyramids located
between the sheets. Each interlayer bipyramid shares
four of its equatorial vertices with tetrahedra, two from
each of the adjacent sheets. The remaining equatorial
vertex of the bipyramid is H,O. The low-valence cations
and additional H,O are located in channels extending
through the framework.

The structure of [(UO,),V,07] (Fig. 15q) is a frame-
work of uranyl pentagonal bipyramids and vanadate
tetrahedra. It contains sheets that are based upon the
uranophane anion-topology, with the same graphical
isomer as found for [(U02)3(P04)2](H20)4, (UOQ)
[(UO2)(AsO4)]2(H20)4, (UO)[(UO2)(AsO4)]2(H20)s,
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and (UO)[(UO2)(VO4)]2(H,0)s (Fig. 15m). However,
in the structure of [(UO,),V,07], there are no uranyl
ions located between the sheets; rather, direct sharing
of apical ligands of the vanadate tetrahedra connects the
sheets into a framework.

The structure of Na[(UO;)4(VQy)3] is an unusually
complex framework composed of uranyl pentagonal
bipyramids and vanadate tetrahedra (Fig. 15r). The
bipyramids are linked by sharing edges into chains
that are one bipyramid wide. Vanadate tetrahedra share
equatorial edges of the bipyramids on either side of the
chain, in the same fashion as occurs in sheets based
upon the uranophane anion-topology. However, the
uranyl vanadate chains in Na[(UO;)4(VOy)s3] are not
aligned to form sheets, but rather occur in the structure
in two mutually perpendicular orientations, and are
linked into a framework with channels that accommo-
date the Na cations.

Frameworks of uranyl polyhedra
and molybdate tetrahedra

Twelve uranyl molybdate compounds, corre-
sponding to seven distinct crystal structures, are frame-
works of uranyl pentagonal bipyramids and molybdate
tetrahedra. The considerable diversity of this chemical
group is related to the flexibility of the linkage between
the bipyramids and tetrahedra, which show a range
of U-O-Mo bond angles (e.g., Krivovichev & Burns
2003b).

The compounds Cs,[(UO32)s(M004)7(H20)2],
(NHy)2[(UO2)6(M004)7(H20)2], and Rby[(UO2)6
(M004)7(H,0),] are isostructural (Fig. 15s). There are
two types of uranyl pentagonal bipyramids, those that
share each of their equatorial vertices with molybdate
tetrahedra, and those that share only four of their equa-
torial vertices with molybdate tetrahedra, with the fifth
vertex corresponding to H,O. All of the molybdate
tetrahedra link to four different bipyramids. The lower-
valence cations are located in irregular voids within the
framework of polyhedra.

The compounds 0L-CSQ[(UOQ)2(MOO4)3], sz[(UOz)z
(Mo00Oy)3] and TI,[(UO,)2(Mo0QOy)s3] are isostructural
(Fig. 15t). Each bipyramid shares all five of its equato-
rial vertices with molybdate tetrahedra, and the tetra-
hedra are either linked to three or four bipyramids.
The structure contains unusually large channels that
extend along [001] and [100], with dimensions 3.5 X
10.5 A and 4.8 X 4.8 A, respectively. The Cs and Rb
cations are located within the channels through the
framework.

The structures of Ba(UO;)3(Mo00Oy4)4(H,0)4
(Fig. 15u), a-(UO,)(MoO4)(H,0), (Fig. 15v), Sr(UO,)e
(MoO4)7(H20)19 (Fig. 15w), Mg(UO,)3(M004)4 (H20)s
(Fig. 15x) and Ca[(UO2)s(M004)7(H20):]1(H,0),
(Fig. 15w) further illustrate the flexibility of the linkage
between uranyl pentagonal bipyramids and molybdate
tetrahedra. Each involves only vertex-sharing between
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these two types of polyhedra, yet the structural connec-
tivities are remarkably diverse. In Ba(UO;)3(MoOy)4
(H20)4 and Mg(UO;,)3(M004)4(H,0)s, only four of the
equatorial vertices of the bipyramids are shared with
tetrahedra, with the fifth position occupied by H,O. In
a-(U0,)(MoO4)(H,0), and Sr(UO,)s(M00O,4)7(H20)0,
all of the equatorial vertices of the bipyramids are
shared with tetrahedra. The ratios of bipyramids to
tetrahedra range considerably in these four structures;
in those with more tetrahedra relative to bipyramids,
fewer of the vertices of the tetrahedra are linked
to bipyramids. In Mg(UO;)3(Mo004)4(H,0)s and
Ba(U0O7)3(M004)4(H20)4, channels through the frame-
work are bounded by O atoms of the uranyl ions, as well
as by some apical (unshared) ligands of the tetrahedra.
In Sr(UO2)6(M004)7(H,0)19 and Ca[(UO2)s(M0O4);
(H,0),](H,0),,, channels in the framework are delin-
eated by apical O atoms of tetrahedra.

The structure of (NHy),[(UO,)5(M00Oy4)7](H,0)s5
warrants special attention owing to the presence of large
channels through the framework of uranyl pentagonal
bipyramids and molybdate tetrahedra (Fig. 15y). Each
of the five symmetrically distinct uranyl pentagonal
bipyramids share all five of their equatorial vertices
with tetrahedra, whereas four of the seven distinct
tetrahedra share each of their vertices with bipyra-
mids, and the remaining are each connected to three
bipyramids. The considerable range of U-O-Mo bond
angles in the structure, from 123.7 to 166.7°, permits
the unprecedented connectivity observed in this struc-
ture (Krivovichev et al. 2003). The structure contains
strips of bipyramids and tetrahedra that spiral about the
tubular openings along [001], with a primitive repeat-
distance of 70.6 A. The resulting framework contains
several channels, the largest of which extends along
[001] with a cross-section of 7.5 by 7.5 A. The (NH,)
cations and H,O groups are located within the various
channels.

Miscellaneous frameworks

Pyrophosphate P,O7 groups link uranyl pentagonal
bipyramids into a framework in the structure of
Na,[(UO,)(P,07)] (Fig. 15z). One phosphate tetrahe-
dron of the pyrophosphate group shares an equatorial
edge of a bipyramid, a vertex with another adjacent
bipyramid, and one vertex with the other tetrahedron
of the pyrophosphate group. The other phosphate
tetrahedron shares a vertex with one bipyramid, and
the remaining two vertices are unshared within the
framework. The Na cations are located within voids in
the framework.

The compounds a-(UO,)(SeOy), B-(UO2)(SOy),
and (UO,)(MoO4) have unusual frameworks that
include cation—cation interactions (Fig. 15aa). Uranyl
pentagonal bipyramids are linked into single-width
chains extending along [010]. Each linkage between the
bipyramids occurs through a cation—cation interaction,
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meaning that one of the uranyl ion O atoms of each
bipyramid is also an equatorial vertex of an adjacent
bipyramid within the chain. The chains of bipyramids
are linked through tetrahedra, and each of the tetrahedra
shares all four of its vertices with bipyramids of the
chains. In the case of the bipyramids, one of the equa-
torial positions corresponds to the cation—cation inter-
action, and each of the others is linked to tetrahedra.

The structure of [(UO,)3(PO4)O(OH)(H,0),](H,0)
has structural elements in common with the phos-
phuranylite group of minerals (Fig. 15ab). The
framework contains uranyl pentagonal and hexagonal
bipyramids, as well as phosphate tetrahedra. Pentagonal
bipyramids share an equatorial edge, forming a dimer.
The dimers are linked into chains by sharing edges with
hexagonal bipyramids, such that four of the equatorial
edges of the hexagonal bipyramids are shared with
pentagonal bipyramids, two on either side. The two
equatorial edges of the hexagonal bipyramids that are
not shared with pentagonal bipyramids are shared with
phosphate tetrahedra, resulting in uranyl phosphate
chains that are topologically identical to those found as
parts of sheets in the phosphuranylite group of minerals.
The H,O groups are located at the non-chain equato-
rial vertices of the uranyl pentagonal bipyramids. The
uranyl phosphate chains are in two mutually perpen-
dicular orientations, and are linked directly through the
phosphate tetrahedra, as each tetrahedron shares one
edge with each of two different chains (Fig. 15ab). The
resulting framework has channels along [001] that are
delineated by uranyl phosphate chains on either side.
The framework is electroneutral, with only H,O groups
located in the channels.

The compounds Pb,[(UO;)(TeO3)s] (Fig. 15ad),
Nag[(UO,)6(TeO3)10] (Fig. 15ae) and cliffordite (Fig.
15ad) all contain Te** cations that have stereoactive
lone-electron pairs. Typically, the Te** cation is strongly
bonded to three atoms of O with bond lengths of ~1.9
A, as well as some additional anions located about 2.5
to 3.0 A from the cation. The three short bonds about
the cation are on one side, and the coordination poly-
hedron is a pyramid that is capped by the cation. The
structures of Pb,(UO,)(TeO3); and Nag[(UO»)s(TeO3)10]
each contain uranyl pentagonal bipyramids that share
equatorial vertices and edges with TeO3 pyramids to
form the framework. Cliffordite is unusual in that it is
the only framework structure for which all of the U is
in hexagonal bipyramidal coordination.

The structure of K,[(UO,)2(VO),(10¢),0](H,0) is a
rather open framework of uranyl square bipyramids and
distorted VOg and 104 octahedra (Fig. 15af). The octa-
hedra share edges, forming a chain that extends along
[001]. The chains are linked into ribbons by sharing
polyhedron vertices, and these ribbons are linked into
the framework through the equatorial vertices of the
uranyl square bipyramids. The K cations and H,O
groups are located in channels that extend through the
framework (Fig. 15af).
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The lithium uranyl tungstates Li(UO7)(WOQOu),
and Liy(UO,)4(WO4)40 both contain distorted WOg
octahedra and uranyl pentagonal bipyramids, and
Li(UO32)4(WO4)40 also has uranyl square bipyramids.
The structure of Li(UO;,)(WQy), contains sheets of
vertex-sharing WOg octahedra that are linked through
vertex-sharing with the uranyl polyhedra (Fig. 15ag).
Note that uranyl polyhedra are linked into chains by
vertex-sharing. These chains are identical to those
found in sheets based upon the uranophane anion-
topology (Fig. 10). As noted by Obbade et al. (2004c),
insertion of additional chains of uranyl pentagonal
bipyramids in the voids occupied by Li cations would
result in uranyl tungstate sheets with the uranophane
anion-topology. The structure of Liy(UO2)4(W0O4)40
is composed of slabs of uranyl pentagonal bipyramids
and WOg octahedra that are based upon the uranophane
anion-topology (Fig. 15ah). These slabs are linked into
a framework by sharing vertices with uranyl square
bipyramids.

The perovskite-like structures of Ba,;MgUQOg and
KoBiUgOy4 (Figs. 15ai, aj) can be described as deriva-
tives of the 8-UOj3 structure-type (Fig. 15d). In both
cases, the U®* cations are in holosymmetric octahedral
coordination, with no uranyl ion present. These struc-
tures are derived from that of 3-UO;3 by doubling the
unit-cell edges, replacing some of the UO4 octahedra
with either MgOg, BiOg or KOg octahedra, and with
Ba or K cations inserted into the 12-coordinated sites
of the channels.

The structures of B-Cd(UO,)O,, Cu(UO,)O,, and
Mn(UO,)O, (Fig. 15ak) are closely related, although
they are not strictly isostructural, as they crystallize
in different space-groups. Each contains uranyl square
bipyramids and octahedra that are occupied by the diva-
lent cations. The Oy, atoms are part of the octahedral
coordination of the divalent cations, and as a result the
U®—0 bond lengths are longer than usual.

The structure of UCr,Og¢ involves a framework of
uranyl square bipyramids and chromate octahedra (Fig.
15al). The chromate octahedra share edges, resulting in
brucite-like sheets, but one-third of the octahedral sites
are vacant. The uranyl square bipyramids are located
between the chromate sheets, in correspondence with
the vacant sites of the sheets of octahedra.

The compound U*(UO,)(PO4), contains both U*
coordinated by seven O atoms, and U%* present as the
typical uranyl pentagonal bipyramid. The uranium poly-
hedra share edges, giving chains that are cross-linked
into a framework by sharing edges and corners with
PO; tetrahedra (Fig. 15am).

The compound Cs[(UO,);(HIOe)(OH)(O)(H,0)]
(H,0),5, as well as the isostructural Li, Na, K and Rb
compounds, have the unusual framework of uranyl
pentagonal bipyramids and periodate octahedra shown
in Figure 15an. The most unusual aspect of this rela-
tively open framework is that some of the linkages
between uranyl pentagonal bipyramids are through
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cation—cation interactions, making this one of the few
uranyl compounds to show this type of connectivity.
Sullens et al. (2004) suggested that the chelation of the
U(3) cation, which is involved in the cation—cation inter-
action, by the HIO4*~ ion results in transfer of significant
electron-density from the HIO4*" ion to the uranyl ion,
thus stabilizing the cation—cation interaction.

NANOSTRUCTURE MATERIALS

Nanostructure materials exhibit important properties
with promise for many potential applications. Such
materials also provide unique opportunities to study
fundamental structure—property relationships, and the
properties of many nanoscale materials are measurably
particle-size dependent. Self-assembling small clusters
have been reported based on main-group elements,
most notably C-60-buckminsterfullerene (Kroto et al.
1985), and transition-metal oxide clusters, including a
wide variety of polyoxometalates built on WO, MoO,
and NbO framework structures (Miiller et al. 1998).
Following the discovery of carbon nanotubes, consider-
able attention has also been devoted to synthesizing a
range of oxidic nanotubular materials, which also have
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FiG. 16.  U-32 uranyl peroxide nanosphere formed by the
linkage of 32 chemically identical uranyl peroxide poly-
hedra. From Burns et al. (2005).

Fi6. 17. Nanoscale tubules in a uranyl selenate. From Krivovichev ef al. (2005a).
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tremendous potential in materials applications. Prior to
2005, no materials have been reported with nanoscale
aggregates or tubules of higher-valence actinide ions.

Burns et al. (2005) described an unprecedented
family of actinyl peroxide nanoclusters. These chemi-
cally and structurally elegant spherical clusters were
obtained from alkaline solutions containing peroxide
under ambient conditions. The clusters are assembled
from topologically identical uranyl peroxide polyhedra,
and contain 24, 28 or 32 uranyl peroxide polyhedra
within the clusters (e.g., Fig. 16). Burns ef al. (2005)
provided evidence for the self-assembly and persistence
of the some of these clusters in alkaline solutions,
prior to crystallization in complex molecular crystals.
The assembly and persistence of these nanoclusters in
solution suggest that they may influence the mobility
of actinides in the environment, such as where highly
alkaline nuclear wastes leak into the vadose zone. The
complexity of the clusters, which constitute a new
class of polyoxometalates, is in sharp contrast to other
clusters of cation polyhedra of higher bond-valence in
uranyl compounds that are illustrated in Figure 4.

Krivovichev et al. (2005a, b) reported the synthesis
and structures of two remarkable new uranyl selenate
compounds that contain nanoscale tubules (Fig. 17). In
each case, uranyl pentagonal bipyramids share vertices
with selenate tetrahedra, resulting in open sheets that are
rolled into single-walled tubes, with external diameters
of 17 and 25 A, and inner crystallographically free
diameters of 4.7 and 12.6 A. This discovery presents
the fascinating possibility that many of the myriad of
sheets containing uranyl polyhedra may be able to form
nanoscale tubules. The range of sheet topologies and
compositions suggests many potential applications of
such materials.

SUMMARY AND FUTURE OUTLOOK

The convergence of greatly enhanced technologies
for detection of X-rays in single-crystal experiments
with a renewed interest in the crystal chemistry of U%*
has resulted in an explosion of new structures containing
U®*. During the past decade, known structures of uranyl
compounds has more than doubled. These studies have
further revealed the tremendous structural elegance,
beauty, and complexity of uranyl compounds, which are
reflected in the many Figures of this manuscript.

Of the 368 structures covered in this structural hier-
archy, 204 (55.4%) are based upon sheets of polyhedra
containing cations of higher valence, and of the 89
minerals, 69 (77.5%) contain sheets. Structures based
upon infinite chains and frameworks of polyhedra are
about equally abundant, and correspond to 57 (15.5%)
and 56 structures, respectively. Ten uranyl minerals are
classed as infinite-chain structures, whereas only three
have frameworks of polyhedra. There are 43 uranyl
compounds with structures based upon isolated clusters
of polyhedra, of which seven are minerals. Eight struc-
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tures contain isolated uranyl polyhedra. In 1996, Burns
et al. placed 180 structures in their hierarchy, of which
56 are minerals, 106 contain sheets, 19 contain chains,
22 contain clusters, 26 are frameworks, and seven
contain isolated uranyl polyhedra. Structures discov-
ered since 1996 have revealed many novel topological
arrangements of uranyl polyhedra and other polyhedra
containing higher-valence cations. Many of the new
structures also correspond to topological arrangements
that were known in 1996, and they expand the range of
compositions known to adopt a given topology.

Tremendous advances have been made in under-
standing the crystal chemistry of uranyl compounds,
including the structures of uranyl minerals. The struc-
tures of virtually all of the common uranyl minerals
have been resolved, but the structures are still either
unknown or unrefined for about half of the known uranyl
minerals, many of which are extremely rare. There has
been extensive exploration of many of the chemical
classes of inorganic uranyl compounds, and much of
the recent work has been focused on uranyl compounds
containing tetrahedrally coordinated hexavalent cations
such as Mo, S, and Cr, as well as cations that contain
stereoactive lone-electron pairs such as Te** and Se**.
Despite the considerable effort expended on structural
studies of such chemical classes of uranyl compounds,
new structural units and topologies continue to be found
on a regular basis, which suggests that many more novel
structural connectivities await discovery.

In developing the current structural hierarchy, I
have attempted to provide a cohesive framework for
the discussion and understanding of the structures of
inorganic uranyl compounds. I consider this step to
be essential toward application of knowledge of these
structures to mineralogical, geological, environmental
and technological issues. Just one example of the impor-
tance of understanding the structures and chemical
composition of uranyl minerals and compounds lies in
the area of nuclear waste disposal. Alteration of nuclear
waste forms such as spent nuclear fuel and actinide-
bearing waste glasses in a geological repository under
moist oxidizing conditions will obviously result in
complex suites of uranyl compounds. Some of these
alteration phases will incorporate radionuclides into
their structures, which is important for the long-term
performance of the repository. Theoretical predictions
of such incorporation mechanisms, as well as experi-
mental verification of incorporation require a detailed
understanding of the crystal structures. Determina-
tion of the thermodynamic stabilities and solubilities
of uranyl compounds relies heavily on the structural
formulae derived from crystallographic studies, as the
compositions of many of these phases were incorrectly
assigned in the absence of knowledge of their structures.
Synthesis and structural analysis have permitted the
discovery of many new uranyl compounds that may be
relevant to repository performance. The ultimate predic-
tion of thermodynamic properties and occurrences
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of uranyl compounds on the basis of their structural
connectivities is a tantalizing prospect, but this goal
requires a detailed understanding of the crystal chem-
istry of uranium.

Reports of both nanoscale clusters containing uranyl
polyhedra and nanotubular uranyl compounds appeared
in the spring of 2005, and represent a new direction
in the crystal chemistry of uranium and actinides in
general. Discovery of these novel materials occurred
after many years of research concerning uranyl crystal
chemistry, at a time when the casual observer might
have considered studies of uranium crystal chemistry
to be a relatively mature field. Now, there are many
research opportunities concerning nanoscale uranium-
based materials, including their importance for under-
standing chemical processes involving actinides, the
potential for novel materials applications, and the
impact of such materials on transport of actinides in
the environment.

Unlike U®*, relatively few crystal structures have
been analyzed that contain neptunium or plutonium
in higher oxidation states (5+ or 6+). The degree to
which the considerable knowledge concerning U%*
crystal chemistry may be transferable to Np and Pu
compounds is unclear. The few structures of Np>*, Np®*,
Pu’* and Pu®* compounds that are known do contain
the same types of coordination polyhedra as U*, actinyl
ions in square, pentagonal and hexagonal bipyramidal
polyhedra. As such, one might expect that Np and Pu
structures will in many ways be similar to those already
known from uranyl compounds. This may largely be the
case for Np®™ and Pu®*, although their slightly longer
bond-lengths, as compared with U%*, may lead to some
novel structural connectivities in structures where the
sharing of edges between actinyl polyhedra and poly-
hedra containing higher-valence cations is important.
In the cases of Np>* and Pu’*, the actinyl ion has a
formal valence of 1+, and the bond strengths within
the actinyl ions are likely to be somewhat lower than
in the case where a hexavalent cation is present. As
such, the O atoms of the actinyl ions containing Np>*
and Pu>* will be more readily shared with other actinyl
polyhedra, thus cation—cation interactions are likely
to be much more important than in uranyl structures.
The few structures of Np>* compounds that are in the
literature, as well as about a dozen structures my group
and I have recently determined, commonly do contain
cation—cation interactions, which results in dramatically
different structures as compared to uranyl compounds
with similar chemical compositions.
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