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ABSTRACT

A hierarchical structural classification is developed for U%* minerals and inorganic phases, based on the polymerization of
coordination polyhedra of higher bond-valence. The US* cation is usually present as part of the approximately linear (U0,
uranyl (Ur) ion, which is coordinated by four, five or six anions (¢: O%>~,0H-,H,0), with the oxygen atoms of the uranyl ion
forminﬁ the apices of square, pentagonal and hexagonal bipyramids, respectively. The uranyl ion <U-O> bond-lengths are
~1.8 A in each coordination polyhedron, and the equatorial <U-O> bond-lengths for Urd,, Ur¢s and Urdg polyhedra
are 2.26(8), 2.34(10) and 2.46(12) A, respectively. Inorganic oxide phases in which US* plays a significant structural role are
considered. A total of one hundred and eighty structures (of which fifty-six are of minerals) have been placed in the hierarchy
of structures: one hundred and six (forty-three minerals) contain infinite sheets of polyhedra, nineteen (five minerals) contain
eight different infinite chains of polyhedra, twenty-two (five minerals) contain ten different finite clusters of polyhedra, seven
(no minerals) contain isolated polyhedra, and twenty-six (three minerals) structures contain frameworks of polyhedra. The
sheets of polyhedra that occur in one hundred and six structures are classified according to the details of their topological
arrangements of anions within the sheets, with twenty-nine different sheet anion-topologies observed, but six of these
topologies account for 82% of observed sheets.

Keywords: uranyl, uranium, actinide, structure hierarchy, structure classification, crystal structures, nuclear waste.
SOMMAIRE

Nous proposons une classification structurale hiérarchique des minéraux et des phases inorganiques contenant U%*, fondée
sur la polymérisation des polyadres de coordinence ayant la valence de liaison la plus élevée. Le cation US* est normalement
présent sous forme de ’ion uranyle (Ur), (U%0,)?*, agencement approximativement linéaire, qui est entouré de quatre, cinq ou
six anions (¢: 0%, 0H",H,0), les atomes d’oxygene de I’ion uranyle formant les sommets de bipyramides carrées, pentagonales
et hexagonales, respectivement. Les longueurs de la liaison <U-O> de I’ion uranyle sont d’environ 1.8 A dans chacun de ces
polyedres, et celle des liaisons <U-O> équatoriales Urd,, Urds et Urdg sont 2.26(8), 2.34(10) et 2.46(12) A, respectivement.
Nous considérons aussi les oxydes inorganiques dans lesquels le U joue un role structural important. En tout, cent quatre-vingt
structures, dont cinquante-six sont celles de minéraux, sont placées dans une hiérarchie. De ce nombre, cent-six (quarante-trois
minéraux) contiennent des feuillets infinis de poly&dres, dix-neuf (cing minéraux) contiennent huit chaines infinies de poly&dres
distinctes, vingt-deux (cing minéraux) contiennent dix groupements finis distincts de poly&dres, sept (sans exemple dans la
nature) contiennent des poly&dres isolés, et vingt-six (trois minéraux) contiennent des trames tri-dimensionnelles de poly&dres.
Nous classifions les feuillets de polyddres retrouvés dans les cent-six structures selon les détails de leurs agencements
topologiques d’anions 2 I'intérieur d’un feuillet. Il en résulte vingt-neuf topologies distinctes des anions, mais six de celles-ci
rendent compte de 82% de tous les agencements en feuillets observés.

(Traduit par la Rédaction)

Mots-clés: uranyle, uranium, actinide, hiérarchie structurale, classification structurale, structure cristalline, déchets nucléaires.

INTRODUCTION formal valence of +6, the valence of the uranyl ion is
only approximately +2; thus Urd,, Urds, and Urdg
polyhedra (Ur: uranyl ion, ¢: 0>, OH-, H,0) may

polymerize with other Urd, polyhedra or polymerize

Most uranium-bearing minerals contain U%*, the
oxidized form of uranium. The U%" cation is almost

always present as part of an approximately linear
(U%0,)%* uranyl ion (Evans 1963). Where found in
crystal structures, the uranyl ion is coordinated by four,
five or six anions, in an approximately coplanar
arrangement (Fig. 1). Although the U cation has a

with other cation coordination polyhedra to form
complex structures without violating the valence-sum
rule (Brown 1981). There are 170 recognized mineral
species listed in Fleischer & Mandarino (1991) that
contain US* as a necessary structural constituent. Of

1 Present address: Department of Geology, University of Illinois at Urbana-Champaign, 245 Natural History Building, 1301

West Green Street, Urbana, Illinois 61801, U.S.A.
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Fic. 1. The three types of Ur¢, polyhedra (Ur: uranyl ion, ¢: O?,0H-H,0).
US* cations are shown as circles shaded with parallel lines, and anions are shown as

open circles.

these, the structures are known and refined for 56.
In addition, the structures of about 124 non-mineral
U phases are known. Here, we propose a hierarchy
of structures for US* inorganic phases, including
minerals.

The organization of crystal structures into hierar-
chies is not a new concept; Bragg (1930) first classified
silicate structures based upon the polymerization of
(8i,A1)O, tetrahedra, and this scheme was later
generalized to include structures on the basis of the
polymerization of any tetrabedra by Zoltai (1960) and
Liebau (1985). The organization of US* structures
into a hierarchy serves to order our current knowledge,
and it also facilitates comparisons of the structures.
This organization should be a significant aid during the
determination of unknown crystal structures. Structural
schemes also provide considerable insight into the
underlying controls of bond topology (Hawthorne
1983, 1990) and mineral paragenesis (Moore 1965,
1973, Hawthorne 1985).

Recently, US* minerals and phases have received
increased attention because they form as alteration
products on uraninite under oxidizing conditions
(Finch & Ewing 1992) and on the UO, of spent nuclear
fuel in experimental studies of corrosion (Wronkiewicz
et al. 1992). Under oxidizing conditions, such as those
found in the proposed nuclear-waste repository at
Yucca Mountain, Nevada, UO, is unstable, and the rate
of alteration in the presence of water is likely to be
appreciable (Murphy & Pabalan 1995). Thus, the

oxidized products of alteration, mainly U®* phases, will
govern the release rate of radionuclides. A systematic,
structural understanding of this rather large and
complex group of minerals and phases is required in
order to: (i) simply identify phases, particularly under
the difficult conditions required in experiments with
highly active spent nuclear fuel; (i) evaluate the ability
of different structures to act as effective host-phases for
fission products (e.g., Sr and Cs) and transuranic
elements (e.g., Np, Pu, Am, Cm); (i) determine the
expected paragenesis based on structural relationships
and to evaluate the thermodynamic stability of these
phases. The large majority of these phases may be
classified as sheet structures; thus, it may beipossible to-’
calculate thermodynamic parameters (e.g., solubility
products) based on ideal structure-types and sheet-
stacking arrangements.

GEOMETRIES OF URANYL POLYHEDRA

In crystal structures, the (UO,)** uranyl ion is
coordinated by four, five or six anions, such that the
coordinating anions are approximately coplanar with
the US* cation, and the oxygen atoms that are part of
the uranyl ion are the apices of square, pentagonal and
hexagonal bipyramids (Fig. 1). As first noted by Evans
(1963), the Urd; polyhedron is the most common mode
of accommodation of US* in solids.

The <U-0O> bond-lengths in the uranyl jons are
~1.8 A and are essentially insensitive to the coor-
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dination of the uranyl ion. The O-U-O bond-angle of
the uranyl ion is generally close to being linear, with
divergence from linearity seldom exceeding 4°. The
equatorial <U%*-0> bond-lengths are dependent on
coordination number; averages derived from 134 well-
refined structures are Urd, = 2.26(8) (44 polyhedra),
Urds = 2.34(10) (125 polyhedra) and Urdg = 2.46(12)
A (39 polyhedra). Assuming ideal bond-angles, and
coplanarity of equatorial anions, one may calculate
ideal equatorial edge-lengths: 3.20, 2.75 and 2.46 A for
Urt,, Urds and Urdg polyhedra, respectively.

GENERAL CONSIDERATIONS

Smith (1984) presented a crystal-chemical classifi-
cation of U and U** minerals, Minerals were grouped
on the basis of identities of the principal cations in
the structure, and additional divisions within each
chemical class were based upon structural criteria. The
work of Smith (1984) represents an important step
forward in the understanding of U minerals, in part
because it places each mineral in a geological context.

Hawthorne (1983, 1985) has proposed that mineral
structures can be ordered according to the polymeriza-
tion of those cation polyhedra of higher bond-valence.
Hawthorne (1985, 1990) used this idea to set up a
hierarchy of structures for minerals based upon
tetrahedrally and octahedrally coordinated cations.
Here we adopt a similar approach for U%* inorganic
structures. The structural hierarchy that we propose is
generally based upon the polymerization of those
cation polyhedra of higher bond-valence, including,
most importantly, US* polyhedra, but also including all
other cation polyhedra of higher bond-valence. Usually
the placement of a structure in the hierarchy is
independent of the presence of hydrogen bonds or
polyhedra containing mono- or divalent cations.
However, it is our intent to illustrate similaritics among
structures, so it is in some cases appropriate to include
polyhedra of low-valence cations when placing
structures into the hierarchy. This is the case when a
low-valence cation occupies a polyhedron that is
similar to a U% polyhedron, resulting in a structural
unit that is graphically identical to the structural unit
(which does not contain a low-valence cation) in
another structure.

As the anions that coordinate the uranyl ion are
invariably close to being coplanar, and the bond-
valence requirements of the oxygen atoms that are part
of the uranyl ion are approximately satisfied without
further bonding, geometrical constraints and the
bonding of coordinating anions to two or three
uranyl ions commonly result in polymerization to form
infinite sheets. Of the structures considered here,
~60% are based upon infinite sheets. Chemical
constraints, such as the relative amounts of uranium
versus other cations in the structure, and the inclusion
of monovalent anions (i.e., CI", F) or H,O groups may
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reduce the degree of polymerization, resulting in
structures that are based on infinite chains of
polyhedra, finite clusters of polyhedra, or isolated
polyhedra, in the extreme case. In addition, polymer-
ization in the third dimension occurs, resulting in
framework structures.

In most cases, the assignment of a structure to one
of the principal structural classes (i.e., infinite sheet,
infinite chain, finite cluster, isolated polyhedron,
framework) is straightforward. In structures containing
sheets, the sheets of polyhedra are usually linked
through low-valence cations or hydrogen bonds.
However, in several structures, sheets of polyhedra link
together by sharing anions, producing a framework. In
these structures, the bonding is generally substantially
stronger within the sheets than between the sheets, and
the uranyl ion is usually oriented perpendicular to the
sheet direction. In addition, such structures invariably
contain sheets that are similar (or identical) to the
sheets that occur isolated in other structures. Thus, we
classify such structures as sheet structures rather than
frameworks; the term jframework is reserved for
structures that have similar bond-strengths in all three
dimensions.

In this work, only the structures of inorganic oxide
phases are considered; structures of metal-organic
phases are excluded. Only phases in which U%* plays
a significant structural role are considered, and only
those for which crystal-structure data are available are
included. Phases that are assumed to be isostructural
with a phase for which the structure is known, but for
which there are no structure data, are excluded.

In many cases, the chemical formulae used in the
text and tables have been modified from those of
the original authors so as to emphasize structural
features and to facilitate comparison. All structures
classified are listed in Tables 1 to 9, and only billietite
is listed twice, as the structure of billietite contains
two distinct sheets of polyhedra. In Tables 7 and 8,
double lines are used to separate structures that contain
different clusters and chains, respectively. In Tables 1
to 6, double lines separate structures that have sheets
with different anion-topologies, and dotted lines
separate structures with distinct sheets, but the same
anion-topology.

Throughout this paper, Ur refers to the (UO,)**
uranyl ion, and ¢ is 0%, OH- or H,O. Thus, Urt,, Urds
and Urdg designate US* (as part of the uranyl ion) in
square bipyramidal, pentagonal bipyramidal and
hexagonal bipyramidal coordinations, respectively.
The oxygen atoms that are part of the uranyl ion are
designated Oy,

INFINITE SHEETS AND ANION-TOPOLOGIES
Crystal structures that contain uranyl polyhedra

most often are based upon infinite sheets of edge- and
corner-sharing polyhedra. These sheets may contain
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only US* polyhedra, and in some of these cases the
sheet contains more than one type of U polyhedron.
However, many structures are based upon complex
heteropolybedral sheets that contain, in addition to
U% polyhedra, other cation polyhedra. One hundred
and six US* phases are known to adopt a structure
that is based on infinite sheets of polyhedra, thus the
classification and comparison of these sheets are a
challenge.

One particularly instructive way to compare and
group these sheets is to consider the topological
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arrangement of the anions that occur within the sheets
Miller et al. 1995, 1996). The procedure used to
identify the sheet’s anion-topology is best illustrated
by an example. Consider the sheet shown in Figure 2a.
The anion-topology may be obtained as follows: (1)
Each anion that is not bonded to at least two cations
within the sheet, and is not an equatorial anion of a
bipyramid or pyramid within the sheet, is removed
from further consideration (Fig. 2¢). (2) Cations are
removed, along with all cation—anion bonds, leaving an
array of unconnected anions (Fig. 2d). (3) Anions are

©

O

FIG. 2. The procedure for obtaining a sheet anion-topology that corresponds to a sheet of polyhedra. (a) The sheet of polyhedra.
(b) A ball-and-stick representation of the sheet. (¢) The sheet with all anions that are not bonded to two or more cations
within the sheet, and are not an equatorial anion of a pyramid or bipyramid, removed. (d) The sheet with all cations, and
cation—anion bonds, removed. (¢) The sheet with anions connected. (f) The anion-topology of the sheet. The Urts polyhedra
and X¢, (X: unspecified cation) tetrabedra are shaded with crosses and parallel lines, respectively. Uranium atoms are shown
as circles shaded with paralle] lines, tetrahedrally coordinated cations are open circles, and anions are circles shaded in the

lower-left corners.
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joined by lines, with only those anions that may be
realistically considered as part of the same coordina-
tion polyhedron being connected (i.e., those anions
separated by less than about 3.5 A) (Fig. 2e). (4)
Anions are removed from further consideration,
leaving only a series of lines that represent the anion-
topology (Fig. 2f). Note that the anion-topology does
pot contain any information about the cation
population of the sheet from which the topology was
derived.

All anion-topologies may be regarded as an orderly
array of edge-sharing, space-filling polygons that
possesses translational symmetry. Each polygon
corresponds to a potential cation site in a particular
(specific) population of that topology. For example, the
center of a triangle may be populated by C, B or N, or
by a cation in triangular-bipyramidal coordination,
or the triangle may be the face of a tetrahedron, with
the cation located above or below the center of the
triangle, efc. A square may be populated by a cation in
tetrahedral coordination, with all four anions bonded
within the sheet, or by a cation in square-planar,
square-pyramidal or octahedral coordination, etc. A
specific filling of the cation sites associated with a
topology is referred to as a topology population. Sheets
of polyhedra, which in some cases seem to be very
different, are commonly based upon the same
underlying anion-topology, as demonstrated in
Figure 3.

In the structural hierarchy presented here, all sheets
are grouped according to the underlying anion-
topology in the sheet. This approach is not only a
reasonable and effective means of classification of
these sheet structures, but it also provides the basis
whereby new sheets may be predicted (Miller et al.
1996). In the following sections, each observed anion-
topology in the sheet is considered in turn. In order to
facilitate comparison, anion-topologies are loosely
grouped according to the shapes of the polygons that
they contain. We emphasize that this grouping is done
primarily for the sake of convenience.
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Anion-topologies with squares

There is only one way to construct an anion-
topology that has only squares such that the anions of
common edges of adjacent squares are coincident
(Fig. 4a), and this topology is the basis of sheets
found in twenty-two structures (Table 1). Only three
topologically distinct sheets have this anion-topology,
and the structures that contain them are grouped in
Table 1 according to sheet type. This anion-topology
is designated the autunite anion-topology.

The first group of structures in Table 1 is based upon
a sheet in which one half of the squares of the anion-
topology are populated by Ur¢, polyhedra, such that
there is only corner-sharing between adjacent Urd,
polyhedra, and the uranyl ions are perpendicular to the
sheets (Fig. 4b). This sheet has the composition
(UO,)0, and occurs in seven structures (Table 1). In
each structure, the sheets are either bonded together
through interlayer cations (five structures) or hydrogen
bonds between sheets (two structures).

The second group of structures in Table 1 is based
upon a sheet that contains equal numbers of Ur,
polyhedra and X>+O, tetrahedra. One half of the square
sites of the anion-topology are populated; one quarter
are populated with Ur(, polyhedra, and one quarter are
populated with X5+0, tetrahedra with all four anions
contained within the sheet (Fig. 4c). The composition
of this sheet is (UO,)(X**O,), and it is found in
fourteen structures (Table 1), with the tetrahedral sites
occupied by X =P in eight and X = As in six. In twelve
of the structures, the sheets are linked through
interlayer cations and, in most cases, by hydrogen
bonding. In two structures, the sheets are linked by
hydrogen bonding only to interlayer H,O groups.

The structure of K,[(UO,)(PO,),] contains twice as
many PO, tetrahedra as Urd, polyhedra (Fig. 4d). In
this sheet, one quarter of the squares of the anion-
topology (Fig. 4a) are populated by PO, tetrahedra and
one eighth are populated by Urd, polyhedra, giving a
sheet with the composition (UO,)(PO,),. Each Urg,
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FiG. 3. Examples of sheets of polyhedra that have identical anion-topologies. (a) The sheet that occurs in the structure of
protasite. (b) The protasite anion-topology. (c) The sheet that occurs in the structure of Mg[(UO)(80,),1(H,0)y,. Uranyl
polyhedra are shaded with crosses, and tetrahedra are shaded with parallel lines..
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FIG. 4. Sheets based upon the anion-topology that contains only squares. The correspond-
ing structures are listed in Table 1. Legend as in Figure 3.

polyhedron shares four of its corners with PO,
tetrahedra, but each PO, tetrahedron is only connected
to two Urd, polyhedra. The sheets are connected
through the interlayer K cations.

Anion-topologies with triangles and pentagons

Eleven structures contain sheets based on anion-
topologies that contain only triangles and pentagons
(Table 2). Only three unique anion-topologies occur
in this group, and structures based on this sheet anion-
topology are listed in Table 2.

Protasite anion-topology: The structure of protasite
is based upon a sheet with the anion-topology shown
in Figure 5b. This anion-topology contains a chain of
edge-sharing pentagons, and each of these chains
is separated by a chain containing pentagons and
triangles, arranged so that each triangle shares an edge

with one pentagon and a corner with another pentagon
within the same chain (Fig. 5b). This chain of
pentagons and triangles is referred to as an arrowhead
chain by Miller et al. (1996) because the sharing of
an edge between a pentagon and a triangle produces an
arrowhead-like shape. In the protasite anion-topology,
all arrowhead chains of pentagons and triangles are
oriented such that the arrowheads point in the same
direction (toward the bottom of the page in Fig. 5b).

Where all pentagons in the anion-topology are
populated with Urds polyhedra, the sheet shown in
Figure S5a results. This sheet, with composition
(U0,)305, is found in the structures of protasite,
billietite (along with another sheet, see below),
becquerelite, and o-U,Og (Table 2). In the structures of
protasite, billietite and becquerelite, the sheets are
linked through intersheet cations and hydrogen bonds,
but in o-U;Oq, the sheets link directly by shared
anions.
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TABLE 1. STRUCTURES CONTAINING SHEETS BASED ON ANION TOPOLOGIES WITH SQUARES
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Name Fig. Formula S.G. a(A) bA) c(A) () 8¢ v(®  Ref.
4b Lip[(U02)0,] Prnma 10.547 6.065 5.134 1
4b Ba[(U0»)0,] Pbcm 5.744 8.136 8.237 2
4b Sr{(U0,)0,] Pbem 5.4896 79770  8.1297 3
4b Y-[(UO,)(OH);) P2/c 5.560 5.522 6.416 112.71 4
4b B-[(UO,)OH),] Pbca 5.6438 6.2867  9.9372 5
4b 8-Nay[(U0,)02] Peen 11.708 5.805 5.970 6
4b Pb{{UO,)0,] Pbem 5.536 7.968 8212 7
meta-uranocircite  4¢ Ba[(UO2)(PO4)](H20)s P2ila 9.789 9.882  16.868 8995 8
threadgoldite 4c Al[(UO)(PO)LIOMH0)s  Ce 20.168 9.847  19.719 11071 9
metatorbernite 4c Citpoo[(UO2)(POL)(H:0)s P4fn 6.972 17277 10
meta-autunite 4¢ Ca[(UO)(PO4)1(H:0)6 Phfnmm 6.96 8.40 11
saleeite 4¢ Mg[(UO)(PO4)]2(HO)o P2/c 6.951 19.947 0.896 135.17 12
4c [(UO)H( PO4)1(H20)a Pd/nce 6.995 17.491 13
4c K[(UO)(PO4)1(D,0)s Pé/nece 6.99379 17.78397 14
4c ND4[(UO)(POL)ID20)3 Pa/nce 7.0221 18.0912 15
metazeunerite 4c Cul(UO,)(As04)]2(H0)s Phyfnme  7.105 17.704 16
abernathyite 4¢ K[(UO;)(AsO4)I(H,0)3 Pd/nce 7.176 18.126 17
4c NH4[(UO-)(AsO,)I(Hz0); P4snce 7.189 18.191 17
4c KH;0[(UO,)(AsO)1:(H;0)s  Pé/nce 7171 18.048 17
4¢ [(UO,)D(AsO)1(D20)s PAfnce 7.1615 17.6390 18
4c Li[(U0,)(As04) (D204 P4/n 7.0969 9.1903 19
4d K,[(UO,)(PO,),] Pdofnme 6985 11.865 20

References: (1) Gebert et al. (1978), (2) Reis et al. (1976), (3) Loopstra & Rietveld (1969), (4) Siegel et al. (1972b), (5) Taylor & Bannister

(1972), (6) Kovba (1971), (7) Cremers et al. (1986), (8) Khosrawan-Sazedj (1982a), (9) Khosrawan-Sazedj (1982b), (10) Stergiou ez al. (1993),
(11) Makarov & Ivanov (1960), (12) Miller & Taylor (1986), (13) Morosin (1978), (14) Fitch & Cole (1991), (15) Fitch & Fender (1983), (16)
Hanic (1960), (17) Ross & Evans (1964), (18) Fitch er al. (1983) (19) Fitch et al. (1982), (20) Linde et al. (1980).

TABLE 2. STRUCTURES CONTAINING SHEETS BASED UPON ANION TOPOLOGIES CONTAINING TRIANGLES AND PENTAGONS

Name Fig. Formula S.G. ad) bA) cd) () B Q) Ref.
protasite 5a  Ba[(UO):040HYI(H:0)  Pn 122049 72206 69558 90.401 1
billietite 52 Ba[(UO»);0xOH)sL(H,0)  Phn2, 120720 30.167  7.1455 1
becquerelite  Sa  Ca[(UO:OxOH:L(H:0)s  Pn2ia  13.8378 123781 149238 1
52 0-Us0g C2mm 6716 11960  4.147 2
5¢ Mgl(UOXSO)IHn C2c 1133 1715 21709 102.22 3
5¢ [(UO)(SO)IHAHO)s C2lc 11008 8242 15619 11371 4
5¢ Ko[UOxSO)I(EH:0), Pnma 13806 11577 7292 5
fourmarierite ~ 5d  Pb(UO0:OH)aJ(H,0)s  Bb2im 13986 16400 14293 6
schoepite 5 [(UO)OLOH)ul(H:0),  P2iea 14337 16813 14731 7
5 o-Cs[(U0.)05] CUm 14528 42638  7.605 112. 8
58 B-Cs:l(U02)0s] C¥m  14.615 43199 7465 113.78 8

References: (1) Pagoaga et al. (1987), (2) Loopstra (1977), (3) Serezhkin ez al. (1981b), (4) Alcock et al. (1982), (5) Niinistt ez al. (1979), (6)
Piret (1985), (7) Finch et al. (1996), (8) van Egmond (1976b).
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FiG. 5. Sheets based upon anion-topologies that contain triangles and pentagons. The corresponding structures are listed in

Table 2. Legend as in Figure 3.

Where one half of the pentagons of the anion-
topology shown in Figure Sb are filled with Urds
polyhedra, and S*0, tetrahedra are inserted such
that two anions of each tetrahedron are included
in the sheet, with the tetrahedron edge corresponding
to the shared edges of pentagons in the anion-
topology, the sheet shown in Figure 5c results. This
sheet has the composition (UO,)(SO,), and is the
basis of three structures (Table 2). In the structures
of Mg[(UO,)(80,),](H,0),; and K,[(UO,}XSO,),]
(H,0),, the linkage between sheets is through
intersheet cations and hydrogen bonds, and in
[(UO,)(S0,),IH,(H,0)s, the linkage between sheets
occurs through hydrogen bonding only.

Fourmarierite anion-topology: The structures of
fourmarierite and schoepite (Table 2) both contain
sheets with the underlying anion-topology illustrated
in Figure 5e. This anion-topology contains chains of
edge-sharing pentagons that are separated by two
adjacent arrowhead chains of pentagons and triangles,
with the arrowheads of adjacent chains pointing in
opposite directions (Fig. 5e). The sheet that occurs
in the fourmarierite and schoepite structures (Fig. 5d)
results by populating all pentagons in the anion-
topology with Urds polyhedra, giving a sheet with
composition (UO,)4¢,. In the structure of four-
marierite, adjacent sheets are linked through intersheet
Pb cations and through hydrogen bonding, whereas the
sheets in the structure of schoepite are connected via
hydrogen bonding to intersheet H,0O groups only.

Cs,[(UO,),0;] anion-topology: The anion-topology
shown in Figure 5f is the basis of the sheet that occurs
in the o and B forms of Cs,[(UO,),0,] (Table 2). All
pentagons in this novel anion-topology are populated
by Urds polyhedra to give a sheet with composition
(U0,),0; (Fig. 5g). In both structures, the sheets are
linked through the intersheet Cs cation. The o and 3
forms of Cs,[(UQ,),05] are similar; the two structures
differ only in small atomic displacements associated
with anion disorder (van Egmond 1976b).

Anion-topologies with triangles,
squares and pentagons

Currently, forty-one structures are known to contain
sheets with anion-topologies that contain only
triangles, squares and pentagons. These structures are
grouped on the basis of the underlying anion-topology
in the sheet (Table 3). Within each group, structures
that exhibit the same topology population are grouped.
There are fifteen known distinct anion-topologies that
contain only triangles, squares and pentagons. In the
following sections, each of these topologies is
discussed separately.

Uranophane anion-topology: The sheets of sixteen
structures (Table 3) are based upon the anion-topology
of the uranophane sheet (Fig. 6a). In this anion-
topology, pentagons share edges to form parallel
chains, and adjacent chains of pentagons are connected
through chains of alternating edge-sharing triangles
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TABLE 3. STRUCTURES CONTAINING SHEETS BASED UPON ANION TOPOLOGIES WITH TRIANGLES, SQUARES AND
PENTAGONS

Name Fig.  Formula S.G. ady bA)Y A  «®) B y(°)  Ref
6b  Na[(UO)BO3)] Pcam 10712 5780 6.862 1
6b  Li[(UOXBO3)] P2je 5767 10574 6.835 105.04 2
a-uranophane 6c  Ca[(UOy)(SiO;0H)LH,0)s P2, 15909  7.002  6.665 97.27 3
boltwoodite 6c  KEH;0)[(UOXSIO)] P2, 7073 7.064 6.638 105.75 4
cuprosklodowskite 6 Cuf(UQ,)(SiO;0H)]x(H,0)s PT 7052 9267 6655 109.23  89.84 11001 5
sklodowskite 6c  Mg[(UOXSIO:0H)(H.0)s C2im  17.382 7047 6610 105.9 6
kasolite 6c  Pb[(UO)(SI0N)](H,0) P2lc 6704 6932 13252 104.22 7
6c Mg [(UO:XAsO)(H0), C2m 18207 7062  6.661 99.65 8
B-uranophane 6d  Ca[(UO.)(SI0;0H),(H.0)s P2/a 13966 15443  6.632 91.38 9
ulrichite 6e  Cu[Ca(UO)POs)]( H:0)s C¥m 1279 685 13.02 91.03 10
6f  Nass(UO2)s(HosPOs)(POs)s Pl 6675 6922 10.732 8396 8229 8944 11
6g  Ka[(UO0s) P2, 6931  7.690 6.984 109.69 12
6h  [HxUO,)04] PT 6.802 7417 5556 1085 1255 882 13
6 [(UO2X(Cu0a)] PY 6516  7.614 5615 109464 12518 89.993 14
schmitterite 6 [(UOXTe0y)] Pea2, 10,161 5363 7.862 15
6k  K[(UO)NbOy)] Pcab 7579 11321 15259 16
francevillite Ta  BagsePbyo(UO2)A{V20s)](H0)s Pcan 10419 8510 16763 17
curienite Ta  Pb[(UO:)(V:0a)](H,0)s Pcan 1040 845 16.34 18
7a  Ky[(UOs)(V209)] Pula 1047 841 659 103.8 19
sengierite 7a  Cuy[(UO,)(VA05)(OHR(H,0) P2/a 10599  8.093 10.085 103.42 20
7a  Ni[(UO2)(V.0:)I(H:0)s Prnam  10.60 825 1512 21
T2 Cs{(UO)(V:0s)] P2/a 10521 8436 7.308 106.08 22
78 Cs[(UO2)Nb,Og)] P2/e 7430 8700 10.668 105.08 23
7d - BU0s Cmem 7069 11445 8303 24
billietite 7d  Ba[(UO)0A0H)h(H:0)s Pbn2, 120720 30.167  7.1455 25
iriginite 7e  [(UO)XMoO;0H):(H0)[(HL0) Pea2, 1277 6.715 1153 26
78 [Ca(UO)Mo0L0,4] PT 13239 6651 8236 9000 9038 12016 27
sayrite b Pba(UO2)sO4(OHYI(H;0) Paje 10704 6960 14.533 116.81 28
7h K [(UO,)s05)(UO), Pbam 6945 19533 7215 29
Tk [Pby(UO10u) Pmmn 28459 8379  6.7650 30
7k [Sr3(U02u0u] Pmmn 28508 8380 6.7333 31
n K{(UO:)(CrO{OH)](H.0)1 5 Pfe 13292 9477 13.137 104.12 32
70 Cs[(UO;XPOs)s) P2n 6988  10.838 13.309 104.25 33
curite Tp Phy[(UO, )0 OH)sI(F:0)s Pnam 12551 13003 8390 34
7s Cs4[(UQ,)501] Pben  18.776 7.070 14.958 35
vandenbrandeite 7t [(U0,)Cu(OH),) PY 7.855 5449 6089 9144 10190 892 36
Zppeite 7w K[(UO,)(SOs)(OH);1(HL0) C/e 8755 13.987 17.730 104.13 37
7x Cs[(UO2):(804)s] P321 962 8.13 38
7aa  (NHo):[(UO2XSO)(H,0)(H,0) P2/c 7783 7.403 20918 102.25 39
7ab  [Mg(UOXB;05)] Peam 9747 7315 7911 40
7ae  K[(UOXMo0O,)] Plje 12269 13468 12.857 95.08 41

References: (1) Gasperin (1988), (2) Gasperin (1990), (3) Ginderow (1988), (4) Stobl & Smith (1981), (5) Rosenzweig & Ryan (1975), (6) Ryan

&R g (1977), (7) Re g & Ryan (1977a), (8) Bachet ef al. (1991), (9) Viswanathan & Harneit (1986), (10) Birch er o, (1988), (11)
Gorbunova et al. (1980), (12) Saine (1989), (13) Siegel et al. (1972a), (14) Dickens et al. {1993), (15) Meunier & Galy (1973), (16) Gasperin
(1987b), (17) Merciter (1986¢), (18) Borene & Cesbron (1971), (19) Appleman & Evans (1965), (20) Piret et al. (1980), (21) Borene & Cesbron
(1970), (22) Dickens er al. (1992), (23) Gasperin (1987c), (24) Loopstra (1970), (25) Pagoaga et al. (1987), (26) Serczhkin et al. (1973), (27) Lee
& Jaulmes (1987), (28) Piret er al. (1983), (29) Kovba (1972a), (30) ljdo (1993a), (31) Cordfunke ef al. (1991), (32) Serezhkina et al. (1950), (33)
Linde et al. (1978), (34) Taylor ef al. (1981), (35) van Egmond (1976a), (36) Rosenzweig & Ryan (1977b), (37) Vochten et al. (1995), (38) Ross
& Evans (1960), (39) Nitnists et al. (1978), (40) Gasperin (19872), (41) Sadikov ef al. (1988).
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and squares. Alternatively, this anion-topology may be
described as containing arrowhead chains of pentagons
and triangles (the chains are horizontal in Fig. 6a) that
are separated by isolated squares (the squares are
equivalent to the R-chains of Miller ez al. 1996). Note
that the arrowheads of adjacent arrowhead chains point
in opposite directions (Fig. 6a). There are ten distinct
ways in which this anion-topology is populated to form
sheets (Fig. 6), which are the bases of the sixteen
structures. Notably, there are no examples of this
topology in which both the triangles and squares are
populated.

First, consider sheets with occupied triangles.
Populating all pentagons of the uranophane anion-
topology with Ur¢s polyhedra and each triangle with a
BO; triangle results in a sheet with composition
(UO,)(BO;) (Fig. 6b). This sheet is the basis of the
structures of Na[(UO,)(BO;)] and Li[(UO,)(BO5)]; in
Na[(UO,)(BO3)], the sheets are stacked so as to
provide octahedral coordination for the interlayer Na,
whereas in Li[(UO,)(BO;)], the interlayer Li is
tetrahedrally coordinated. The considerable mismatch
of the ideal edge-lengths of the Urs polyhedron
(edge length ~ 2.75 A) and the BO; triangle (edge
length =~ 2.37 A) is accommodated by a modulation
of the sheet, such that the Urds polyhedra tilt in
alternating directions in adjacent chains of edge-
sharing pentagons (Fig. 6b).

Several structures are based upon sheets in which
each pentagon of the uranophane anion-topology is
populated by a Urts polyhedron, and triangles are the
faces of tetrahedra (Figs. 6c, d). The sheets shown in
Figures 6¢ and 6d differ in the orientation of adjacent
tetrabedra. Going along the chain of edge-sharing
triangles and squares in the anion-topology, the apices
of adjacent tetrahedra alternate up (U) and down (D)
with the sequence UDUDUD in sheet 6¢, and
UUDDUU in sheet 6d. In both cases, the apices of all
tetrabedra in an arrowhead chain of pentagons and
triangles point in the same direction. Both sheets
have the composition (UO,)(X¢,), where X is the
tetrahedrally coordinated cation. The sheet shown
in Figure 6c is the basis of several structures.
In the structures of o-uranophane, boltwoodite,
cuprosklodowskite, sklodowskite and kasolite, the
tetrahedra are Si¢,, and in Mg[(UO,)(AsO)1,(H,0),,
the tetrahedra are AsO,. The sheet shown in Figure 6d
occurs only in the structure of f-uranophane, where the
tetrabedra are Si¢,. In each of these structures, sheets
are linked through intersheet polyhedra involving
Jow-valence cations and hydrogen bonds.

The structure of ulrichite contains sheets in which
only half of the pentagons of the uranophane anion-
topology are populated by Urs polyhedra, whereas the
other pentagons are the locations of Cadg polyhedra
(Fig. 6e). The PO, tetrahedra are located at the
triangles in the anion-topology. One type of PO,
tetrabedron shares an edge with a Urds polyhedron and
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also an edge with the Cadg polyhedron in the adjacent
chain of edge-sharing pentagons. This tetrabedron is
unusual because all four of its anions are bonded
within the sheet. However, as the edge shared with
the Cadg polyhedron is perpendicular to the sheet, the
tetrahedron projects as a triangle. The other type of
PO, tetrahedron shares an edge with a Ca¢g polyhedron
and a corner with the adjacent Ur¢s polyhedron. These
two types of PO, tetrahedra occur in equal numbers
and are distributed such that only one occurs in each
chain of edge-sharing triangles and squares of the
underlying anion-topology. In the arrowhead chains of
pentagons and triangles, the pentagons are alternately
populated with Ur¢s and Cadg polyhedra. There are
two distinct types of arrowhead chains; in one, the
apices of tetrahedra all point in the same direction,
whereas in the other, they alternate up and down
(Fig. 6e). The composition of the resulting sheet is
Ca(UO,)(PO,),. Intersheet bonding occurs through
Cu?* positions (which are disordered) and hydrogen
bonds.

The structure of Nags(UO,)4(HysPO,)(PO,)4
contains the sheet shown in Figure 6f. This sheet is
obtained from the anion-topology shown in Figure 6a
by populating half of the pentagons with Urds poly-
hedra and half with Na¢, pentagonal bipyramids, such
that the Urds and Na@, polyhedra alternate along the
chain of edge-sharing pentagons. There are two distinct
arrowhead chains of pentagons and triangles; one
contains Urds polyhedra, and the other contains Na¢,
pentagonal bipyramids. Each triangle is populated with
a PO, tetrahedron, with the apices of all tetrahedra of
a given sheet pointing in the same direction. In the
structure, two of these sheets occur such that the apices
of PO, tetrahedra point toward the other sheet. A Urd,
polyhedron is located between the two sheets, and the
equatorial anions of the Ur¢, polyhedra are the apical
anions of two PO, tetrahedra in either sheet. The
resulting double sheets are connected through
interlayer Na cations to form the structure.

Now consider sheets with occupied squares. A
number of sheets that are based upon the uranophane
anion-topology have the square sites populated. In each
of these cases, the pentagons in the anion-topology are
all populated by Urds polyhedra. Populating each
square with a Ur¢, polyhedron results in a sheet with
composition (UO,),04 (Fig. 6g). This sheet is the basis
of the structure of K,[(UO,),05], where sheets are
linked through the intersheet K cation. If only half the
squares are populated by Urd, polyhedra, the sheet
shown in Figure 6h results. This sheet, of composition
(UO,)10s, is the basis of the structure of [H,(UO,);0,].
In this structure, the linear uranyl ions of the Urd,
polyhedra lie within the sheets, rather than perpen-
dicular to them. This unusual arrangement is necessary
because adjacent sheets are linked by sharing anions,
rather than through an interlayer cation. One Oy, atom
of each Urds polyhedron is an equatorial oxygen



where the sheets are linked by sharing

anions. As observed in the structure of [Hy(U0,);0,]
above, this connectivity is possible because the uranyl
ion of the Urd, polyhedron lies within the sheet. The

occurs exclusively in the structure of Oy, of the Urds polyhedra are also the apical oxygen

’

[(U02)3(Cu04)]

THE CANADIAN MINERALOGIST
with [(UO,),Cu0q]

]

”

Populating half of the square sites with Cu®*Qq
octahedra and half with Urd, polyhedra gives the sheet

shown in Figure 6i. This sheet

composition

6
atom of a Urd, polyhedron in the adjacent sheet.
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atoms of the (4 + 2)-distorted Cu2+06 octahedron, and  (Fig. 6j), giving a sheet of composition (UQ,)(TeO;).
equatorial anions of the Ur¢, polyhedra in adjacent Owing to the lone pair of electrons on the Te™
sheets. cation, all four anions of the coordination polyhedron

The structure of schmitterite is based upon a sheet  occur on one side of the cation. Van der Waals forces
with the square sites occupied by Te*¢, polyhedra ds well as weak Te-O interactions over distances

y
s g e
s T T ¢
2y & &

4
1S

03
000,20 ene.
AR
ERELIED
O "“‘."

T ALA CLALE YA
25 NI SR
& Pigi

il

s 7/

X NI
PR
LR AR
\ Bov A Bovw &
G YR TS
i /45; AR B
V Q VYV &
Q&i &

Lot ”v‘%‘ﬁi Z{}’_\a.,
IO o

FiG. 7. Sheets based upon anion-topologies that contain triangles, squares and pentagons. The corresponding structures are listed
in Table 3. Legend as in Figure 3 except that non-U®" pentagonal bipyramids, octahedra and square pyramids are shaded
with broken parallel lines.



858

exceeding 3.1 A bond sheets together.

In the structure of K[(UO,)(NbO,)], the squares in
the anion-topology are populated by NbOs square
pyramids (Fig. 6k), giving a sheet with (UO,)(NbO,)
composition. The apical anions of the NbO; square
pyramids along each chain of edge-sharing triangles
and squares in the anion-topology either point all up or
all down. The sheets are linked through the intersheet
K cations.

Francevillite anion-topology: The structure of
francevillite contains sheets with the anion-topology
shown in Figure 7b. In this anion-topology, edge-
sharing dimers of pentagons share corners, creating
both triangles and squares (Fig. 7b). There is only one
observed population of this anion-topology (Fig. 7a),
and the structures of seven phases are based upon it
(Table 3). All pentagons in the anion-topology are
populated by Urds polyhedra, and all triangles
are empty, The anion-topology contains an edge-
sharing dimer of squares, and in this sheet each is
populated by X>*Os square pyramids. The square in
the anion-topology is the base of the square pyramid,
and apical anions point up and down in each X,04
dimer (Fig. 7a). The resulting sheet has the composi-
tion (UOy,(X,04). In the structures of francevillite,
curienite, K,[(UO,),(V,0y)], sengeirite, Ni[(UO,),
(V,09)I(H,0), and Cs,[(UO,),(V,0,)], the square
pyramidal site is occupied by V3, and in
Cs,[(UO,),(Nb,Oy)], it is occupied by Nb>*, In each
structure, the sheets are bonded together through
interlayer cations and, in some cases, through hydrogen
bonds as well.

B-U;04 anion-topolagy: The structure of B-U;04
contains a sheet with the anion-topology shown in
Figure 7c. This anion-topology contains parallel,
chains of edge-sharing pentagons. Each chain is
separated by a chain that contains triangles and
squares, and there are two triangles for each square.
Note that this anion-topology also contains arrowhead
chains of pentagons and triangles that are diagonal in
Figure 7c. The arrowhead chains occur in pairs, with
the arrowheads of adjacent chains pointing in opposite
directions, and the pairs of arrowhead chains are
separated by isolated squares (R-chains).

Only one sheet is known to have this anion-topology
(Fig. 7d). Each pentagon of the anion-topology is
populated by a Ur¢s polyhedron, each square by a Urd,
polyhedron, and the triangles are empty. This sheet,
with composition (UO,);9s, is found in the structures
of B-U;04 and billietite (along with a second sheet, see
below) (Table 3). In billietite, the sheets are bonded
together through the interlayer Ba cation and through
hydrogen bonds to interlayer H,O groups. In the
structure of B-U;04, there are no interlayer cations;
the sheets are connected by sharing oxygen atoms.

The structure of billietite is exceptional because it
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contains two different sheets, each of which is based
upon a slightly different anion-topology. One sheet is
based upon the B-U,Oy anion-topology (Fig. 7c),
whereas the other sheet has the protasite anion-
topology (Fig. 5b). Comparison of these two anion-
topologies shows that they both have parallel chains of
edge-sharing pentagons. The anion-topologies differ in
the manner in which these chains are separated; in the
B-U;04 anion-topology (Fig. 7c), the chains are
separated by chains of squares and triangles, whereas
in the protasite anion-topology (Fig. 5b), the chains are
separated by chains composed of pentagons and
triangles. Distortion of the pentagons in this chain in
the protasite anion-topology such that two edges
parallel the chain length results in transformation of the
pentagon into a square-triangle combination, and
the B-U;O; anion-topology results. Thus although
these two anion-topologies are distinct, they are related
by relatively small displacements of two anions.

Iriginite anion-topology: The sheet upon which the
structure of iriginite is based has the anion-topology
shown in Figure 7f. This topology contains chains of
pentagons and squares that share edges and zigzag
chains of edge-sharing squares and triangles; both
chains are horizontal in Figure 7f. Alternatively, the
anion-topology can be described as a combination of
arrowhead chains of pentagons and triangles (vertical
in Fig. 7f) separated by zigzag chains of edge-sharing
squares [the zigzag chains correspond to the triple
R-chains of Miller et al. (1996)]. Only one population
of the iriginite anion-topology is observed, and two
structures are based on sheets with this population
(Table 3). In the structure of iriginite, each pentagon of
the underlying anion-topology is populated by a Urds
polyhedron; two-thirds of the squares are populated
with Mo®Og octahedra that occur as edge-sharing
dimers, and the triangles as well as the squares that are
part of the chains of edge-sharing pentagons and
squares are empty (Fig. 7e). The sheets, with composi-
tion (UO,)(M00,),0, are bonded together through
hydrogen bonding to intersheet H,O groups. The sheet
in the structure of [Ca(UO,)Mo,0,,] is identical to that
of iriginite, except that every second pentagon along
the chain of edge-sharing pentagons and squares of the
anion-topology is populated by a Cad, pentagonal
bipyramid, rather than by a Urds polyhedron, giving a
sheet with composition Ca(UO,)Mo,0;; (Fig. 7g). In
the structure of Ca(UO,)Mo,0,,, there are no inter-
sheet species; sheets are connected by sharing anions.
The Oy, atoms of the Urds polyhedron are the apical
anions of the Ca¢, pentagonal bipyramids in sheets on
either side, and Mo® Qg octahedra share non-sheet
anions.

Sayrite anion-topology: The anion-topology of the
sheet that occurs in the structure of sayrite is shown in
Figure 7i. This is a complex topology that contains
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chains of edge-sharing pentagons separated by two
arrowhead chains of pentagons and triangles that are in
turn separated by isolated squares. One population of
this anion-topology is known, and the resulting sheet
occurs in two structures (Table 3).

Both the structures of sayrite and K,[(UO,)sO4]
(U0,), are based on the sheet shown in Figure 7h. Each
pentagon of the underlying anion-topology (Fig. 71) is
populated by a Urds polyhedron, each square with a
Urt, polyhedron, and the triangles are empty. This
gives a sheet with composition (UO,)sdg. In the
structure of sayrite, the sheets are linked through
interlayer Pb cations and through hydrogen bonding. In
the structure of K,[(UO,)s041(UO,),, the sheets are
linked though interlayer K cations and a dimer of
face-sharing Urs polyhedra, where only one of the
two U positions in the dimer may be occupied on a
local scale.

Pby(UQ,) ;0,4 anion-topology: The structure of
Pb;(UO,);,0;4 is based upon a sheet with the
underlying anion-topology shown in Figure 7j. This
anion-topology contains several distinct arrowhead
chains of pentagons and triangles, 75% of which are
separated by isolated squares (R-chains) (Fig. 7). Only
one population of this anion-topology is known, and it
occurs in two structures (Table 3).

The structures of Pb;(UO,);,044 and Sr3(UO,);;044
both contain the sheet shown in Figure 7k, which is
based on the anion-topology shown in Figure 7j. In the
Pb,(UO,),,0,4 sheet, all squares in the anion-topology
(Fig. 7j) are populated by Urg, polyhedra, and the
triangles are empty. The pentagons of the anion-
topology are populated both by Urds polyhedra and
by Pb¢, pentagonal bipyramids (Fig. 7k). In each
arrowhead chain of pentagons and triangles, pentagons
are either all populated by Urds polyhedra or all
populated by Pbd, pentagonal bipyramids. Groups of
three arrowhead chains containing Pb¢,; pentagonal
bipyramids are separated by five arrowhead chains that
contain Ur¢s polyhedra (Fig. 7k).

The structure of Sry(UO,),;0,, is based upon an
identical sheet, except that the pentagons occupied by
Pbo., pentagonal bipyramids in Pb,(UO,);,0,, are here
occupied by Sr, pentagonal bipyramids. The sheets
are bonded directly together by sharing anions. In the
structures of Pb,(U0O,);;0;4 and Sr;(U0,) 0y,
the uranyl ions of the four unique Urds polyhedra
are oriented perpendicular to the sheet, but in the two
Urd, polyhedra, the uranyl ions lie within the sheet.
The sheets are stacked so that the Oy, atoms of two of
the Urds polyhedra are the apical atoms of oxygen
of (Pb,Sr)¢, pentagonal bipyramids in adjacent sheets,
and the Oy, atoms of the other two Urgs polyhedra are
equatorial anions in Urds polyhedra in adjacent sheets.

Other anion-topologies: Ten structures are based upon
sheets that have unique anion-topologies that contain
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triangles, squares and pentagons.

Sheets with both triangles and pentagons populated
occur in several structures. The structures of
K[(UO)(CrO)(OH)I(H,0); 5 and Cs[(UOy){POs);]
are based on sheets with the anjon-topologies shown in
Figures 7m and 7n, respectively. The structure of
K[(UOQ,)(CrO)(OH)](H,0), s contains sheets with
edge-sharing dimers of Urds polyhedra, each of which
shares corners with six Cr5*Q, tetrahedra (Fig. 70),
giving a sheet with composition (UO,)(CrO,)(OH).
Bonding between sheets occurs through the interlayer
K cations and hydrogen bonding. The shects of the
Cs[(UO,)(PO;);] structure contain Urds polyhedra that
share corners with five PO, tetrahedra, giving a sheet
of composition (UO,)(PO;); (Fig. 70). The sheets are
connected through the interlayer Cs cations,

Sheets in which both squares and pentagons are
occupied occur in several structures, The structures of
curite, Cs,[(UO,)s0;], vandenbrandeite and zippeite
are based on sheets with the anion-topologies shown in
Figures 7q, 1, u, v. Only one population of each of these
anion-topologies occurs, and each population is known
from only one structure.

The structure of curite is based upon the sheet
shown in Figure 7p. All pentagons and squares of the
corresponding anion-topology of the sheet (Fig. 7q) are
populated by Urgs and Urg, polyhedra, respectively.
The sheets are linked through the interlayer Pb cations
and through hydrogen bonds.

The sheet that occurs in the structure of
Cs,[(UO,)s0;] contains both Urds and Urd, polyhedra
(Fig. 7s), with the anion-topology shown in Figure 7r.
Each Urgs polyhedron shares four of its edges with
Ur¢, polyhedra, whereas each Ur¢, polybedron shares
an edge with both a Urhs and a Ur¢, polyhedron. Edge-
sharing between Urd, polyhedra in a structure is
exceptionally rare; the only other example is in the
structure of Kg[(UO,),0,], which contains isolated
edge-sharing Urd, dimers (see below, Fig. 12h). In
the structure of Cs,[(UO,)s05], the sheets are linked
through the interlayer Cs cations.

The structure of vandenbrandeite contains a sheet
that has dimers of edge-sharing Urds polyhedra and
dimers of edge-sharing Cu¢s square pyramids (Fig. 7t),
and the anion-topology is shown in Figure 7u. This
anion-topology contains arrowhead chains of
pentagons and triangles that are separated alternately
by isolated squares (R-chains) and zigzag chains of
edge-sharing squares (triple R-chains). The arrowheads
of adjacent arrowhead-chains point in opposite
directions. In each dimer of Cnés square pyramids, the
apices of the two square pyramids point in opposite
directions, and the apical anion of the square pyramid
is also the Oy, atom in a Urs polyhedron of an
adjacent sheet.

The structure of zippeite is based upon the sheet
shown in Figure 7w, which has the anion-topology
shown in Figure 7v, The zippeite anion-topology is
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similar to the Cs,[(U0,),05] anion-topology (Fig. 5f).
Both anion-topologies contain identical chains of
edge-sharing pentagons. In the Cs,[(UO,),0;] anion-
topology, the chains of pentagons share edges with
adjacent chains (Fig. 5f), whereas in the zippeite anion-
topology (Fig. 7v), the chains are connected by sharing
edges with a chain of edge-sharing squares. The sheets
in the structure of zippeite are connected through
interlayer K cations and hydrogen bonds to interlayer
H,0 groups.

The structure of Cs,[(UO,),(SO,)4] contains
complex sheets (Fig. 7x) that have the anion-topology
shown in Figure 7y. Each pentagon in the anion-
topology is populated with a Urs polyhedron, and
S¢+0, tetrahedra are located in triangles and at squares
in the anion-topology. The sheets are linked through
the intersheet Cs cations.

The sheet that is the basis of the structure of (NH,),
[UOL(80,),(H,0)1(H,0) is shown in Figure 7aa. The
corresponding anion-topology (Fig. 7z) contains
arrowhead chains of pentagons and triangles. These
chains are separated from similar chains on either side
by chains of edge-sharing pentagons on one side and
zigzag chains of edge-sharing squares (triple R-chains)
on the other. The sheet is derived by populating only
the pentagons in the arrowhead chain of pentagons and
triangles with Urgs polybedra and inserting SS*O,
tetrahedra such that a tetrahedron edge joins pentagons
of adjacent chains (Fig. 7aa). The sheets are connected
through hydrogen bonds to intersheet NH, and H,0
groups.

The structure of [Mg(UO,)(B,0s)] contains the
sheet shown in Figure 7ab, which has the anion-
topology shown in Figure 7ac. The sheet is derived
from the anion-topology by populating one half of the
triangles with BOj; triangles, each square with an MgOq
octahedron, and each pentagon with a Urds poly-
hedron. The resulting sheet (Fig. 7ab) contains Uros
polyhedra that share two edges with BO, triangles and
one edge with an MgOy octahedron. This unusual
mode of polymerization requires significant bond-
angle distortion in the Ur¢s polybedra, owing to the
substantial mismatch of the edge lengths of the ideal
polybedra, as is readily apparent from inspection
of Figure 7ab. The sheets in the structure of
[Mg(UO,)(B,0s)] are connected by the sharing
of anions between MgO, octahedra and Urds
polyhedra,

The structure of K,[(UO,)(MoO,),] (Fig. 7ae)
contains an X**O, tetrahedron that shares corners with
only two other polyhedra within the sheet; thus these
tetrabedra become edges in the corresponding anion-
topology (Fig. 7ad). Note that, in addition to triangles,
squares and pentagons, this anjon-topology also
contains an eight-sided polygon. The anion-topology
of the sheet in the structure of K,[(UO,)Mo0Q,),]
(Fig. 7ad) contains chains of alternating edge-sharing
squares and pentagons. Chains are separated by chains
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of edge-sharing triangles and squares, with twice as
many squares as triangles. The sheet is derived by
populating each pentagon with a Urs polyhedron,
each triangle with a Mo%+0, tetrahedron, and inserting
additional Mo%*0, tetrahedra such that a tetrahedron
edge connects adjacent Urds polyhedra (Fig. 7ae). The
sheets are connected through the interlayer K cations.

ANION-TOPOLOGIES WITH TRIANGLES,
SQUARES, PENTAGONS AND HEXAGONS

There are sixteen structures that are based on sheets
that have triangles, squares, pentagons and hexagons in
their anion-topology (Table 4). There are only five
distinct anion-topologies that contain all of these
polygons, and structures are grouped according to
sheet anion-topology in Table 4. Notably, each of four
of these anion-topologies only occurs in one structure.

Phosphuranylite anion-topology: The structure of
phosphuranylite contains sheets with the anion-
topology shown in Figure 8a. The anion-topology
contains a chain of edge-sharing pentagons and
hexagons, arranged so that dimers of edge-sharing
pentagons share edges with hexagons, and there are
twice as many pentagons as hexagons. Adjacent chains
are offset, such that hexagons in a given chain are
adjacent to pentagons in the chains on either side, and
the chains of pentagons and hexagons are separated by
a chain of edge-sharing squares and triangles. Five
distinct populations of this anion-topology occur in
twelve structures. No sheets with this anion-topology
have the square sites occupied.

Several structures contain sheets in which each
pentagon of the phosphuranylite anion-topology is
populated by a Urds polyhedron, each hexagon by a
Ur¢y polyhedron, and the triangles are the faces of
tetrahedra (Figs. 8b, ¢, d). In these sheets, each tetra-
hedron shares an edge with a Urdg polyhedron and a
corner with a Urds polyhedron in an adjacent chain of
pentagons and hexagons (Figs. 8b, ¢, d). Each of these
sheets has the composition (UO,)5(XO,),0,, where X
is a tetrahedrally coordinated cation. The sheets shown
in Figures 8b, 8c and 8d differ only in the orientations
of the tetrabhedra. In sheet 8b, along any chain of
edge-sharing triangles and squares in the anion-
topology, the apices of the tetrahedra point up (U) and
down (D) with the sequence UUDDUU, and the
tetrahedra that share an edge with a given Urdg
polyhedron have apices that either both point up or
both point down (Fig. 8b). The resulting sheet, with all
tetrahedra occupied by P, occurs in the structures
of phosphuranylite, upalite, frangoisite-(Nd) and
dewindtite (Table 4). Of these, the structure of
phosphuranylite is remarkable because it contains
Urd,, Urds and Urdg polyhedra (only the structures of
phosphuranylite and vanmeersscheite contain all three
types of Urd, polybedra). Only the Urds and Urd,



861
Ref.

10

11

12

13

14

15

16

1®
84.21
100.40
97.26
93.48
94.09

B
1115
112.77
109.03
112.44
68.20
112,01
99.09
90.89
96.97

a (%)
72.64

109.87
106.63
92.16

c(A)
17.300
9.332
13.668
13.605
7.023
6.983
13.598
9.428
13.504
16.881
6.812
11.602
7.850
8.6947
6.582
13.569
(c)

b(4)
13.740
16.82
15.605
17.264
16.76
16.819
16.035
20.918
18.567

7.293

9.499

9.965

6.924
20.814

8.169
13.483

a(A)
15.899
13.704

9.298
16.031
17.06

8.118
17.415
13.836
10.953

7.084

8.903

8.923

7.767

2.811
16.512

8.450

PT
PT
PT

$.G.
P1

KCa(H;0)(UO,)[(UO)s(PO1),0:1:(H20)s  Cracm

Al[(U0:)5(PO )OO (H0)

P/a
P2le
Bmmb
P2ymn
P2y/m
Pbca
P2/a
P2uinm
P2,/b
2
Prma

(b)
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Caf(U02)3(PO4)(OH))(OH):(H0)s
AL{(UO2)5(POs)(OH) X OH)4(H0)10
0:)[(UO)s(PO)O0(0H)];

Al
[Cuy(U02)5(CO5)02(0H),](H0)4

U(CH),[(UO;)5(PO4)s(OH), (H0)4
(UO-)H(POs):

NA[(UO,)5(PO£),O(OH)(F0)s
Pb;[l‘l(UOz);OZ(PO4)2]2(H20)IZ
Phy[(UO,)5(P0:):0:1(E0)s
Ba[(UO,)x(S¢05),0,}(H0)s
Cul(UO2),(S04):(OH),I(H,0)s
St[(UO2)(CrO4)(OH)I(H.0)s
(NH,)[(UO,)F(8e04)](H;0)

Formula
(OH)5(H:O0)s
[Ca(U0,):(BOs),]

ig.
8b
8b
8b
8b
8

i

c
8c
8d
8d
8d
8e
8f
8f
9a
9d
9
9h

TABLE 4. STRUCTURES CONTAINING SHEETS BASED UPON ANION TOPOLOGIES CONTAINING TRIANGLES, SQUARES,

PENTAGONS AND HEXAGONS
frangoisite-(Nd)

dewindtite
dumontite

upalite
phurcalite

References: (1) Demartin et al. (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) Atencio ef al. (1991), (8) Piret ef al. (1979), (9) Piret & Deliens (1987), (10) Cooper & Hawthorne (1995), (11)

Mereiter (1982c), (12) Serezhkin et l. (1982), (13) Ginderow & Cesbron (1985), (14) Sarin et al. (1983), (15) Gasperin (1987d), (16) Blatov ez

phosphuranylite
vanmeersscheite
al. (1989).

Jjohannite
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phuralumite
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FiG. 8. Sheets based upon the phosphuranylite anion-topology. The corresponding structures are listed in Table 4. Legend as
in Figure 3. In 8e, the circles represent Se** cations.
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polyhedra occur within the sheets; the Urd, polyhedra
are located between the sheets, directly above and
below the squares in the corresponding anion-
topology. The uranyl ion that occurs between the
sheets is parallel to the sheet, and the equatorial anions
of the Urd, polyhedron are also the apical anions of the
PO, tetrahedra of sheets above and below. Additional
bonding between the sheets occurs through the
interlayer K and Ca cations and hydrogen bonds. In the
structures of upalite, francoisite-(Nd) and dewindtite,
the sheets are linked through interlayer cations and by
hydrogen bonds.

Consider the sheet shown in Figure 8c: going along
the chain of edge-sharing triangles and squares in the
anion-topology, the apices of tetrahedra occur in
the sequence UDUDUD, and the apices of both
tetrabedra that share an edge with a Urdg polyhedron
point either up or down. This sheet is the basis of the
structures of vanmeersscheite and dumontite (Table 4),
where the tetrahedra contain P in both cases. The
structure of vanmeersscheite contains Urd,, Urds and
Ur¢g polyhedra. There are two symmetrically distinct
Ur, polyhedra that occur between the sheets, and each
provides intersheet bonding by sharing an anion with a
single PO, tetrahedron of each sheet. Additional
intersheet-linkage is provided by hydrogen bonds. The
sheets in the structure of dumontite are linked through
the interstitial Pb cations and through hydrogen bonds.

THE CANADIAN MINERALOGIST

In the sheet shown in Figure 8d, along the chain of
edge-sharing triangles and squares in the anion-
topology, the apices of tetrahedra are oriented in the
sequence UUDDUU. However, in contrast to sheet 8b,
the apices of the two tetrahedra that share an edge
with a Ur(g polybhedron point in opposite directions
(Fig. 8d). This sheet occurs in the structures of
phurcalite, phuralumite, and althupite. In the structures
of phurcalite and phuralumite, the sheets are linked
through interlayer cations and hydrogen bonds only.
In the structure of althupite, however, there is an
additional Ur¢s polyhedron located between the sheets.
Two equatorial anions of the Urds polyhedron are also
apical anions of PO, tetrahedra of the closest sheet, and
the Urds polyhedron is only linked to the other sheet by
hydrogen bonding. Additional intersheet linkages are
provided by intersheet cations and hydrogen bonds.

The structure of guilleminite contains the sheet
shown in Figure 8e. This sheet, which is unique to
guilleminite, is generated from the anion-topology
shown in Figure 8a by populating each pentagon and
hexagon with Urds and Urdg polyhedra, respectively,
and the triangles with Se**0; triangles. Owing to the
lone pair of electrons on the Se cation, each anion is on
the same side of the cation, forming a triangle that
shares an edge with the Urdg polyhedron. Bonding
between the sheets occurs vig the Ba intersheet cations
and hydrogen bonds.

FiG. 9. Sheets based upon anion-topologies that contain triangles, squares, pentagons and hexagons. The corresponding
structures are listed in Table 4. Legend as in Figure 6, except that non-US* pentagonal bipyramids are shaded with broken

parallel lines.
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The structures of johannite and Sr[(UO,),
(Cr0O),(OH),](H,0)g (Table 4) are both based on the
sheet shown in Figure 8f. This sheet is obtained from
the anion-topology in Figure 8a by populating each
pentagon with a UrQs polyhedron, and each triangle is
utilized as the face of a tetrahedron. This sheet has
composition (UO,),(X0,),(OH),, X = S in johannite
and X = Cr% in Sr[(UOQ,),(CrO,),(OH),I(H,0)s.
Presumably it is not energetically favorable for an
X5Q, tetrahedron to share an edge with a Urdg
polyhedron, thus the hexagon in the anion-topology
remains empty. Bonding between sheets is through
intersheet cations and hydrogen bonds in both
structures.

Roubaultite anion-topology: The structure of
roubaultite contains the sheet shown in Figure 9a,
which has the anion-topology shown in Figure 9b. The
anion-topology contains the same chains of pentagons
and hexagons that occur in the phosphuranylite anion-
topology (Fig. 8a), but the topologies differ in the
manner in which these chains are aligned and attached.
In the roubaultite anion-topology, the chains are
separated by an edge-sharing chain of squares that
connects to the pentagons of the chain of pentagons
and hexagons by sharing corners. This configuration
creates groups of three edge-sharing triangles. The
sheet in the structure of roubaultite is obtained by
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filling each pentagon with a Urds polyhedron, each
hexagon with a Urdg polybedron, each square with
a Cudy octahedron, and the triangles that share an
edge with the Ur¢g polyhedra contain COj; triangles.
This gives a sheet with the composition Cu,(UO,),
(C0O;),0,(OH),; linkages between these sheets
occur through hydrogen bonds to interlayer H,O

groups only.

(UO,)H(PO3); anion-topology: The - structure of
(UO,H(PO,); is based upon the sheet shown in
Figure 9d, which has the anion-topology shown
in Figure 9c. The pentagons in the anion-topology are
populated by Urds polyhedra, and the triangles are the
faces of PO, tetrahedra; the remaining polygons of
the anion-topology remain empty. The sheets are
linked by sharing apical anions of PO, tetrahedra and
via hydrogen bonds.

[Ca(UO,),(BO3),] anion-topology: The structure of
[Ca(UO0,),(BO,),] contains sheets (Fig. 9¢) with the
anion-topology shown in Figure 9f. The sheet contains
both Urd, and Urds polyhedra, as well as CaO,
pentagonal bipyramids and BO, triangles (Fig. 9¢). The
BO, triangles share edges with the CaO, pentagonal
bipyramids, which also share edges with Urds poly-
hedra, and corners with Ur¢, polybedra (Fig. 9¢). One
half of the Urd, polyhedra are located in chains of Urd,

TABLE 5. MISCELLANEOUS STRUCTURES CONTAINING SHEETS BASED UPON ANION TOPOLOGIES CONTAINING HEXAGONS

Name Fig. Formula S.G. ad) bA) c(A) a® B8 Y()  Ref
10a  o-UO; C2mm 3961 6.860 4,166 1
102 a-[(UO2)(OH),] Cmca 4242 10302 6.868 2
10a  Bi[(UO5)0;]0; 2 6.872 4.009 9.690 90.16 3
10a  Cs(U;0)(D:0)ss C2m 145314 42739 7.6011 113.02 4
10a  Cal(UO,)05] RTm 62683 36.040 5
102 o-Sr[(UO,)0,] R3m 6587 3530 6
102 y-Sr{(U0,)0,] R3m  6.542 35.54 6
10a  -Cd[(U0)0,] R3m 6233 36.12 7
10a (Na,U>07)0s R3m 6.34 36.11 8
102 X,U;0; R3Im 699 32.90 9

umohoite 10 [(UO)MoO)I(H:0)e P2/c 632 7.50 57.8 9%, 10

rutherfordine  10d  [(UO2)(COs)} Pmmn  4.845 9.205 4.296 11
10d  [(UO5)(Se0s)] P2m 5408 9.278 4.2545 93.45 12
10g  [(UOXBO)O] CAe 12504 4.183 10.453 122.18 13
10h  [(UO5)TiNbyOq) Fddd 128 12.62 16.02 14
100 [(UO,) NbyOg] Fddd 138 12.78 15.96 15

References: (1) Loopstra & Cordfunke (1966), (2) Taylor (1971), (3) Koster et al. (1975), (4) Mijlhoff ez al. (1993), (5) Loopstra & Rietveld
(1969), (6) Fujino et al. (1977), (7) Yamashita ez al. (1981), (8) Kovba ez al. (1958), (9) Jove et al. (1988), (10) Makarov & Anikina (1963), (11)
Christ et al. (1955), (12) Loopstra & Brandenburg (1978), (13) Gasperin (1987¢), (14) Chevalier & Gasperin (1969), (15) Chevalier & Gasperin

(1968).
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and Urds polyhedra that share edges, whereas the
other Urd, polyhedra only share corners with CaO,
pentagonal bipyramids. The sheets are connected in
the structure by sharing anions.

(NH)[(UO,)F(Se0,)J(H,0) anion-topology: The
structure of (NH,[(UO,)F(SeO,)1(H,0) contains
the sheet shown in Figure 9h, which has the anion-
topology shown in Figure 9g. This unique
anion-topology contains chains of corner-sharing
pentagons separated by triangles, squares and
hexagons. The sheet is obtained by populating each
pentagon with a Ur(¢,F)5 polyhedron and one half of
the triangles with Se**Q, tetrahedra. The sheets are
linked through hydrogen bonds to intersheet NH, and
H,0 groups.

Other anion-topologies containing hexagons
In addition to those structures listed in Table 4,

sixteen structures are based upon sheets with hexagons
in their corresponding anion-topologies (Table 5). The
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sheets that occur in these structures have one of four
underlying anion-topologies, and structures are
grouped accordingly in Table 5.

o-UO; anion-topology: The anion-topology of the
sheet that occurs in the structure of o-UQ; contains
only hexagons (Fig. 10b). Populating each hexagon
with a Urg polyhedron gives the sheet shown in
Figure 10a, which occurs in ten structures (Table 5).
This sheet has the composition (UO,)¢,. In the
structure of o-UQ;, adjacent sheets are linked by
sharing anions; in «a-(UO,)(OH),, the sheets are
connected though hydrogen bonds only, and in the
remaining structures, intersheet linkages occur through
intersheet cations.

The structure of umohoite is based upon a sheet
with the a-UQ; anion-topology, but in this sheet only
half of the hexagons are populated with Urdg
polyhedra; the other half are populated by Mo% O,
hexagonal bipyramids (Fig. 10c). The sheets are
linked through hydrogen bonds to intersheet H,O

groups.
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'&%‘V AV &‘%‘% KD non-U%* hexagonal dipyramids

are shaded with broken parallel
lines.



US* MINERALS AND INORGANIC PHASES

Rutherfordine anion-topology: The structures of
rutherfordine and [(UO,)(SeO3)] both contain sheets
with the anion-topology shown in Figure 10e. This
anion-topology contains parallel chains of edge-
sharing hexagons that share corners, generating dimers
of edge-sharing triangles (Fig. 10e). The structures of
rutherfordine and [(UO,)(SeO;)] contain the sheet
shown in Figure 10d. This is obtained by populating all
hexagons of the anion-topology with Urdg polyhedra,
and half of the triangles with CO, (rutherfordine) and
Se**0, triangles. Sheets are linked through van der
Waals bonds only.

[(UO,)(BO3)O] anion-topology: The structure of
[(UO,)(BO,)O] contains a sheet (Fig. 10g) with the
anion-topology shown in Figure 10f. This anion-
topology contains parallel chains of edge-sharing
hexagons that are connected by sharing edges with a
chain of edge-sharing triangles (Fig. 10f). The sheet
shown in Figure 10g is obtained by populating each
hexagon in the anion-topology with a Urd4 polyhedron,
and every second triangle of the edge-sharing chains of
triangles with a BO, triangle. The sheets are linked
through van der Waals forces only.

[(UO,)Nb3;0g] anion-topology: The structures of
[(UO,)Nb;0Oq4] and [(UO,)TiNb,Og] are based upon

TABLE 6. STRUCTURES BASED UPON INFINITE CHAINS
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sheets with the anion-topology shown in Figure 10i.
This anion-topology contains parallel chains of
alternating edge-sharing squares and hexagons
separated by chains of alternating edge-sharing
triangles and squares. The arrangement is such that
each edge of a hexagon is shared with a square, and
each corner is shared with a triangle. The structure
of [(UO,)Nb;Oq] is based on the sheet shown in
Figure 10h. This sheet is obtained from the anion-
topology by populating each hexagon with a Urdy
polyhedron, two-thirds of the squares with Nb*Og
octahedra, the remaining squares with Nb*Og
octahedra, and the triangles remain empty. The sheet in
the structure of [(UO,)TiNb,Og] is similar, differing
only in that one-third of the square sites of the anion-
topology are populated by Ti**O4 octahedra. The
sheets are linked by sharing anions in both of these
structures. The Oy, atoms are also apical oxygen atoms
in the (Nb,Ti)Og octahedra in adjacent sheets, and
corner-sharing between (Nb,Ti)Og octahedra of
adjacent sheets also occurs.

INFINITE CHAINS
Currently, nineteen structures are known that are

based upon infinite chains of cation polyhedra of
higher bond-valence (Table 6). Eight distinct chain-

Name Fig.  Formula S.G. a(A) b(A) c(A) o (®) B(® Y Ref.
1ta  Nay[(UO3)0s] I4/m 7.5571 4.6411 1
la  Capl(U0)0:] P2Je 7.9137 5.4409 11.4482 108.803 2
1la  Sr[(U0»)0s] P2y 8.1043 5.6614 11.9185 108.985 2
1la  Lis(UO»)0s) I4im 6.725 4.451 3
moctezumite 11b  PbTe[(UO,)0s] P2/ 7.813 7.061 13.775 93.71 4
11b  [(UOR)CLH,0] P2y/m 5.828 8.534 5.557 97.79 5
derriksite e Cugf(UO»)(8e03):)(OH)s Pa2m 5570 19.088 5.965 6
11d  [(UO)(HSeOs),(H0)] Aa 6.354 12.578 9.972 82.35 7
demesmaekerite 11e  Pb.Cus[(UOy)(SeO0:):(OH)s(H:0), PT 11.955 10.039 5.639 89.78 100.36 91.34 8
walpurgite 11If BiOs[(UO:)(AsO4),](H0)2 PT 7.135 10.426 5.494 10147 11082  88.20 9
orthowalpurgite 11f  BLOs[(TO2)(AsO4)](H20)s Pbem 5.492 13324 20.685 10
11f Cu.;[(UOQ(MoO;.);](OH)b B2/m  19.8392 55108 6.1009 104477 11
1lg  [(UO)(HPOL)(H0)(HO), P2je  11.369 13.899 7.481 113.67 12
11g  Mn[(UO»)S0.):(H0)[(H:0)4 P2 6.506 11.368 8.338 90.79 13
1Th  [(UONCrO)(HA0)z) (H20)35 P2/e 11179 7.119 26.49 94.19 14
1Th  [(UOSOHH0);1(HA0): 5 C2e 13.70 10.79 11.91 110.8 15
11Th  [(UO)SO)H0):IH)os Pla  16.887 12.492 6.7354 90.88 16
11h  [(UO:)(SO.(H20):1(:0)3 Pica 11227 6.790 21.186 17
11h  [(UO){(Se0)(H,0),1(H,0), Cc 14.653 10.799 12.664 119.95 18

References: (1) Wolf & Hoppe (1986), (2) Loopstra & Rietveld (1969), (3) Reshetov & Kovba (1966), (4) Swihart ez al. (1993), (5) Taylor &
Wilson (1974), (6) Ginderow & Cesbron (1983a), (7) Mistryukov & Michailov (1983), (8) Ginderow & Cesbron (1983b), (9) Mereiter (1982b),
(10) Krause et al. (1995), (11) Tali ez al. (1993), (12) Krogh-Andersen et al. (1985), (13) Tabachenko ez al. (1979), (14) Serezhkin & Trunov
(1981), (15) Brandenburg & Loopstra (1973), (16) van der Putten & Loopstra (1974), (17) Zalkin et al. (1978), (18) Serezhkin ez al. (1981a).
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Legend as in Figure 3. Circles shaded with parallel lines represent Se** cations.

topologies occur (Fig. 11), and the structures are
grouped according to chain topology in Table 6. In
these structures, the chains are bonded together
through interstitial cation polyhedra of lower bond-
valence and through hydrogen bonds.

Two of the chain topologies contain only uranyl
polybedra (Figs. 1la, b). The chain illustrated in
Figure 11a is formed by the sharing of a single anion
between Ur¢, polyhedra, giving a chain with
composition (UO,)0,. This anhydrous chain occurs
in the structures of Na,[(UO,)0;], Cay[(UO,)0,],
Sr,[(U0,)0,] and Li,[(UO,)O,]. Note that this chain
also is a component of the sheet shown in Figure 4b,
which occurs in seven structures. The structures of
moctezumite and [(UO,)CLH,0] are both based upon
chains of edge-sharing Ur(9,Cl)5 polyhedra (Fig. 11b)
with composition (UO,)(0,Cl);. This chain of edge-
sharing Urds polyhedra occurs repeatedly in various
sheets (Figs. 5a, 5d, 6, 7d, 7h).

The chain topologies illustrated in Figures 11c, 11d
and 1le are restricted to selenium-bearing phases. The
structure of derriksite is the only one known to contain
the chain shown in Figure 11c¢. The chain contains
Ur¢, polyhedra, each of which shares corners with four
Se**¢, triangles, giving a chain of composition
(UO,)(Se0y),. The structure of [(UO,)(HSeO;),(H,0)]
is based on the chain shown in Figure 11d. The chain
contains Ur¢s polyhedra, each of which shares corners
with four Se**¢; triangles, giving a chain with
composition (UO,)(Se05),¢. The structure of demes-
maekerite contains the chain shown in Figure 1le,
which is derived from the chain in Figure 11d by
attaching additional Se**¢, triangles to the Urds
polyhedra, giving a chain with the composition
(U0,)(Se0,),.

The structures of walpurgite, orthowalpurgite and
Cuy[(UO,)(M00,),[(OH)¢ are based upon the chain
illustrated in Figure 11f, The chain is constructed from

Urd, polyhedra and X0, tetrahedra, where X = As™*
in walpurgite and orthowalpurgite, and X = Mo®* in
Cu,[(UO,)(M00,),1(OH)s. Each Ur¢, polyhedron
shares corners with four XO, tetrahedra, giving a chain
with the composition (UO,)(XO,),. This chain is also a
component of the sheet shown in Figure 4c, which
occurs in fifteen structures.

Two chain topologies are based upon corner-sharing
of XO, tetrahedra and Urds polyhedra (Figs. 11g, h).
The chain illustrated in Figure 11g has a composition
(UO,)(XO4),0. This chain is the basis of the structures
of [(UO,)(H,PO,),(H,0)1(H,0),, where X = P, and
Mn[(UO,)(SO,),(H,0)}(H,0),, in which X = §%. In
this chain, each Ur¢s polyhedron shares corners with
four XO, tetrahedra. The chain illustrated in Figure 11h
is the basis of five structures (Table 6) and, in this case,
each Ur¢s polyhedron shares a corner with only three
XO, tetrahedra. This results in a chain with
composition (UO,)(XO0,)b,, with X being Cr®*, 6+ and
Seb*, Note that this chain also occurs as part of the
sheet shown in Figure 8c.

FiNITE CLUSTERS

Twenty-two structures are based upon isolated
clusters of cation polyhedra of higher bond-valence
(Table 7). The clusters of polyhedra are linked through
interstitial low-valence cation-polyhedra such as Cag,,
K¢,, Nao,, etc., and through hydrogen bonds. There
are only ten topologically distinct clusters (Fig. 12),
and the structures are grouped according to the
topology of the polyhedral cluster in Table 7.

The most common finite cluster has the composition
UO)XO0y); (X = C, N), and is composed of a
Urtg polyhedron that shares three equatorial edges
with XO, triangles (Fig. 12a). All but one of the
occurrences of this finite cluster contain carbonate
triangles, whereas one contains nitrate triangles. The
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TABLE 7. STRUCTURES BASED UPON FINITE CLUSTERS
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Name Fig. Formula S.G. a(A) A ¢ a® B 1™ Ref.
liebigite 12a  Cas[(UO)COs)s[(H0)s Bba2 16699 17.557  13.697 1
schrockingerite 122 NaCay[(UO)(COs)sJ(SO)F(H0)0  PT 9.634  9.635 14391 9141 9233 12026 2
bayleyite 122 Mg [(UO:XCOs)s)(H:0)s Puia 26560 15256  6.505 92.90 3
swartzite 12a  CaMg[(UO;XCOs)](H20)1, P2/m 11080 14634 6439 99.43 4
andersonite 122 Na;Ca[(UO)(COs)I(H:0)s R3m 17904 23.753 5
12a  Cs4[(UO2)(COs)s](H:0)6 P2/n 18723 9.647 11297 96.84 6
122 SB[(UOXCOs)](H:0)s Pule 11379 11446  25.653 93.40 7
12a  (NH.[(UO,)(COs)s] C2e 10679 9373 12850 96.43 8
12a  RB[(UO)(NO3)s] R3c 9.384 18.899 9
12b  Rby[(UO2)(NOs)] Pule 642 782 1279 108.68 10
12¢ [(UG,)X(NOs)](H,0)s Cme2, 13197 8035 11467 1
12¢  [(UC)(NOs)](H,0), P2/c 14124 8432  7.028 108.0 12
12d  [(UC:){OH):(NOs)1(H;0) PT 8622 8628 10393 109.57 10556 99.65 13
12 K[(UOXSO] Pnma 13053 23200 9379 14
12f  [(UO)CLOyOH)(H0))(H:0)s P2i/n 11645 10101  10.206 105.77 15
12 Rb[(U0:):0:Cle(H0)1(H,0): P2/c 8540 8096 21735 111.74 16
12f Ko[(UO:)CLOAOH)(H0)] (H0) PT 1215 1233 8026 11050 9630 13871 17
12f  Csps[(UO2)OClys) Py/m 8734 4118 7718 105.26 18
125 [(UO);0(CH)(H0)I(NOsYXH,0)y  PT 8026 11276 12346 109.65 99.39 8862 19
12h  Ke(UO,):06] PT 64738 96979 63438 101.17 10230 109.02 20
12 [(UCYOH)CI(H0)) P2n 17743 6.136 10725 95.52 21
12§ Kef(UO2)B1602(OH)s](H,0)1z P2/n 12.024 2645 12543 94.74 22

References: (1) Mereiter (1982a), (2) Mereiter (1986a), (3) Mayer & Mereiter (1986), (4) Mereiter (1986b), (5) Mereiter (1986¢), (6) Mereiter
(1988), (7) Mereiter (1986d), (8) Serezhkin et al. (1983), (9) Zalkin et al. (1989), (10) Kapshukov ef al. (1971), (11) Taylor & Mueller (1965),
(12) Dalley et al. (1971), (13) Perrin (1976), (14) Mikhailov er al. (1977), (15) Aberg (1976), (16) Perin (1977), (17) Perrin & le Marouille
(1977), (18) Allpress & Wadsiey (1964), (19) Aberg (1978), (20) Wolf & Hoppe (1986), (21) Aberg (1969), (22) Behm (1985).

(UO,)(CO,); cluster (Fig. 12a) occurs in carbonate-
rich fluids with high pH (Langmuir 1978), and
minerals growing in such solutions will commonly
incorporate this cluster. Note that polymerization of
this cluster is not possible because substantial over-
bonding of the oxygen atoms would occur.

Notably, all finite clusters that contain carbonate
triangles are the type shown in Figure 12a, whereas
nitrate triangles occur in four distinct clusters
(Figs. 12a, b, ¢, d). In the structures, <PIC-O> and
<BIN-O> distances are approximately equal to 1.28
and 1.26 A, respectively. If the triangles are assumed to
be planar, edge lengths expected for CO; and NO,
triangles are 2.22 and 2.18 A, respectively. These edge
lengths are substantially shorter than the average equa-
torial edge-length of the Urdg polyhedron (= 2.47 A),
thus significant bond-angle distortion in the Ur(g
polyhedron is required in order for edge-sharing to
occur. Where the triangular polyhedron is COj, the
cluster in which three edges of the Urdg polyhedron are
shared by CO; triangles occurs exclusively, whereas

the additional Urg, bond-angle distortion required for
sharing edges with the somewhat smaller NO; triangle
and, to some extent, the higher cation charge of N¥,
favor the sharing of only two Urd, polybedron edges
with triangles, as is the case in the clusters illustrated
in Figures 12b, 12c and 12d. Of these, the cluster in
Figure 12¢, with COj; triangles rather than NO;, is a
component of the sheet in the structure of roubaultite
(Fig. 9a), and with Se**O; triangles it occurs in the
sheet in the structure of guilleminite (Fig. 8e).

The structure of [(UO,),(OH),(NO;),1(H,0), is
based upon the cluster shown in Figure 12d. The
cluster contains Urt; and Urdg polyhedra that share an
edge, and the Urdg polyhedron shares edges with two
NO; triangles.

The structure of K,[(UO,)(SO,),] is based on a large
cluster with composition (UO,),(SO,), (Fig. 12¢). This
cluster contains two Urds polyhedra that do not share
any anions directly, but are connected through sharing
corners with two SO, tetrahedra. In addition, each Urds
polyhedron is connected to two other SO, tetrahedra,
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Fi6. 12. Clusters of polyhedra that occur in the structures of uranyl phases. The corresponding structures are listed in Table 7.
Legend as in Figure 3, except that CO4, NO; and BO, triangles are stippled.

one by sharing corners and one by sharing edges. The
<MI86+_0> distance in crystal structures is ~1.48 A,
giving an estimated edge-length of 2.42 A, which is
only a fair match for the ideal equatorial edge-length
of the Urds polyhedron (2.75 A). This structure is
the only example found of a U polyhedron sharing
an edge with an X*0, tetrahedron; this scarcity is
probably caused by the Coulombic repulsion of
US* and X+,

The clusters illustrated in Figures 12f, 12g, 12h
and 12i contain only uranyl polyhedra. The cluster
shown in Figure 12f occurs in four structures, and the
remaining three are known from only one structure
each (Table 7). Because of the dominance of infinite
sheet structures in uranyl phases (see above), it is
remarkable that there are finite clusters of edge-sharing
uranyl polyhedra. Each of the clusters is a component
of a known sheet. However, each cluster (except
Fig. 12h) is truncated by equatorial anions that are
either CI, OH~, or H,0. Thus, the possibilities for

further polymerization are reduced relative to the case
where these anions are O2~. Three of these clusters
contain edge-sharing Ur($,Cl)s polyhedra only; these
structures are consistent with the usual edge-sharing of
Ur(9,Cl)s polyhedra in sheets. However, the structure
of Kgl(UQO,),04] is unusual because it contains an
edge-sharing dimer of Ur¢, polyhedra. In this
configuration, the US* cations are quite close together,
causing a significant Coulombic repulsion, as
evidenced by the rarity of edge-sharing Urd, poly-
hedra, which are only known to occur in two structures
(X3[(UO,),04] and Cs,[(UO,)s0,]).

The structure of Kg[(UO,)B50,,(OH)1(H,0);,
contains a large cluster with the composition
(U0,)B;40,,(0OH); (Fig. 12j). The cluster contains a
single Urdg polyhedron, eight By, tetrahedra, and eight
Bo, triangles. Eight three-membered rings of borate
polyhedra, each with two B¢, tetrahedra and one B,
triangle, form a larger ring by sharing B¢, tetrahedra.
From the descriptor for borate clusters proposed
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by Burns ef al. (1995), the cluster can be written
8A8[I:<<A2[I>—>. The Urg polyhedron is at the
center of the larger borate ring (Fig. 12j), where it is
joined to eight B¢, tetrahedra, four by sharing edges
and four by sharing corners.

ISOLATED POLYHEDRA

Seven structures contain isolated Urd, polyhedra,
and some details of each are given in Table 8. In each
structure, isolated polyhedra of higher bond-valence
are linked through low-valence cation polyhedra or by
hydrogen bonds to H,O groups. In the structures of
PbyUQg¢, CaUQg, Sr;UOg, K,Li,UOg4 and LigUOy, the
U cation is octahedrally coordinated, and no uranyl
ion is apparent. The structure of Cs,[(UO,)Cl,]
contains a Ur(Cl), polyhedron, with chlorine atoms
located at the equatorial positions. The structure of
[(UO,)Cl,(H,0);] contains a Ur(¢,Cl)s polyhedron,
with two of the equatorial anjons being chlorine, and
the others being H,0O groups.

FRAMEWORK STRUCTURES

Twenty-six phases with structures based on frame-
works of cation polyhedra of higher bond-valence are
listed in Table 9. In framework structures, bond
strengths in all three dimensions are similar. Many of
these structures contain the Urd,, Urds and Urg,
polyhedra that are observed in most other U%* phases.
However, several of these structures do not contain the
uranyl ion; instead, the U%* cation is coordinated in
some other way.

Structures that contain only U@, polyhedra
There are five framework structures that contain

only Ud, polyhedra, and four of these are polymorphs
of UO, (Table 9). The structure of y-UO; (Fig. 13a)
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contains two symmetrically distinct Urd, polyhedra.
The Ur(1)d, polyhedron shares each of its equatorial
anions with Ur(2)¢, polyhedra, but the Oy, atoms are
only [1]-connected. All of the anions of the Ur(2)d,
polyhedron are shared with Ur(1)¢, polyhedra, and the
0y, atoms are equatorial anions of adjacent polyhedra.
Thus, this structure contains atoms of oxygen that are
bonded to one, two and three cations. The structure of
B-UO, (Fig. 13b) contains five symmetrically distinct
US* positions, but none is occupied by a uranyl ion.
Two US* cations are coordinated by six oxygen atoms,
whereas the remaining three are each coordinated by
seven anions. The polyhedra are highly irregular, with
considerable ranges of bond lengths. Polyhedra share
corners and edges to form the framework. The high-
pressure form of UO; (designated UO, HP) contains
only one symmetrically distinct U position, and it is
occupied by a nearly linear uranyl ion (O-U-O bond
angle 172.3°). The uranyl ion is coordinated by five
anions, but the anions are distributed such that only
three are roughly within the plane that runs through the
US* cation and is perpendicular to the uranyl ion;
the other two occur significantly above and below the
plane. The uranyl polyhedra are linked by sharing
corners and edges to form the framework (Fig. 13c).
The perovskite-like structure of 3-UO; (Fig. 13d) has
cubic symmetry, and the U® cation occurs in a
holosymmetric octahedron. The UOg octahedra link by
sharing corners to form the framework.

The structure of (UO,)Cl, (Fig." 13¢) contains a
single symmetrically distinct Ur(¢,Cl)s polyhedron.
Four of the equatorial anions are chlorine atoms, and
the other is an oxygen atom. The polyhedra are linked
by sharing edges to form chains identical to the chains
in the structures of moctezumite and (UO,)Cl,(H,0)
(Fig. 11b). The chains are linked into a framework by
one of the two Oy, atoms of the uranyl ion, which is an
equatorial anion in a polyhedron of an adjacent chain
(Fig. 13e).

TABLE 8. STRUCTURES CONTAINING ISOLATED POLYHEDRA

Name Formula S.G. ad)y  bA) cd) 1) B YE Ref.
Pb;UOs Pram 13719 12351 8213 1
CasU0q Puin 57292 5962 82991 90.56 2
$13U0¢ P2/n 60126 62138 86139 90.239 3
KLisUOg Pim 61927 5.3376 4
LisUOs R7 8.3807 7.3834 5
Cs;[(UO,)CL] Cm 12005 7697 5850 100.00 6
[(UO2)ChL(H;0)s] Prma 12738 10495 5547 7

References: (1) Sterns et al. (1986), (2) van Duivenboden & Ijdo (1986), (3) Ijdo (1993b), (4) Wolf & Hoppe (1987), (5) Wolf &

Hoppe (1985), (6) Tutov et al. (1991), (7) Debets (1968).
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TABLE 9. INFINITE FRAMEWORK STRUCTURES
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Name Fig. Formula S.G. ad) b c(A) @ (®) B ¥ ) Ref.
132 +UO0; 14/amd 6.9013 19.9754 1
13b  B-UOs P2, 10.34 14.33 3.910 99.03 2
13¢  UO;HP P21212; 7.511 5.466 5.224 3
13d  8-UOs Pm3m 4.165 4
13¢  (UOy)Cl; Prnma 5.725 8.409 8.720 5
13f  Ba,MgU0O¢ Fm3m 8.379 6
13g  KsBiUgOy Pm3m 8.631 7
13h Nay(UO,)(8i0,) Kyjacd 12718 13.376 8
13 B-CdUO)O; Crmm 7023 6849 3514 9
—— Cu(U0,)0, Pl/m 5.475 4.957 6.569 118.87 10
e Mn(UO2)0, Imma 6.647 6984  6.750 11
13§ UCr, 04 P31lm 4.988 4.620 12
13k (UO)(Mo0y) P2\/c 7.202 5.484 13.599 104.54 13
13k a-(U0,)(Se0s) P2l 6909 5525 13318 103.79 14
13k B-(UONSO0) Pule 6760 5711 12.8%4 102.91 14
13 a(UO)MoOILO) Paje 13612 11005 10.854 113.05 15
13m  Sr(U0:)s(MoO4)x(H,0)s €222, 11.166 20.281 24.061 16
13n  Ba(U0,)3(Mo04)s(H;0)4 Pbca 17.797 11975 23.33 17
130 Mg(UO,;)5(MoO4)«(H0)s Cmc2, 17.105  13.786  10.908 18
13p  U(UO)(PO), PT 8.8212 92173 54772 102.62 97.75 10246 19
13g  Nay(UO)(P,07) Pra2, 13.259 8127 6.973 20
soddyite 13r (UO,)x(8i04)(H,0); Fddd 8334 11212 18.668 21
13r (U0, )x(GeO4s)}(H0), Fddd 8179 11.515 19.397 22
138 Pby(UO,)(TeOs)s Pn 11.605 13.389  6.981 91.23 23
weeksite 13t (Ko.62N2g,38)2(U0,)2(Sis013)(H,0)s  Cmmm 7.092 17.888  7.113 24
cliffordite 13u (UO,)(Te30y) Pa3 11.335 25

References: (1) Loopstra et al. (1977), (2) Debets (1966), (3) Siegel et al. (1966), (4) Weller et al. (1988), (5) Taylor & Wilson (1973), (6) Padel
et al. (1972), (7) Gasperin ez al. (1991), (8) Shashkin et al. (1974), (9) Yamashita et al. (1981), (10) Siegel & Hoekstra (1968), (11) Bacmann &
Bertaut (1966), (12) Hoekstra & Siegel (1971), (13) Serezhkin ez al. (1980a), (14) Brandenburg & Loopstra (1978), (15) Serezhkin et al, (1980b),
(16) Tabachenko et al, (1984b), (17) Tabachenko et al. (1984a), (18) Tabachenko et al. (1983), (19) Bénard et al. (1994), (20) Linde et al, (1984),
(21) Demartin et al. (1992), (22) Legros & Jeannin (1975), (23) Branstitter (1981a), (24) Baturin & Sidorenko (1985), (25) Branstaetter (1981b).

Structures containing Udg (Urg,) polyhedra
and other cation polyhedra

The perovskite-like structures of Ba,MgUOQ,
(Fig. 13f) and K(BiU40,, (Fig. 13g) are both closely
related to the structure of 8-UO; (Fig. 13d). Both of
these structures have cubic symmetry, and the US*
cation is in a holosymmetric octahedral coordination.
The structure of Ba;MgUOQg is derived from the struc-
ture of 8-UO; by doubling the length of the unit-cell
edge, replacing half of the UOg4 octahedra with MgOyg
octahedra, and inserting Ba cations into 12-coordinated
sites in the channels that are parallel to [100] (Fig. 13f).
The structure of K BiU,O,, is derived by doubling

the length of the unit-cell edge, replacing one-eighth
of the UOg octahedra with BiO4 octabedra, one-eighth
with KOg4 octahedra, and inserting K cations into the
12-coordinated sites in the channels (Fig. 13g).

The structure of Na,(UO,)(SiO,) (Fig. 13h) contains
US* cations in pseudo-octahedral coordination, with
four short (~2.0 A) and two long (~2.3 A) U~O bond-
lengths. Four of the UQ, octahedron anions are shared
with SiO, tetrahedra to form a framework structure,
with the Na cations located in channels parallel to
[001] (Fig. 13h).

The structure of B-Cd(UO,)O, (Fig. 13i) contains a
Ur¢, polyhedron and a CdOg4 octahedron. The uranyl
ion U-O bond-length is 1.90 A, a value considerably
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longer than the average U-O bond-length in the uranyl
ion in Urd, polybedra. The Oy, atoms also bond to two
Cd cations, and a long U-O bond-length is necessary to
prevent overbonding. Adjacent Ur¢, polybedra share
an equatorial edge, and each equatorial anion is also
bonded to a Cd cation, resulting in a tighly bonded
framework (Fig. 13i). The structures of Cu(UO,)0,
and Mn(UO,)O, have the same connectivity as the
B-Cd(UO,)0, structure, although these phases are not
isostructural (their symmetries are different).

The structure of UCrS*QOg (Fig. 13j) contains both
US and Crf* cations in holosymmetric octahedral
coordination. The structure contains sheets of edge-
sharing Cr® ¢, octahedra with one-third of the
octahedral sites vacant. The U%Og octahedra are
located between the sheets of Cr$*0Oy octahedra, such
that they share a face with a vacant octahedron in the
sheet on either side.

Structures containing Urgs polyhedra
and other cation polyhedra

The compounds (UO,)(MoO,), a-(UO,)(SeO,) and
B-(UO,)(SO,) are isostructural (Table 9). The structure
of (UO,)(Mo00Q,) is shown in Figure 13k. These
structures contain Ur¢s polyhedra and X%+O,
tetrahedra. Each Ur¢s polyhedron shares four of its
equatorial anions with X%*O, tetrahedra, and the fifth
equatorial anion is an Oy, atom in the adjacent Urds
polyhedron, The X®*Q, tetrahedron shares each corner
with a Urds polyhedron, resulting in a flexible frame-
work that can accommodate X% cations of various
sizes.

The structures of (UO,)(MoO»(H,0),, Sr(UO,),
(Mo00,),(H,0)19,  Ba(U0,);(MoO,)(¥,0), and
Mg(UO,);(M00,),(H,0); are all frameworks of
corner-sharing Urds polyhedra and Mo%O, tetra-
hedra (Figs. 131, m, n, o). In the structure of
(U0,)(M0oO,)(H,0), (Fig. 131), each Mo®0,
tetrahedron shares each of its anions with Urds
polyhedra. The Oy, atoms are only [1]-connected, but
four of the equatorial anions of the Ur$s polyhedra are
shared with Mo%O, tetrahedra, and the remaining
anion is an H,O group. In the structure of
S1r(U0,)¢(M00,);(H,0),y (Fig. 13m), the Mo®0,
tetrabedra share each of their anions with Urds
polyhedra. There are three symmetrically distinct
Urds polyhedra; all equatorial anions of two of these
are shared with Mo O, tetrahedra, and in the third
Urs polyhedron, four anions are shared with Mo%+O,
tetrahedra, and the fifth is an H,O group. In each
Ur¢s polyhedron, the Oy, atoms are bonded to only the
US* cation. Corner-sharing dimers of Sr¢g polyhedra
are hydrogen-bonded into the framework. There are
three symmetrically distinct Urs polyhedra in the
structure of Ba(UO,),(MoO,)(H,0), (Fig. 13n); two of
these share all five equatorial anions with Mo%O,
tetrahedra, the third anion shares four equatorial anions
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with Mo%*Q, tetrahedra, and the fifth anion is an H,O
group. The Ba cation is coordinated by six oxygen
atoms, two of which are also bonded to Mo®0,
tetrabedra, and the other four are Oy, atoms. The
structure of Mg(UO,);(M00O,),(H,0); (Fig. 130)
contains two symmetrically distinct Ur¢s polyhedra; in
each case, the Oy, atoms bond to only one cation, and
all but one of the equatorial anions are shared with
Mo%*Q, tetrahedra, with the remaining anion being an
H,O group. The Mg cation is octahedrally coordinated
by four H,O groups and two oxygen atoms; the latter
are shared with Mo®O, tetrahedra.

The structure of U*(UO,)(PO,), contains both U**
and US*, The U(1) position is coordinated by seven
atoms of oxygen, with U-O bond-lengths ranging from
2.17 to 2.54 A, indicating that the cation is U** (Bénard
et al. 1994), The U(2) position is US*, and the
coordination is the usual Urds polyhedron. The U(1)0,
and Ur(2)¢s polyhedra share edges, giving chains
that are cross-linked into a framework by sharing edges
and corners with PO, tetrahedra (Fig. 13p).

The structure of Na,(UO,)(P,0,) (Fig. 13q) consists
of & framework of corner-sharing Urs polyhedra and
PO, tetrahedra. Each of the equatorial anions of the
Urts polyhedron are shared with PO, tetrahedra, which
occur as P,O, pyrophosphate groups. The Na cations
are located in voids within the framework, where both
symmetrically distinct Na sites are coordinated by
seven anions. The Oy, atoms of the uranyl ion are
directed toward the Na cations. The uranyl ion U-O(1)
and U-O(2) bond-lengths are 1.76 and 1.87 A,
respectively, and the O(1) anion bonds to one Na
cation, whereas the O(2) anion is bonded to three
Na cations. Also, each equatorial anion of the
Urds polybedron is bonded to either one or two
Na cations.

Soddyite and (UO,),(GeO,)(H,0), are isostructural.
The structures (Fig. 13r) contain both Ur¢s polyhedra
and X*O, tetrahedra. The Ur0s polyhedra share edges
to form chains identical to the chain shown in
Figure 11b, and these chains are cross-linked by
sharing edges with X**O, tetrahedra to chains above
and below, resulting in a framework structure.

The structure of Pby(UO,)(TeOj); (Fig. 13s)
contains Urds polyhedra which corner- and edge-share
with Te**¢, polyhedra to form a framework. There are
three symmetrically distinct Te** sites; each bonds to
three oxygen atorms at ~1.9 A; owing to the lone-pair
of electrons on the Te** cation, there are additional
bonds to anions at ~2.9 A. The two symmetrically
distinct Pb cations occupy voids in the framework and
are coordinated by six and seven oxygen atoms.

The structure of weeksite (Fig. 13t) contains chains
of edge-sharing Urds polybedra that share edges with
Si0, tetrahedra. Adjacent uranyl-silicate chains are
linked through (disordered) SiO, tetrahedra to form
sheets, which are in turn linked into a framework
through SiO, tetrahedra.
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[1]-connected, and each equatorial anion is bonded

The structure of synthetic cliffordite (Fig. 13u) is to two Te* cations. The lone-pdir stereoactive Te**
the only framework structure that contains Urds cation is coordinated by five anions in a distorted
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Fic. 13. Structures that are frameworks of polyhedra. The corresponding structures are listed in Table 9. Legend as in Figure 3,
except that low-valence cations are shown as open circles, and non-US* octahedra are shaded with broken lines.

square-pyramidal geometry.
SUMMARY

A total of 180 crystal structures that contain U%
have been placed in a hierarchy of structures that is
based upon the polymerization of cation polyhedra of
higher bond-valence. Of these, fifty-six are known as
minerals. Although structures with sheets, chains,
isolated clusters, isolated polyhedra and frameworks
all occur, the majority of the phases that contain U%*
adopt sheet structures. Of all structures that contain
U, 59% are based on sheets, and 77% of the minerals
have structures based upon sheets of polyhedra.

One hundred and six uranyl phases adopt sheet
structures, and there are almost as many distinct sheets.

The sheets have been classified on the basis of details
of the underlying anion-topology; twenty-nine anion-
topologies are defined. In several cases, a sheet that
gives rise to a unique anion-topology occurs in only
one structure. Only six anion-topologies are required
to describe the sheets that occur in 83% of sheet
structures (60% in the case of minerals). These
are the uranophane, francevillite, autunite, protasite,
phosphuranylite, and o-UO; anion-topologies. We are
currently investigating the origin of this preference.
Various cations, including low-valence cations
(i.e., Pb, Ca, Na, Cu), can occur within the sheets in
these phases; they occupy sites that commonly are
remarkably similar to those occupied by US*. Also,
there are many sites in a given anion-topology that are
vacant in the corresponding sheets, and these sites
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are potential locations for minor amounts of low-
valence cations, assuming that appropriate charge-
balance mechanisms are possible. This finding
suggests that limited solid-solution may occur in many
of these structures, and this has significant implications
both in mineralogy, and in the accommodation of
radionuclides in these structures, where these phases
occur as the corrosion products of the UO, in spent
nuclear fuel.
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