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ABSTRACT

The geometry, bond valences, and polymerization of hexavalent uranium polyhedra from 105 well-refined structures are
analyzed. The US+ cation is almost always present in crystal structures as part of a nearly linear (UO,)>* uranyl ion that is
coordinated by four, five or six equatorial anions in an approximately planar arrangement perpendicular to the uranyl ion,
giving square, pentagonal and hexagonal bipyramids, respectively. The Us+—Qy, bond length (Oy,: uranyl-ion O atom) is
independent of the equatorial anions of the polyhedra; averages of all polyhedra that contain uranyl ions are: ©1U6+-Oy, =
1.79(3), MU&-—Qy, = 1.79(4), and BIUs—0,;, = 1.78(3) A. Not all 61Us+ polyhedra contain uranyl jons; there is a continuous
series of coordination polyhedra, from square bipyramidal polyhedra with uranyl ions to holosymmetric octahedral geometry.
The "IUS+ and BIUS+ polyhedra invariably contain a urany! ion. The equatorial Us—¢ (¢: O>-, OH-) bond-lengths of uranyl
polyhedra depend upon coordination number; averages for all polyhedra are E1US*—d,, = 2.28(5), UUS—b,, = 2.37(9), and
BIUS by = 2.47(12) A. Currently available bond-valence parameters for Us+ are unsatisfactory for determining bond-valence
sums. Coordination-specific bond-valence parameters have been derived for U, together with parameters applicable to
all coordination geometries. The parameters give bond-valence sums for Us+ of ~6 vu and reasonable bond-valences for
Us—0y, bonds. The bond-valence parameters facilitate the recognition of U4+, U5+ and Us+ cations in refined crystal structures.
The crystal-chemical constraints of polyhedral polymerization in uranyl phases are discussed.

Keywords: uranium, uranium mineral, uranyl, polyhedral geometry, bond valence.
SOMMAIRE

La géometrie, les valences de liaison, et le degré de polymérisation des poly&dres contenant I’uranium hexavalent dans
105 structures bien affinées sont ici analysés. Dans les structures cristallines, le cation U+ fait presque toujours partie d’un ion
uranyle, (UO,)?*, quasiment linéaire et coordonné A quatre, cing ou six anions dans un agencement 2 peu prés planaire
perpendiculaire 2 1’ion uranyle, ce qui méne 2 des groupes carrés, pentagonaux et en bipyramides hexagonales, respectivement.
La longueur de liaison Us*~Oy, (Oy,: atome d’oxygene faisant partie de ’ion uranyle) est indépendante de I’agencement des
anions équatoriaux des poly2dres; les moyennes de tous les polyédres qui contiennent I’ion uranyle sont: ¥1Us—0y, = 1.79(3),
MU0y, = 1.79(4), et BIUS—0y, = 1.78(3) A. Par contre, pas tous les poly@dres contenant 61Us+ contiennent 1’ion uranyle. Il
existe une série continue de poly&dres de coordinence, de bipyramide carrée avec jons d’uranyle 3 octagdre holosymmétrique.
Les poly&dres contenant "TUS+ et BIUS+ contiennent sans exception 1'ion uranyle. La longueur des liaisons Us+—d (&b: 0%, OH-)
des polyedres 2 uranyle dépend de la coordinence. Les moyennes pour tous les polyedres sont 61U, = 2.28(5), MUb*—d,,
=2.37(9), et BUS+—,, = 2.47(12) A. Les paramétres présentement disponibles pour les valences de liaison impliquant U+ ne
sont pas adéquats pour en déterminer la somme. De tels parametres propres & une coordinence particuliére ont été dérivés pour
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I"uranium hexavalent, ainsi que des paramétres applicables 2 toutes les géométries des polyedres. Ces paramétres ménent 3 des
sommes des valences de liaison pour U+ d’environ 6 unités et des valeurs raisonnables pour les liaisons Us—Oy,. Ces nouveaux
paramétres facilitent 1’identification de U#, U+ et Us+ dans les composés dont la structure a été affinée. Nous évaluons les
contraintes cristallochimiques imposées sur la polymérisation des poly&dres des composés 2 uranyle.

(Traduit par la Rédaction)

Mots-clés: uranium, minéral uranifere, uranyle, géométrie des polyadres, valence de liaison.

INTRODUCTION

The US+ (uranyl) minerals are major constituents of
the oxidized parts of uranium deposits, where they are
commonly found as the products of alteration of
uraninite (Frondel 1958, Finch et al. 1992, Finch &
Ewing 1992, Pearcy et al. 1994). These minerals have
recently received renewed interest because of their
significance to the environment. Urany! minerals are
products of the oxidation of radioactive mine-tailings;
they impact upon the release of U and Pb into the envi-
ronment. In addition, uranyl minerals are prominent
alteration-induced phases in laboratory experiments on
U0, as well as spent nuclear fuel subjected to oxidative
dissolution (Wadsten 1977, Wang & Katayama 1982,
Wronkiewicz ef al. 1992, Forsyth & Werme 1992,
Johnson & Werme 1994, Finn et al. 1996, Wronkiewicz
et al. 1996). Under oxidizing conditions, such as those
found at the proposed nuclear-waste repository at
Yucca Mountain, Nevada, the UO, in spent fuel is
unstable, and the rate of alteration in the presence of
water is likely to be appreciable (Murphy & Pabalan
1995). Spent fuel contains fission products (e.g., Sr, Cs
and I) and transuranic elements (e.g., Np, Pu, Am, Cm)
(Oversby 1994). The generally low concentrations of
fission products and transuranic elements in spent fuel
will generally preclude them from forming discrete
phases during alteration (Oversby 1994). The formation
of the alteration products of UO,, mainly Ué+ phases,
will lower the concentration in solution of these
radionuclides if they are incorporated into the
structures of the alteration products. Laboratory studies
have provided evidence for the retention of some
radionuclides in the alteration phases of spent nuclear
fuel (Finn et al. 1996).

There are about 170 minerals known to contain U
as a necessary structural constituent. Of these, most
contain U¢, the oxidized form of U, although U# also
occurs in several minerals. The crystal structures of
56 U% minerals and about 120 synthetic U+ phases
have been reported. As part of our on-going examination
of the structural relations in U+ phases, Burns et al.
(1996) have proposed a structural hierarchy for Us+
minerals and inorganic phases. The structures are
organized on the basis of the polymerization of cation
polyhedra of higher bond-valence, resulting in sheet,
chain, finite cluster, isolated polyhedron, and frame-

work classes. The majority of U+ phases (106) adopt a
structure that is based upon infinite sheets of polyhedra
that share corners and edges. Burns et al. (1996)
grouped these sheets according to the topological
arrangement of the anions in the sheet.

A detailed understanding of the crystal chemistry
and bonding of Us+ will aid in evaluating the likelihood
of the incorporation of fission products and transuranic
elements in low quantities into the structures of Us+
phases (Burns ef al. 1997a). In addition, an appreciation
of the underlying controls of bond topology is a
necessary step toward understanding the relations
between the hierarchy of mineral structures and the
paragenesis of the minerals. Despite the wealth of
crystal-structure data available, the current state
of knowledge of the crystal chemistry and bonding of
Us¢+ lags behind that of most of the lighter elements.
The coordination polyhedra of many cations important
in minerals have been investigated in detail using
theoretical approaches (e.g., silicates: Gibbs 1982,
Lasaga & Gibbs 1987, 1988, 1990, 1991; borates:
Tossell 1986, 1990, Burns 1995; carbonates: Tossell
1986; copper oxysalts: Burns & Hawthorne 1995a,b),
but there has been little quantitative theoretical work
done on the coordination chemistry of Us+. This is
because Us+ complexes present serious problems when
applying quantum-chemistry methods, owing to the
large number of electrons (requiring the use of effective
core potentials) and relativistic effects. Despite these
difficulties with theoretical approaches, some calcula-
tions have been reported for Us+ complexes (Tatsumi &
Hoffmann 1980, Wadt 1981, van Wezenbeek et al.
1991, Pyykko & Zhao 1991, Pyykkd et al. 1994, Craw
et al. 1995).

BoNDING IN Ut POLYHEDRA

The oxidation states of the 5f actinide elements are
quite variable owing to the screening of the 5f electrons
from the nucleus. Uranium can occur as U%, Us+ or Us+
in crystal structures, with Us+ preferred under oxidizing
conditions. The Ué+ cation usually occurs in crystal
structures as part of an approximately linear (U%0,)>
uranyl ion (Evans 1963). Ab initio molecular-orbital
calculations (Craw et al. 1995) have shown that
the U%—0O bonding mechanism in the uranyl ion is
primarily by donation of electrons from the p orbital of
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FiG. 1. The three types of Urd, polyhedra [Ur: (UO,)?+ uranyl ion, ¢: O%, OH-]. Us
cations are shown as circles shaded with parallel lines, and anions are shown as

unshaded circles.

the O atom into the empty d and f orbitals of the U
atom. Average U0 bond-lengths in the uranyl ion
are ~1.8 A, and thus the bond-valence requirements of
the uranyl-ion O atoms (hereafter referred to as Oy,) are
largely satisfied without additional bonding.

In crystal structures, the uranyl ion is coordinated
by four, five or six anions in an approximately planar
arrangement essentially perpendicular to the uranyl
ion, giving Urd, square, Urds pentagonal and Urd,
hexagonal bipyramids (Ur: uranyl ion, ¢: O>-,0H-),
respectively (Fig. 1). The uranyl ion has a formal valence
of 2+, and thus the typical bond-valences associated
with each U, (dey: equatorial ¢) bond are ~0.5,
~0.4 and ~0.33 valence units (u) for Urd,, Urds and
Urdy, respectively. As the bond-valence requirements
of the equatorial anions are only partly satisfied by the
Ubt—¢,, bond, Urd,, Urds and Urds polyhedra may
polymerize with other Urd, polyhedra or with other
cation polyhedra to form complex structures without
violating the valence-sum rule (Brown 1981). Because
the equatorial anions are close to being coplanar, and
the Oy, bond-valence requirements are largely satisfied
without further substantial bonding, Urd, polyhedra
may share equatorial edges and corners, commonly
resulting in infinite sheets. In such cases, the uranyl ion
is oriented approximately perpendicular to the sheet,
and the sheets are most often connected through
weaker bonds to interlayer cations and through H
bonds.

GEOMETRIES OF U POLYHEDRA
EXAFS data

Extended X-ray absorption fine-structure (EXAFS)
spectroscopy is a useful technique for determining
the speciation of actinide elements in solutions and
solids (Nitsche 1995, Reich et al. 1996). EXAFS spectra
readily provide bond-length information for U
polyhedra, although few studies of minerals have been
reported. Typical uranyl-ion Us-O bond-lengths
obtained from EXAFS spectra are 1.78 and 1.79 A
(Charpin et al. 1985, Moll et al. 1994, 1995, Allen et
al. 1995, 1996). X-ray-diffraction studies have shown
that the two uranyl ion Us—O bond-lengths can differ
for a single uranyl ion, but EXAFS techniques do not
resolve these two distances. EXAFS is usually not
capable of resolving individual equatorial Ut~
bond-lengths, but instead gives an average equatorial
Ut~ bond-length that is comparable to the average
bond-length obtained from X-ray-diffraction studies
(Moll et al. 1994).

X-ray-diffraction data

The accurate refinement of crystal structures that
contain Us* is more difficult than in the case of most
other mineral groups owing to the high absorption of
X rays by U. Thus, many of the published Us+ structures
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TAHLE 1. STRUCTURES INCLUDED IN THIS STUDY

Mineral Name Formula Ref  Minceal Namo Famnula Ref
o-ummoghane  Cal(UOXSIO,0ML(H0)s ! moctezumite PHTe[(UO0:] 18
andersanite NaiCal(U0,X(CO;):(E:O)s 2 phosphucanylte  KCa(H:OM(UODIUOXRPONOIMLO) 19
bayleyite ME{(UOXCO) 1Oz 3 phumstumite AL{(UO)PON{OH)XCH)E:0ho »
cliffordits (UOXTes07) 4 phurcalite Cal(U0:PON(OH)(OH) 0N 2
cuprosidodowskite  Col(UO:XSI0,0H):(H:0) 5 robanitite 1C0AU0,)5(C0:)0x{OB)(H0 zn
curits Psf(UO)O/OHNI(:0) 6 mlkits MgI(UOXPOILEOho B
demesmackerite  Pb,Cos{(UOX(SeOs1(OMe(H0) 7  schmittesite I(UOXTeO)] %
dewindito Phy[H(UO,);0:PO):1:(H.ON: 8 schoepite (U000} EL0N 3
fourmarierite PBI(UO)O0HI (0% 9 schrickingerite  NaCas{(UO)(CO.)(SOF@EO}o %
Seanoovillite BaosPhood(UOIAV,00IE0) 10 sdodowskite Mg[(UO,XS10;0M (0% z
frangolsite-(Nd)  NA[(UO):(PO):0(CH)}(H:0) 1 oddyite (U0 BIOIELOY, =
guilleminite Ba{(U0.)x(Sc0:), 01 (H0)s 2 svartzite CaMB{(UOXCOMIELON: »
johannite Cal(UO.)(S0)(OH),1(E:0% 13 upatite AUUO)POYOMIH0), 3
kasotite PO{UONSI0NEL0) 4 vandenbrandcite  [(UO)Cu(OH)] i
lishigits Ca{(UOXCO)I(H:0Mm 13 walpurgite BLOJ(UOXASONIGLO) 2
metatocbernite Coasa{(BONPOJLELON 16 zippeite KI(UO,)(SO)OH),}(H;0) 3
meta-uranocircite  Baj(UOXPO)LILO)s 17

Compound Ref. Campound Ref.  Compound Ref.
Li{(U0)02) 34 IME(UOXB,09) 58 CasU0s &
Bal(U0)0: 35 Ka{(UO)(Mo0)] 3 SnU0, &
1{UO0XO0H),] 36 o-{(UOXOH),] 60 K.LiUOs L
PHIUOI0A 37 Co(U0HD:Ok.ssa 61 1300, 8s
IUOH( POJIELOM 38 a-Sr[U004 62 yyo, L
K{UOHPO)ID:0)s 39 KUOHEBO,)0] 8 yo,HP 87
ND{(UOXPOIID:0% 40 [(UO)TiND,Os] 6 5o, s
[UOD(ASONID.0% 4 Na(UOO:] 65 BaMgUO, &
LIUOXMASOID-0 2 TUOMESONH0) 66 RO ©
MgI(UOXS0IE:0N a Cud(U02 (00010 & cuod0, 91
[(UO(E0)IHLEL0)s “ [(UOXEPON(LONEO): 68 Mn(UO0, %2
KofUOASOMI(E:0)2 4 Mn{(UOXSO)HON 0 6 WoIEM0) s
Li{(UO;XBO) % T(UOXS0XB0)EON.5 T pUOXS0Y "
Mg [(UOXAsO)L(H:0) 47 [(UOXS0H0:I(H:00s T a{(UOXMOOXHO) 9
Kal(U0),0:] 4 (UOXS0IEHL0)1(H,0) T Sr(U0;)(MoO)EHONs %
U504 49 [(UOXSOXHE0)1E:0), B Ba(UOIMoONLH:O) 97
[(U0XCu00) 0 Cad(U0,XC0):}(H0) T Mg(UO)MOEON "
NI(UO),(V20)](H0 s1 Sr{(U0XCOMIE:0) B NaUOIPO) 99
CoAU0XAV-00)] 2 NH(UOXCO0:):] 76 (UOMAGONHO) 1oo
Ca,{(U0,):0Nb;05)) 53 Rb[(UOXNO):] TI PbyUOXTeOs)s 1o1
[Pb3(U01014] s Rb[(UOXNOs)] T8 Mg(UO)sMo0 ;0N 102
KI(UOXCrONOH)| (.00 5 55 [UOXNOS)I(H:0h 7 Cyli 103
CS{(UOPO)] % Ksl(UO2,0¢) % Cal:0, 104
(NHYI(UOXSO(LO)E0) 57 PbsUOs 81 UO:Se0s 108

Reforences: 1: Ginderow (1988), (2): Mereiter (1986c), (3): Mayer &

(1986), (4)

(1981b), (%)

& Ryan (1
(6) Taylor et al. (1981), (7) Ginderow & Ceshren (1983), (8): Pirct ef al. (1990), (9): Piret (1985), (10); Mereiter (1986¢), (ll)PhuataL (198&.
(12): Cooper & Hawthorne (1998), (13): Mereiter (1982¢), (14): Rosenzweig & Ryan (1977a), (15): Mereiter (19824), (16): Stergiou ef al. (1993),
(17): Khostawan-Sazedj (19822), (18): Swihart et l. (1993), (19): Demartin oz al. (1991), (20): Piret ef 4l. (1979), (21): Atencio et al. (1991),
(22): Ginderow & Cesbron (1985), (23): Miller & Taylor (1986), (24): Meunier & Galy (1973), (25): Finch ef ol. (1956), (26): Mexeiter (1986a),
(27): Ryan & Rosenzweig (1977), (28): Demuartin et al. (1992), (29): Merciter (1986b), (30); Piret & Declerog (1983), (31): Rosenzwelg & Ryan
(1977b), (32): Mereiter (1982b), (33): Vochten et af. (1993), (34): Gebert at al. (1978), (35): Reis et al. (1976), (36): Siegel ez al. (1972h), 3T):
Cremens et al. (1986), (38): Morsin (1978), (39): Fitch & Cole (1991), (40): Fitch & Fender (1983), (41): Fitch et al. (1983), (42): Fitchetal,
(1982), (43): Serezhkin et al. (1981b), (44): Alcock et al. (1982), (45): Niinist8 ot al. (1979), (46): Gasperin (1990), (47): Bachet ef al, (1991),
(48): Saine (1989), (49): Siegel ef ol. (1972a), (50): Dickens ef al. (1993), (31): Bardne & Cesbron (1970), (52): Dickens of al. (1992), (53):
Gasperin (1987b), (34): ljdo (1993a), (55): Screzhkina et al. (1990), (56): Linde ef al. (1978), (57): Ninist ef al. (1978), (S8): Gasperin (1987a),
(39): Sadikov et al. (1988), (60): 'l'aylnr(l”l), (61): Mijlhoff e2 af. (1993), (62): Fajino et al. (1977), (63): Gasperin (1987c), (64): Chevalier &
Gasperin (1969), (65): Wolf & Hoppe (1986), (66): Mistryukov & Michailov (1983), (67): Tali et al. (1993), (68): Krogh-Andersen et af. (1985),
(69): Tabachenko et al. (1979), (70): Brandenburg & Loopstra (1973), (71): van der Putten & Loopstra (1974), (72): Zalkin et al. (1978), (73):
Serezhkin & Trunov (1981a), (74): (1988), (75): (1986d), (76): tkin et al. (1983), (77): Zalkin et al. (1989), (78):
Kapshukov et al. (1971), (79): Taylor & Mueller (1965), (&))’Wnlf&ﬂoppe(lm (81): Stems e al. (1986), (82): van Duivenboden & fjdo
(1986), (83): Lido (1993b), (84): Walf & Hoppe (1987), (85): Walf & Hoppe (1585), (86): Loopstea ef al. (1977), (87): Siegel et al. (1966), (88):
Weller et al. (1988), (89): Padel et al. (1972), (90): Gasperin ef o, (1991), (91): Siege! & Hoekstrn (1968), (92): Bacmann & Bertaut (1966), (93):
Serezhikin et al. (1980a), (94): Brandenburg & Loopstr (1978), (95): Serezhkin ef al, (1980b), (96): Tabachenko ef al. (1984b), (97): Tabachenko
et al, (1984a), (98); Tabachenko et l. (1983), (99): Linde ef al. (1984), (100): Logros & Jeamin (1975), (101); Branstatter (1981a), (102):
Tabachenko et al, (1984b), (103): van Egmond (1976), (104): Holc & Golic (1983), (105): Trombe ef al. (1985).
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are of low precision, and high R indices commonly are
reported. Owing to the high X-ray scattering efficiency
of U, as compared to O, the O atom positions are in
many cases imprecisely known, and this problem is
especially pronounced in Rietveld refinements using
X-ray powder data.

The structures considered here are listed in Table 1.
In each structure considered, Us+ bonds to O2-, OH- or
H,0; structures with F or Cl bonded to Ué* have been
excluded from consideration. Structures containing
both U# and U (or possibly Us+) have been omitted
because of the possibility of U#-Us+ disorder.
Structures refined using X-ray data collected from
single crystals, or neutron data collected from powders,
have been included where the R index is less than 7%.
Structures refined using X-ray data collected from
powders have been excluded.

General trends

Data have been grouped according to the
coordination number of Us+: six, seven or eight,
including the Oy, atoms. Us+—d bond-length data for
all coordination numbers are presented in Figure 2.
There is a completely bimodal distribution of Us+—¢
bond-lengths in both the IUs+ and BIUS+ polyhedra;
the bimodal distribution for 61U+ is less pronounced

(Fig. 2).
7176+ gnd 81U+ polyhedra

The Us+—¢ bond-length distributions in [U$+ and
8IS+ polyhedra (Fig. 2) are completely bimodal owing
to the presence of a uranyl ion in every polyhedron. All
s+ and BIUS+ polyhedra are Urds pentagonal
bipyramids and Urdg hexagonal bipyramids, respec-
tively. In both cases, the population centered around
~1.8 A corresponds to the Us~Q,, bonds, and the
population centered around ~2.4 1§ corresponds to
the U, bonds. The populations at ~2.4 A are larger
than at ~1.8 A because there are more Ub+—d, bonds
than Us+—Oy, bonds in each polyhedron.

The average "U%-Oy, and TUs+—d,, bond-lengths
for all 93 Urds polyhedra are 1.79 (o = 0.04) and 2.37
(o =0.09) A, respectively. In 28 Urdg polyhedra, the
average 8Us—Oy, and BIUS—¢,, bond-lengths are 1.78
(0 =0.03) and 2.47 (o = 0.12) A, respectively.

6]U6+ polyhedra

|

The Ut*—¢ bond-length distribution for bolyhedra
containing 67U+ is irregular, and bond lengths range
from 1.74 to 2.34 A (Fig. 2). Unlike Urds and Urd,
polyhedra, a (U+0,)2+ uranyl ion is not ¢vident in
some [61Us+ polyhedra. Figure 3 shows the relationship
between the average of the pair of shorFest trans
©lUs~—¢  bond-lengths and the average (TUS—¢
bond-length of the remaining four (equatori;al) bonds.
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FIG. 3. U—¢ bond-length relations in (U8 polyhedra. The
average of the two shortest trans bond-lengths (in some
cases corresponding to bonds in the uranyl ion) versus the
average of the remaining four equatorial bond-lengths.
The solid line is the least-squares-fit line. The broken line
represents the trend for holosymmetric octabedra.
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polyhedra in well-refined structures. Bottom: square
bipyramidal polyhedra that contain a uranyl ion, middle:
intermediate geometries, top: approximately octahedral
geormetries.

Note that where a uranyl ion is present, the average
161J6+—0y, bond-length corresponds to the shortest
average trans 11U~ bond-length. The data in Figure
3 plot in three clusters; one corresponds to Urd,
polybedra that contain uranyl ions with a typical
Ué—0y, bond-length of ~1.8 A, one corresponds to
a holosymmetric or approximately holosymmetric
octahedral coordination, and the third corresponds to a
geometry that is intermediate between the two. The
Us+—d¢ bond-length distributions for each of these three
groups are shown separately in Figure 4. Considering
only the sixteen [61Ué+ polyhedra that contain typical
uranyl ions (i.e., U0y, ~1.8 A), the average SIUS—-0y,,
and 61U, bond-lengths are 1.79 (o = 0.03) and
2.28 (o = 0.05) A, respectively.

The 61Us+ polyhedral geometries display a trend
from the typical Urd, square bipyramid to a
holosymmetric octahedron (Fig. 3). The ubiquity of the
uranyl ion in [MU$+ and B1U6+ polyhedra (Fig. 2) indi-
cates that a uranyl ion is always energetically favorable
in those coordination geometries. The 61Us+ polyhedral
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geometries presented in Figures 3 and 4 were obtained
using diffraction techniques; as such, they represent
long-range average configurations that may in some
cases differ from local site-geometries. Two possible
models explain the trend shown in Figure 3: (1) the
energetics of a Urd, square bipyramid and a Ut
octahedron may be similar, and the pathway between
the two coordination geometries may not have a sig-
nificant energy-barrier, thus permitting the range of
polyhedron geometries to exist and be observed by
diffraction techniques. (2) A (U$0,)?* uranyl ion may
be locally present in each polyhedron, but either static
or dynamic disorder results in the range of polybedral
geometries observed by diffraction techniques.

Pyykk6 & Zhao (1991) have reported
quasirelativistic ab initio calculations for (UOg)5
clusters with Urd, and octahedral geometries, as well
as for geometries intermediate between these two coor-
dination polyhedra. The calculations predict a trend
similar to that shown in Figure 3, although the
predicted bond-lengths are seriously in error. More
significantly, the energy of the cluster was found to
vary very little over the range of geometries. Thus,
Pyykko & Zhao (1991) concluded that the range of
€1J6+~0y;, bond-lengths may be interpreted as a soft e,
vibration mode of the cubic (UQg)%- cluster.

Where positional disorder is not present, the
anisotropic-displacement ellipsoids of anions are typically
nearly spherical, or they are elongate subperpendicular
to the cation—anion bond, reflecting the relative ease of
bond-bending compared to bond-stretching. As the
typical 61U6+—Oy, bond-length is ~0.5 A shorter than

@ b ¢

FIG. 5. Anisotropic displacement ellipsoids (50% probability)
for Us+ polyhedra in: (a) Na,f(UO,)0,], (b) a-LigUO,,
() K;LiUOs, (d) Ks[(UO2)06]-
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the typical EIUSd,, bond-length, disorder in the uranyl
ion positions within the polyhedron should result in
anion anisotropic-displacement ellipsoids that are
elongate subparallel to the Us*—¢ bond. Anisotropic-
displacement parameters are available for only a small
number of well-refined Us+ structures that contain
holosymmetric or near-holosymmetric U+ octahedra.
Consideration of these structures supports both models
for the observed IUé polyhedron-geometry trends.
The structures of Na,[(UO,)0,] (Wolf & Hoppe 1986)
and a-LigUO¢ (Wolf & Hoppe 1985) both contain
holosymmetric Us+¢g octahedra; in both cases, the
anisotropic-displacement ellipsoids (Figs. 5a, b) of
the anions are consistent with absence of significant
positional disorder of the anions, and thus are compatible
with model (1). In contrast, the anisotropic-displacement
ellipsoids of anions for the holosymmetric Ub+dg
octahedron in the structure of K,Li,UO, (Wolf &
Hoppe 1987) and the distorted U+ octahedron in the
structure of Kg[(UO,)O4] (Wolf & Hoppe 1986) show
considerable elongation parallel to the cation—anion
bonds (Figs. Sc, d), and are therefore compatible with
model (2), without contradicting model (1).

Uranyl-ion bond-length

The average Us+—Oy, bond-lengths for Urd,, Urds
and Urdyg polyhedra, as derived from crystal-structure
analysis, are 1.79(3), 1.79(4) and 1.78(3) A, respec-
tively. Thus, the uranyl-ion bond-lengths are insensitive
to the number of anions that coordinate the uranyl ion,
in the cases where the coordination anions are O%- and
OH-. The average Us-Oy, bond lengths obtained from
X-ray-diffraction studies are in agreement with the
values obtained using EXAFS spectroscopy for various
structures (above).

Uranyl-ion linearity

The distributions of O-Ué—0 bond-angles in the
uranyl ions of Urd, polyhedra are shown in Figure 6.
The uranyl-ion bond-angle is usually linear or close to
linear in Urd, and Urdg polyhedra, with most bond
angles in the range 179 to 180°. In contrast, the uranyl-ion
bond-angles in Urds polyhedra, although being close
to linear, show a strong tendency to be somewhat
distorted away from 180°, with the maximum of the
distribution in the range 178 to 179°.

A possible explanation of the bond-angle distribution
in Urds polyhedra involves the positions of the equatorial
anions of the polyhedra. In general, the equatorial anions
and the U¢+ cation are close to being coplanar, and the
uranyl ion is positioned roughly orthogonal to a plane
drawn through the equatorial atoms. However, in many
crystal structures, considerations of local bonding
apparently require the uranyl ion to be subperpendicular
to the plane containing the equatorial anions. In the
case of Urd, and Urdg polyhedra, the distribution of
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Fic. 6. Bond-angle distributions of the uranyl ion in
well-refined structures.

the equatorial anions is such that the uranyl ion may be
subperpendicular to the equatorial plane while main-
taining roughly equal repulsion between both Oy,
anions and the equatorial anions. However, in the case
of Urds polyhedra, any tilting of the uranyl ion relative
to the normal to the equatorial plane will result in the
two Oy, atoms being subjected to different amounts of
Coulombic repulsion from the equatorial anions (Fig.
7), thus causing the uranyl-ion bond-angle to depart
from 180°.

Ur¢4 Ur¢5 Ur¢6

F1G. 7. The distribution of equatorial anions with respect to
possible tilting of the uranyl ion in U¢ polyhedra.
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FiG. 8. The distribution of bond-valence sums calculated for
the US+ position in well-refined structures using the
parameters of Brese & O’Keeffe (1991) and Brown & Wu
(1976).

A BOND-VALENCE APPROACH

Hydrous uranyl phases form during the oxidative
dissolution of UQ, and spent fuel in the presence of
water (e.g., Wadsten 1977, Wang & Katayama 1982,
Wronkiewicz et al. 1992, Forsyth & Werme 1992,
Johnson & Werme 1994, Finn et al. 1996, Wronkiewicz
et al. 1996) and during the alteration of uraninite (Finch
& Ewing 1992). Hydrogen bonding plays a crucial role
in the stability of these structures, as in, for example,
the structures of schoepite (Finch et al. 1996) and
ianthinite (Burns et al. 1997b), where adjacent sheets
of Ud, polyhedra are held together only by H bonds.
Unfortunately, it is usually impossible to determine
the positions of H atoms in uranyl phases based upon
X-ray-diffraction experiments.

The bond-valence method (Brown 1981) has proven
to be a powerful tool for the prediction and interpretation
of bond lengths in solids. Bond-valence sums at both
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cation and anion positions are regularly used to analyze
refined structures and give information on cation
oxidation-states, anion identities and H bonding. The
strength of this approach is that the bond length is a
unique function of bond valence (Brese & O’Keeffe
1991). However, it is not uncommon for apparently
well-refined structures that contain Ué to have
bond-valence sums at the US+ position that depart
significantly from 6 vu.

The most recently published bond-valence
parameter R; given for Ué by Brese & O’Keeffe
(1991) and Brown & Altermatt (1985) is 2.075 A (for
bonds to oxygen), and the b constant is 0.37 A.
However, the bond-valence parameters R; = 2.059 A
and N = 4.3 given by Brown & Wu (1976) are in
common usage. Other bond-valence parameters for U+
are given by Zachariasen (1978). In our study, only
reasonably well-refined structures are considered, and
thus cation bond-valence sums for 6IUs+, IJ6+ and
®IUs+ polyhedra should cluster around 6 vu. The distri-
butions of bond-valence sums at the Us positions
calculated using the parameters of Brese & O’Keeffe
(1991) and Brown & Wu (1976) for the structures of
the phases listed in Table 1 are shown in Figure 8. The
bond-valence sums are usually significantly different
from the expected value of 6 vu (Fig. 8). In the case of
mye and BIUS+, the majority of the bond-valence sums
calculated with both sets of parameters are significantly
greater than 6 vu, and the maximum in each distribution
corresponds to bond-valence sums in the range 6.4 to
6.7 vu, depending on the choice of parameters,
although sums greater than 7 vu are not uncommon.
The average sums of bond valences for U+ and /U6
calculated using the parameters of Brese & O’Keeffe
(1991) are 6.7 (o = 0.3) and 6.6 (o = 0.3) vu, respec-
tively. The average sums of bond valence calculated
with the parameters of Brown & Wu (1976) for 1Us+
and BIUS* are 6.4 (o = 0.3) and 6.5 (o = 0.2) vu, respec-
tively. In most cases, the bond-valence parameters of
Brese & O’Keeffe (1991) result in uranyl ion Us*—Oy,
bond-valences in excess of 2.0 vu, suggesting
(erroneously) that Oy, atoms do not participate in
any additional bonding. There is a broader range of
bond-valence sums for [E1Us+ if one uses the parameters
of Brese & O’Keeffe (1991) or Brown & Wu (1976),
with most falling between 5.6 and 7.0 vu. The average
bond-valence sum for 61Us+ in structures is 6.3 (o =
0.4) vu when using the parameters of Brese & O’Keeffe
(1991), and 6.0 (o = 0.3) vz when using the parameters
of Brown & Wu (1976); however, there is no clear
trend in either distribution.

Most Ut environments in crystal structures give
bond-valence sums that differ significantly from the
expected 6 vu (Fig. 8) when using the parameters of
Brese & O’Keeffe (1991). However, a total of nine
6IUS+ cation environments give bond-valence sums in
the range 5.8 to 6.0 vu. Of these polyhedra, none
contain a uranyl ion with Ué+-Qy, =1.8 A; rather, most



THE CRYSTAL CHEMISTRY OF HEXAVALENT URANIUM

1559

Anion Bond-Valence Deficiency (vu)

T T T T

1.70 1.756 1.80 1.85 1.90

T T T T

1.95 2.00 2.05 210 215

U®- O Uranyl Bond Length (&)

Fia. 9. The Us+—O bond length of the uranyl ion versus the bond-valence deficiency of the
uranyl-ion O-atom in well-refined anhydrous structures.

are holosymmetric or near-holosymmetric octahedra.
Thus, it must be concluded that the bond-valence
parameter (2.075 A) of Brese & O’Keeffe (1991),
when used with b = 0.37 A, is inadequate for Us+ struc-
tures that contain the uranyl ion, and this parameter
should not be used to analyze refined structures, to
predict Us+—¢ bond-lengths, or to interpret H bonding.
The use of this bond-valence parameter where a uranyl
ion is present will usually result in bond-valence sums
that are significantly greater than 6 v, and the bond-
valence sums at the anion positions will be incorrect.
The parameters of Brown & Wu (1976) result in more
reasonable bond-valence sums at the Oy, atoms,
although the parameters result in bond-valence sums at
the 71U% and BIUS+ positions that are usually greater
than 6.0 v

Derivation of bond-valence parameters for Us+

The most serious drawback of the bond-valence
parameters for Us+ given by Brese & O’Keeffe (1991)
is that the bond valences calculated for Us+Qy, bonds
are in many cases 2.0 vu or greater. It is common for
Oy, anions to be bonded to cations such as K* or Na*,
or to accept H bonds (or both), indicating that the
bond-valence requirements of Oy, anions are in many
instances not met by the U%-Qy, bond alone. The
inability of the bond-valence parameters of Brese &

O’Keeffe (1991) to provide appropriate bond valences
for Us+—Qy, anions makes interpretation of H bonding
difficult in hydrous structures that contain U6+,

It is impossible to fully assess the correct
bond-valence requirements of the O, bond in hydrous
structures, as the Oy, anion in many cases accepts a H
bond, but the precise position of the H atom is usually
not known. However, H bonding is not a factor in
anhydrous structures, and the sum of bond valences at
the Oy, position from cations other than Us+ may be
calculated using the parameters of Brese & O’Keeffe
(1991). The variation of the Us—0,, bond-length with
the bond valence associated with the Us-Oy;, bond
(obtained by subtracting the sum of bond valences to
Oy, from cations other than U% from the formal
valence of 2.0 vu) is shown in Figure 9. The data are
reasonably well characterized by a straight line
(R? = 82%). The equation of the least-squares-fit line
indicates that a bond valence of 2.0 v corresponds to a
Us—O bond-length of 1.691 A,

The expected U-Oy, bond-length where the Oy,
atom bonds only to Us+is 1.691 A, as this corresponds
to a bond valence of 2 vu. Note that this value cannot
be derived using EXAFS spectroscopy of solutions, as
the Oy, anion will accept hydrogen bonds from the
solvent. This value may be compared to theoretically
predicted bond-lengths. Within the Hartree—Fock limit,
Pyykko et al. (1994) obtained U-Oy, bond-lengths for
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FiG. 10. The distribution of bond-valence sums calculated for
the Ut position in well-refined structures using the
parameters SUs+: R, = 2.074 A, b =0.554 A; MUs+: R, =
2.045 A, b = 0.510 A; BUs+: R, = 2,042 A, b =0.506 A.

the uranyl ion in a vacuum that ranged from 1.66 to
1.72 A, depending upon the parameterization of the
calculation. Van Wezenbeek et al. (1991) calculated a
bond length of 1.67 A, obtained using nonrelativistic
Hartree—Fock~Slater calculations, with the predicted
bond-length expanding to 1.70 A where relativistic
effects are taken into account. Craw et al. (1995)
obtained a uranyl bond-length of 1.663 A by using
Hartree—Fock calculations. Accounting for correlation
of dynamic electrons with approximations gave bond
lengths ranging from 1.700 to 1.783 A.

Bond-valence parameters for Us+—¢ bonds that will
result in a valence of 2.0 vu for a Us*—¢$ bond-length
of 1.691 A, and bond-valence sums of 6.0 vu at the
U¢* position have been derived. Such parameters were
sought for subsets containing ©1Us+, [MU6+ and [BIU6+
polyhedra that occur in the well-refined structures
listed in Table 1. No suitable value of Ry exists if b is
fixed at 0.37, as done by Brese & O’Keeffe (1991).
However, variation of both R; and b provides the
desired results, For ©1U% polyhedra, R; = 2.074 A,
b = 0.554 A; for Us+ polyhedra, R, = 2.045 A,
b = 0.510 A; for BIUs polyhedra, R, = 2.042 A,
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b =0.506 A. Optimal parameters obtained by fitting
to the data for all types of Us+ coordination polyhedra
are R;=2.051 A, b=0.519 A.

The distribution of bond-valence sums for the U+
positions in well-refined structures (Table 1), calculated
using the new parameters for each coordination
number, are shown in Figure 10. The range of bond-
valence sums for 61Us, [IUs+ and BIUS is much
narrower than for those calculated using the parameters
of Brese & O’Keeffe (1991) or Brown & Wu (1976)
(Fig. 8). Also, the maximum of each distribution is in
the range 5.9 to 6.1 vu.

The distribution of bond-valence sums for each
%olyhedron calculated with the parameters R; = 2.051

, b = 0.519 A, derived for all Us+ coordination
geometries, is shown in Figure 11. These parameters
perform best for TUS, and poorest for [STU%, where the
maximum in the distribution of bond-valence sums is
in the range 5.7 to 5.8 vu. Optimal results are obtained
where the coordination-number-specific parameters
are used.

The distribution of bond valence for individual
U6+—Qy, bonds in well-refined structures, calculated
using the coordination-number-specific parameters, is
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FiG. 11. The distribution of bond-valence sums calculated
for the Us+ position in well-refined structures using
the coordination-independent parameters R, = 2.051 A,
b=0.519A.
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TABLE 2. U-0 BOND-LENGTHS AND BOND-VALENCE SUMS AT THE URANIUM POSITIONS IN

SELECTED STRUCTURES
U™ in P 1 Bipyramidal Coordinati
Valence Sum

U*-0 (A) 0-U-0 () o) Ref.
U;M0o0s 2.058 2058 2113 235 2463 2733 2176 1781 492 1

2077 2077 2319 2131 2346 2146 2577 1641 512
UShOs 1933 2024 2505 2428 2303 2135 2353 1730 523 2
UVO; 2080 2073 2325 2206 2206 2304 2304 1795 526 3
Us0:,Cl 2065 2065 2246 2246 2300 2300 2538 1789 495 4

U* in Octahedral Coordination
U0 @A)
NaUOs 2153 2153 2151 2151 2145 2145 4.96 s
Ba,FeUOs 2165 2165 2165 2165 2165 2165 482 6
KUO;s 2148 2148 2148 2148 2148 2148 498 7
U¥, U* and U™ Polyhedra in Miscellaneous Stractures
U0 d)

B-U:0s 2080 2080 2021 2287 2287 2398 2398 525 8

1.888 1.888 2112 2368 2368 2295 2295 596

2087 2087 2088 2088 2275 2275 5.03
a-UyOs 2075 2075 2156 2156 2257 2257 2544 527 9

2074 2074 2178 2723 2148 2130 2206 5.40
UNb0; 2301 2301 2312 2303 2303 2303 2303 430 10
UNbsOss 2309 2309 2277 2277 2371 2371 2804 2804 4.06 n
UQUOMNPO): 2219 2460 2177 2171 2341 2543 2318 431 12

1764 1767 2267 2419 2362 2561 2573 591
UMo;0s 2058 2058 2394 2202 2324 2202 2324 517 13

Raferences: (1): Serezhkin of al. 1973, (2): Dickens & Stuttard (1992), (3): Dickens et al. (1992), (4): Cordfunke et al.

(1985), (5): Chippindale ef al. (1989), (6): Grenet et al. (1971), (7): Dickens & Powell (1991), (8): Loopstra (1970),

(9): Loopstra (1977), (10): Busch & Gruchn (1994), (11): Busch ef al. (1994), (12): Bénard et al. (1994), (13): Cremers

etal. (1983).
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shown in Figure 12. The maximum in the distribution
occurs at 1.60 to 1.65 vu, indicating that the O,
atoms usually receive bond-valence contributions in
addition to the U%-Oy, bonds. Only a small number
of structures have Oy, anions whose bond-valence
requirements are met by the Us+—Oy, bond alone. More
commonly, an Oy, atom accepts H bonds or bonds to
large monovalent or divalent cations. Note that those
U0y, bonds with valences of ~1.0 vu correspond
to holosymmetric or near-holosymmetric octahedra,
rather than to urany! ions.

INFERRING THE VALENCE OF URANIUM
IN CRYSTAL STRUCTURES

Uranium is only known to occur as U4 and Us+
in minerals, although U5+ has been reported in about
30 inorganic structures. Furthermore, the recent deter-
mination of the crystal structure of ianthinite (Burns
et al. 1997b) suggests that it may contain U5+, The
bond-valence method is often used to determine
oxidation states of cations on the basis of bond lengths
from refined structures. Although there are parameters
available for the calculation of bond valences for U4
and U3+ (Brown 1981), it is necessary to first identify
the valence of the U cation in order to select the correct
set of bond-valence parameters. Here we demonstrate
that the new bond-valence parameters R, = 2.051 A and
b =0.519 A, that were derived specifically for Us+,
distinguish between U4, Us+ and U+ in well-refined
structures.

Coordination geometry and bond-valence sums
Sfor Us+

Geometries of polyhedra are presented in Table 2
for seven structures that are reported to contain Us+,
The U3+ cation occurs either in octahedral coordination,
or in a pentagonal bipyramidal coordination that
contains a near-linear (U5+Q0,)!+ ion with a US+—O
bond-length of ~2.05 A. The latter coordination
geometry is similar to the Urds polyhedron that is
common for Us+, except that the uranyl ion Us—-O
bond-length is ~1.8 A.

The bond-valence parameters R; = 2.051 A and
b =0.519 A give bond-valence sums of ~6 v for Us+
in various coordination geometries (Fig. 11). It is
informative to calculate the bond-valence sums
with these parameters for the U positions in phases
containing U5+; these values are given in Table 2. The
bond-valence sums for the Us+ sites are all close to 5
vu, with a range from 4.82 to 5.26 vu. This is consistent
with the fact that these structures contain U+, and that
the bond-valence parameters are effective in distin-
guishing U5+ and Us+. We will now consider examples
to demonstrate further how the bond-valence parameters
may be used to distinguish valences of uranium.
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Specific examples of valence determination of U
in structures

The structure of B-U;0; is considered to contain
U5+ and Ué, with the formula U5+, U0, (Loopstra
1970). There are three U atoms located in general
positions in the space group Cmcm (Loopstra 1970);
two are coordinated by seven anions in pentagonal-
bipyramidal arrangements, and one is in octahedral
coordination (Table 2). There are two reasonable possi-
bilities here: either both pentagonal bipyramids contain
U¢+ and the octahedron contains U4+, or one pentagonal
bipyramid contains Ué+ and the other two polyhedra
contain U3+, The bond-valence sums at each site are
U(1) =5.25, U(2) = 5.96 and U(3) = 5.03 vu (Table 2),
consistent with the presence of two U+ and one U#* in
the structure of B—U;0x.

The structure of a—U;0; is also considered to
contain both U5+ and Us+, although no uranyl ion is
present in the refined structure. There are two U
positions in the structure, which crystallizes in the
space group C2mm (Loopstra 1977). Both sites are
coordinated by seven anions in a pentagonal-bipyramidal
arrangement, and both polyhedra contain near-linear
O-U-0 clusters with bond lengths of ~2.07 A. The
absence of a uranyl ion with a Us*—~0 bond length of
~1.8 A suggests that neither site contains exclusively
Us+, The bond-valence sums for the sites are U(1) =
5.27 and U(2) = 5.40 vu, indicating that each site
probably contains both U+ and Ut and as there are
twice as many U(2) sites as U(1) sites in the structure,
this gives a total U valence of 16.07 vu, which is
consistent with the formula Us+,U%Q0, However,
note that these bond-valence sums are also consistent
with U# — Us+ disorder and the formula U4U$6+,0q, as
U# — Ué+ disorder would result in bond-valence sums
of 5.3 vu per site in this case.

The structures of UNb,O, (Busch & Gruehn 1994)
and UNbgO,4 (Busch ez al. 1994) are each reported to
contain U#, and the U atoms are coordinated by
seven and eight O atoms, respectively. The polyhedral
bond-lengths are summarized in Table 2, and the
bond-valence sums calculated for the uranium sites
are 4.30 and 4.06 vu for UNb,O; and UNbO,g, respec-
tively. These results show that the bond-valence
parameters also successfully distingnish U*.

The structure of U(UO)PO,), (Bénard et al. 1994)
is reported to contain both U* and Us+, making it one
of the relatively few structures known to contain U
with both of these valence states. There are two U
positions in the structure, which crystallizes in the
space group P1; both are positions coordinated by
seven anions in pentagonal-bipyramidal arrangements.
Only the U(2) site contains a uranyl ion, which is
consistent with the presence of Us+ (Table 2). The
bond-valence sums calculated for the U sites are U(1)
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=4.31 and U(2) = 5.91 vu. These values are consistent
with U(1) containing U4 and U(2) containing Us+, as
reported by Bénard et al. (1994).

The structure of UMo,0; is reported to contain
U4 and Mo (Cremers et al. 1983). The structure
contains one U position that is coordinated by seven
anions in a pentagonal-bipyramidal arrangement (Table
2). There is an approximately linear O-U-O cluster
with U-O bond-lengths of 2.06 A in the polyhedron.
The polyhedral geometry is similar to that observed in
various polyhedra that contain U+ (Table 2), and the
bond-valence sum calculated for the site is 5.17 vu. The
structure of U,Mo0Qg, which is reported to contain U5+
(Serezhkin et al. 1973), has two similar coordination
polyhedra about the U atoms, and bond-valence sums
are U(1) =4.92 and U(2) = 5.12 vu (Table 2). Thus, the
structure of UMo,0; possibly contains U5+, rather than
U# as reported (Cremers et al. 1983), and the chemical
composition may be more complicated than that indicated.

The examples provided above demonstrate the
efficacy of our revised bond-valence parameters for Us+
for determining the valence states of U atoms in refined
structures. As such, they should be useful in the
analysis of new crystal structures.

CONSTRAINTS ON POLYMERIZATION OF POLYHEDRA IN
Us+-BEARING STRUCTURES

Important factors controlling the polymerization of
polyhedra in any oxide or oxysalt structure include
cation valence, cation coordination number, and the
lengths of edges of polyhedra. The rules of Pauling
(1960) indicate that cation polyhedra with low coordi-
nation number and high valence will tend not to share
elements of the polyhedra; in cases where they do,
the sharing of corners will be more favorable than the
sharing of edges or faces of the polyhedra. In most
structures that contain U, the U% cation forms a
(Ut0,)* uranyl ion. It is common for uranyl polyhedra
to share edges with cation polyhedra that contain
cations with valences of up to 5+, and also with other
uranyl polyhedra, indicating that the uranyl ion behaves
more like a divalent cation than a hexavalent cation.

Where the sharing of edges of polyhedra does
occur, the degree of mismatch between the ideal length
of edges of the polyhedra is an important factor in
determining the stability of the structure. Where a
uranyl polyhedron shares an edge with another
polyhedron of higher bond-valence, the shared edge is
always an equatorial edge because the bond-valence
requirements of the Oy, anions are largely satisfied by
the Us+—Oy, bond (~1.7 vu). Assuming that the equatorial
anions and the U$+ cation are coplanar, and that the
bond angles are ideal, estimates of ideal equatorial
edge-lengths of polyhedra for Ur‘%, Urds and Urdg
polyhedra are 3.22, 2.79 and 2.47 A, respectively.

The structural hierarchy of Ut phases presented by
Burns et al. (1996) includes 106 phases that have
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TABLE 3. SUMMARY OF POLYHEDRAL POLYMERIZATION IN
URANYL

STRUCTURES
My Ugs Eys byt Mgt g
8c,le lle - Si%6s - e -
Kl lle 154 1le | Cr™, - 2 -
e - lle  Me | Te%¢s - 1e -
B - Ic3e e P % 3le %
C*y - - 2 S5y - T -
S - - % [Noe - 2 -
Mo“@ - lc - V“Qg o e -
As"py 6 le - | Mo®hs - 2 -
S@“@z - 1 - Mo%ds o h le
¢ = share comers, ¢ = share edges, numbers = number of with type
of polymerization.

structures containing infinite sheets of polyhedra.
These structures account for 78% of U minerals for
which structures are known, many of which may form
owing to the oxidative dissolution of spent nuclear fuel.
The nature of the polymerization of polyhedra in each
of the 106 structures based upon sheets is summarized
in Table 3, where the mode of polymerization is
indicated by a letter, and either occurs by the sharing of
edges (e) or corners (c) of polyhedra, and the numbers
indicate the number of structures that contain each type
of polymerization.

The sharing of edges between two Urd, polyhedra
in a sheet only occurs in the structure of Cs,[(UO,)50,];
the scarcity of Urd, polyhedra that share edges is
presumably due to the Coulombic repulsion of the
Us+ cations, which are separated by 3.56 A only in
Cs,4[(UO,)s0,]. Where Urd, polyhedra are present in a
sheet, it is much more common for the Urd, polyhedra
to share corners only, as in some sheets with the
autunite anion-topology (Fig. 4b of Burns et al. 1996),
or the Urd, polyhedra share edges with Urds polyhe-
dra. In contrast, Urds polyhedra usually polymerize
with other Ur¢, polyhedra in sheets by sharing edges;
this includes all of the Urdy, Urds, and Urdyg polyhedra,
although the sharing of edges with other Urds
polyhedra is most common. Where Urdg polyhedra are
present in a sheet, polymerization occurs by sharing edges
with either Urds or Urdy polyhedra, but never by sharing
edges with Urd, polyhedra, presumably owing to the
large mismatch of ideal edge-lengths of the polyhedra.

The details of how other polyhedra of higher
bond-valence cations polymerize with Urd, polyhedra
are also summarized in Table 3. The mode of polymeri-
zation is dependent on both cation charge and
polyhedron size, which, in turn, is dependent on cation
radius and the number of coordinating anions. In the
case of three-coordinated cations in sheets, the triangles
usually share an edge with a Ur, polyhedron. Both
C#d; and Set¢,; share edges with Urdg polyhedra,
whereas B3+¢, triangles share edges with both Urds
and Urdg polyhedra, or they share only corners with
Urds polyhedra.
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Several four-coordinated cations occur in the sheets
of U+ phases (Table 3), and the modes of polymerization
are dependent upon cation valence. Where the cation
valence is 6+, the tetrahedra share corners only with
Urd¢, polyhedra; edge sharing with Urd, polyhedra
does not occur, presumably owing to Coulombic
repulsion between the tetrahedrally coordinated cation
and U%, The only known exception in a U+ phase is
found in the structure of K,(U0,)(S0,);], which
contains finite clusters in which Sd, tetrahedra share
edges with Urd; polyhedra (Mikhailov ez al. 1977).
Where the cation charge is 5+, the polyhedra share both
corners and edges with Urd, polyhedra. The AsS+d,
tetrahedron commonly occurs in sheets that are based
upon the autunite anion-topology (Fig. 4a of Burns et
al. 1996), where it shares only corners with Urd, poly-
hedra. In the structure of Mg[(UO,)(AsO,)],(H,0),, the
AsS+, tetrahedra share edges with Urds polyhedra
(Bachet et al. 1991), and the sheet has the uranophane
anion-topology (Burns et al. 1996). The P$+¢, tetrahedron
also occurs in sheets that are based upon the autunite
anion-topology, where it shares corners with Urd,
polyhedra. In addition, P5+¢, tetrahedra commonly
occur in sheets based upon the phosphuranylite
anion-topology (Fig. 8a of Burns et al. 1996), where
the tetrahedra share edges with Urdg polyhedra.

The As5-0 and P5+—O bond lengths, inferred from
sums of effective ionic radii (Shannon 1976), are 1.69
and 1.53 A, respectively. Assuming ideal bond-angles
of these tetrahedra, ideal edge-lengths of As+¢, and
Ps+d, tetrahedra are 2,76 and 2.50 A, respectively.
Thus, the ideal edge-lengths of AsS+¢, and P5+¢, tetra-
hedra are best matched to Urds and Urdg polyhedra,
respectively. The edge-length of the AsS+d, tetrahedron
is incompatible with a Urdg polyhedron, which explains
why no structures contain AsS+¢, tetrahedra in sheets
with the phosphuranylite anion-topology. Where the
tetrahedron contains a cation with a valence of 4+,
the tetrahedron always shares an edge with a Urds
polyhedron. Most examples involve the Si%+¢, tetrahe-
dron, which has an ideal edge-length of 2.64 A, a fair
match for the ideal Urds polyhedron. All uranyl silicate
sheet structures contain sheets that are based upon the
uranophane anion-topology (Fig. 6a of Burns et al.
1996), where each Sid, tetrahedron shares an edge with
one Urds polyhedron and a corner with another.

The only five-coordinated polyhedra that occur in
the sheets of Ut phases are Nb5+d; and V5+bs square
pyramids. In all cases, the square pyramids share edges
with Urds polyhedra, and all but one occur in sheets
based upon the francevillite anion-topology (Fig. 7b of
Burns et al. 1996a).

Excluding Us+, polyhedra with cations of higher
bond-valence and coordination number greater than
five are rare. The only instances are two examples of
Mos+dy octahedra, each of which share edges with
Urds polyhedra in sheets based upon the iriginite
anion-topology (Fig. 7e of Burns et al. 1996), and
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a Mos+d; hexagonal bipyramid that shares edges
with Urdg polyhedra in the structure of umohoite,
[(U0,)(Mo0O,I(H,0),] (Makarov & Anikina 1963)
(Fig. 10a of Burns ef al. 1996).

Considering each of the Us+ structures that are
based upon infinite sheets, the following observations
may be made:

(1) Urd, polyhedra commonly share corners only with
other uranyl polyhedra, and where Urd, polyhedra
share edges with other uranyl polyhedra, it is almost
invariably with Urds polyhedra.

(2) No structure contains either a Urds or a Urdg
polyhedron that shares a corner only with another
uranyl polyhedron; where polymerization occurs, it
involves the sharing of edges between polyhedra.

(3) Urds polyhedra most commonly share edges with
other Urd;s polyhedra, although edge-sharing with both
Urd, or Urdg polyhedra also is common.

(4) Urdg polyhedra commonly share edges with either
Urds or Urd, polyhedra, but never with Urd, polyhedra.
(5) The most important factor in determining the mode
of polymerization between Urd, polyhedra and other
cation polyhedra is cation charge.

(6) Those cation polyhedra (excluding Us+ polyhedra)
with high-charge cations (6+) and low coordination
number (<6) do not commonly share edges with Urd,
polyhedra.

(7) Polyhedra containing pentavalent cations regularly
share edges with Urds and Urdg polyhedra, but they
also commonly share only corners with Urd, polyhedra.
(8) Cation polyhedra with lower-charge cations (<4)
almost invariably share edges with Urds or Urdg
polyhedra, but never with Urd, polyhedra.

(9) An important geometrical factor for the polymeriza-
tion of polyhedra is the edge-length mismatch between
the ideal polyhedra, which is mainly due to cation
size. Small degrees of mismatch favor edge-sharing,
whereas larger degrees of mismatch favor the sharing
of corners.

ACKNOWLEDGEMENTS

This work was supported in part by the Natural
Sciences and Engineering Research Council of Canada
in the form of a Post-Doctoral Fellowship to PCB, and
by the Office of Basic Energy Sciences (Grant No. DE—
FG03-95ER14540, M.L. Miller and R.C. Ewing). The
manuscript was improved following thorough reviews
by Dr. Robert Finch and an anonymous referee, and the
editorial work of Drs. John Hughes, W.H. MacLean
and Robert Martin.

REFERENCES

ALcock, N.W., RoBerTs, M\M. & BrowNn, D. (1982):
Actinide structural studies. 3. The crystal and molecular
structures of UO,SO,LH,SO,5H,0 and (NO,SO,),.
H,S0,.4H,0. J. Chem. Soc., Dalton Trans. 1982, 869-873.



THE CRYSTAL CHEMISTRY OF HEXAVALENT URANIUM

ALLEN, P.G, BUCHER, J.J., CLARK, D.L., EDELSTEIN, N.M,,
ExBERG, S.A., Goupes, J.W., HubsonN, E.A,
KALTSOYANNIS, N., LUKENS, W.W., NEU, M.P., PALMER,
P.D., REeIcH, T., SHuH, D.K., TArT, C.D. & ZWICK, B.D.
(1995): Multinuclear NMR, raman, EXAFS, and X-ray
diffraction studies of uranyl carbonate complexes in
near-neutral aqueous solution. X-ray structure of
[C(NH,);]6[(UO,)5(CO4)6]*6.5H,0. Inorg. Chem. 34,
4797-4807.

, Saun, D.K., BUCHER, J.J., EDELSTEIN, N.M.,
REIcH, T., DENECKE, MLA. & NitscHE, H. (1996): EXAFS
determinations of uranium structures: the uranyl ion
complexed with tartaric, citric, and malic acids. Inorg.
Chem. 35, 784-7817.

ATENCIO, D., NEUMANN, R., SILvA, A.J.G.C. & MASCARENHAS,
Y.P. (1991): Phurcalite from Perus, Séo Paulo, Brazil, and
redetermination of its crystal structure. Can. Mineral. 29,
95-105.

BACHET, B., Brassy, C. & CoussoN, A. (1991): Structure
de Mg[(UO,)(AsO,)],4H,0. Acta Crystallogr. C47,
2013-2015.

BacMANN, M.& BERTAUT, E.E (1966): Parameétres atomiques
et structure magnétique de MoUO,. J. Physique 27,
726-734.

BENARD, P., LOUER, D., DACHEUX, N., BRANDEL, V. & GENET,
M. (1994): U(UO,XPO,),, a new mixed-valence uranium
orthophosphate: ab initio structure determination
from powder diffraction data and optical and X-ray
photoelectron spectra. Chem. Mater. 6, 1049-1058.

BORENE, J. & CEsBRON, F. (1970): Structure cristalline
de l’uranyl-vanadate de nickel tétrahydraté
Ni(UO,),(VO,),.4H,0. Bull. Soc. fr. Minéral. Cristallogr.
93, 426-432.

BRANDENBURG, N.P. & LoopstrRA, B.O. (1973): Uranyl

sulphate hydrate, UO,80,3%H,0. Cryst. Struct.
Commun. 2, 243-246.
& (1978): B-uranyl sulphate and uranyl

selenate. Acta Crystallogr. B34, 3734-3736.

BRANSTATTER, F. (1981a): Synthesis and crystal structure
determination of Pb,(UO)((TeOs),). Z. Kristallogr. 155,
193-200.

(1981b): Non-stoichiometric, hydrothermally
synthesized cliffordite. Tschermaks Mineral. Petrogr. Mitt.
29, 1-8.

Brese, N.E. & O’Keerre, M. (1991): Bond-valence
parameters for solids. Acta Crystallogr. B47, 192-197.

BrownN, LD. (1981): The bond-valence method: an empirical
approach to chemical structure and bonding. Iz Structure
and Bonding in Crystals Il (M. O’Keeffe & A. Navrotsky,
eds.). Academic Press, New York, N.Y. (1-30).

1565

& ALTERMATT, D. (1985): Bond-valence parameters
obtained from a systematic analysis of the inorganic
crystal structure database. Acta Crystallogr. B41, 244-247.

& Wu, Kanc Kun (1976): Empirical parameters
for calculating cation—-oxygen bond valences. Acta
Crystallogr. B32, 1957-1959.

BURNS, P.C. (1995): Borate clusters and fundamental building
blocks containing four polyhedra: why few clusters are
utilized as fundamental building blocks of structures. Carn.
Mineral. 33, 1167-1176.

, EwnG, R.C. & MILLER, ML.L. (1997a): Incorporation
mechanisms of actinide elements into the structures of Us+
phases formed during the oxidation of spent nuclear fuel.
J. Nucl. Mater. 245, 1-9.

, Fincd, R.J., HAWTHORNE, F.C., MILLER, M.L. &
EwING, R.C. (1997b): The crystal structure of ianthinite,
[U4,(U0,)04(0H),(H,0),](H,0)5: a possible phase for
Pu# incorporation during the oxidation of spent nuclear
fuel. J. Nucl. Mater. 249, 199-206.

& HAWTHORNE, F.C. (19952): Mixed-ligand Cu?ds
octahedra in minerals: observed stereochemistry and
Hartree—Fock calculations. Can. Mineral. 33, 1177-1188.

& (1995b): Coordination-geometry
structural pathways in Cu?t oxysalt minerals. Can.
Mineral. 33, 889-905.

, MILLER, M.L. & EWING, R.C. (1996): Ut minerals
and inorganic phases: a comparison and hierarchy of
crystal structures. Can. Mineral. 34, 845-880.

Buscy, J. & GRUEHN, R. (1994): Chemischer Transport und
Struktur von UNb,O; — einem neuen MM’,0,-Typ. Z.
Anorg. Allg. Chem. 620, 1066-1072.

, HOFFMANN, G. & GRUEHN, R. (1994): Darstellung,
Kristallstruktur und elektronenmikroskopische Unter-
suchung von UNb¢O; — einem nenen niobreichen Oxid
im System U/Nb/O. Z. Anorg. Allg. Chem. 620,
1056-1065.

CHARPIN, P., DEJEAN, A., FOLCHER, P, RIGNY, P. & Navaza, P.
(1985): EXAFS sur des composés de coordination de
I’uranium en phase solide et en solution. J. Chim. Phys.
82, 925-932.

CHEVALIER, R. & GASPERIN, M. (1969): Synth&¢se en
monocristaux et structure cristalline de I’oxyde
UTiNb,Oy. C.R. Acad. Sci. Paris C268, 1426-1428.

CHIPPINDALE, A.M., Dickens, P.G. & HARrisoN, W.T.A.
(1989): A structural study of the sodium (V) uranate,
NaUQ,, by time-of-flight powder neutron diffraction. J.
Solid State Chem. 718, 256-261.

CoOPER, M.A. & HAWTHORNE, E.C. (1995): The crystal struc-
ture of guilleminite, a hydrated Ba—U—Se sheet structure.
Can. Mineral. 33, 1103-1109.



1566

CorDFUNKE, E.H.P., VAN VLAANDEREN, P.V., Gousrrz, K. &
LoopsTtrRA, B.O. (1985): Pentauranium(V) chloride
dodecaoxide Us0,,CL J. Solid State Chem. 56, 166-170.

CRraAW, J.S., VINCENT, M.A., HILLIER, LH. & WALLWORK, A.L.
(1995): Ab initio quantum chemical calculations on uranyl
UO0,?, plutonyl PuO,?, and their nitrates and sulfates. J.
Phys. Chem. 99, 10181-10185.

CREMERS, T.L., ELLER, P.G., LARSON, E.M. & ROSENZWEIG, A.
(1986): Single-crystal structure of lead uranate(VI). Acta
Crystallogr. C42, 1684-1685.

, PENNEMAN, R.A. & HErrick, C.C.
(1983) Or[horhomblc uranium(IV) molybdenum(VY)
oxide, UMo,0s. Acta Crystallogr. 39, 1163-1165.

DEMARTIN, F., DIELLA, V., DONZELLI, S., GRAMACCIOLI, C.M.
& PiLatt, T. (1991): The importance of accurate crystal
structure determination of wuranium minerals. I
Phosphuranylite KCa(H,0)5(UO,),(PO,),0,.8H,0. Acta
Crystallogr. B47, 439-446.

, GrRamaccioLl, C.M. & Prati, T. (1992): The
importance of accurate crystal structure determination of
uranium minerals. IT. Soddyite (UO,),(Si0,)*2H,0. Acta
Crystallogr. C48, 1-4.

Dickens, P.G. & PoweLL, A.V. (1991); Powder neutron
diffraction study of potassium uranate (V), KUO;. J.
Mater. Chem. 1, 137-138.

& STUTTARD, G.P. (1992): Structure of uranium
antimony oxide (USbO;): powder neutron diffraction
study. J. Mater. Chem. 2, 691-694.

» BaLL, R.G.J,, PoweLL, A.V., HuLL, S.
& PATAT S. (1992) Powder neutron diffraction study of
the mixed uraniumvanadium oxides Cs,(UO,),(V,0;) and
UVOs. J. Mater. Chem. 2, 161-166.

& Patat, S. (1993): Structure of
CuU3Ow J. Mater. Chem. 3, 339-341.

Evans, H.T., Jr. (1963): Uranyl ion coordination. Science
141, 154-157.

Fincn, R.J., CooPER, M.A., HAWTHORNE, F.C. & EwING, R.C.
(1996): The crystal structure of schoepite,
[(U0,)50,(0H),,](H,0),,. Can. Mineral. 34, 1071-1088.

& Ewing, R.C. (1992): The corrosion of uraninite
under oxidizing conditions. J. Nucl. Mater. 190, 133-156.

» MILLER, ML.L. & EwWING, R.C. (1992): Weathering
of natural uranyl oxide hydrates: schoepite polytypes and
dehydration effects. Radiochim. Acta 58, 433-443,

FInN, P.A., Hog, 1.C., WOLF, S.F,, SLATER, S.A. & Batss, J.K.
(1996): The release of uranium, plutonium, cesium,
strontium, technetium and iodine from spent fuel under
unsaturated conditions. Radiochim. Acta 74, 65-71.

Frrcn, AN., BERNARD, L., Howg, A.T., WRIGHT, A.F. &
FENDER, B.E.F. (1983): The room-temperature structure of

THE CANADIAN MINERALOGIST

DUO,As0544D,0 by powder neutron diffraction. Acta
Crystallogr. C39, 159-162.

& CoLg, M. (1991): The structure of
KUO,PO,#3D,0 refined from neutron and synchrotron-
radiation powder diffraction data. Mater. Res. Bull. 26,
407-414.

& FENDER, B.E.F. (1983): The structure of
deuterated ammonium uranyl phosphate trihydrate,
ND,UO,PO,3D,0 by powder neutron diffraction. Acta
Crystallogr. C39, 162-166.

, & WRIGHT, A.F. (1982): The structure of
deuterated lithium uranyl arsenate tetrahydrate
LiUO,As0,°4D,0 by powder neutron diffraction. Acta
Crystallogr. B38, 1108-1112.

Forsyts, R.S. & WERME, L.O. (1992): Spent fuel corrosion
and dissolution. J. Nucl. Mater. 190, 3-19.

FRrRONDEL, C. (1958): Systematic mineralogy of uranium and
thorium. U.S. Geol. Surv., Bull. 1064.

Funno, T., Masaky, N. & Tacawa, H. (1977): The crystal
structures of a- and y-StUO,. Z. Kristallogr. 145,
299-309.

GASPERIN, M. (1987a): Synthése et structure du diborouranate
de magnésium, MgB,UO,. Acta Crystallogr. C43,
2264-2266.

(1987b): Synthése et structure du niobouranate de
césium: CsNbUOQq. Acta Crystallogr. C43, 404-406.

(1987c): Structure du borate d’uranium UB,Oq.
Acta Crystallogr. C43, 2031-2033.

(1990): Synth&se et structure du borouranate de
lithium LiBUQs, Acta Crystallogr. C46, 372-374.,

, REBIZANT, J., DANCAUSSE, J.P.,, MEYER, D. &
CoussoN, A. (1991): Structure de K BiUO,,. Acta
Crystallogr. C47, 2278-2279.

GEBERT, E., HOEKSTRA, H.R., Ru1s, A H. JR & PETERSON, S.W,
(1978): The crystal structure of lithium uranate. J. Inorg.
Nucl. Chem. 40, 65-68.

GiBBS, G.V. (1982): Molecules as models for bonding in
silicates. Am. Mineral. 67, 421-450.

GINDEROW, D. (1988): Structure de I'uranophane alpha,
Ca(U0,),(Si0Os0H),.5H,0. Acta Crystallogr. C44,
421-424,

& CesBroN, F. (1983): Structure de la
demesmaekerite, Pb,Cus(Se05)s(U0,),(OH)s2H,0. Acta
Crystallogr. C39, 824-827.

& (1985): Structure de la roubaultite,

Cu,(UO,)5(C0O,5),0,(0H),*4H,0. Acta Crystallogr. C41,
654-657.



THE CRYSTAL CHEMISTRY OF HEXAVALENT URANIUM

GrENET, J.-C., Porx, P. & MicHeL, A. (1971): Etude
cristallographique des composés Ba,FeUQq et Ba,CrUQ;,.
Ann. Chim. Paris 1971, 83-88.

HoLc, J. & Goviic, L. (1983): The synthesis and crystal
structure of a~-Ca;UQg, J. Solid State Chem. 48, 396-400.

Iibo, D.J.W. (1993a): PbyU,; 04, a Rietveld refinement of
neutron powder diffraction data. Acta Crystallogr. C49,
654-656.

(1993b): Redetermination of tristrontium uranate
(VI). A Rietveld refinement of neutron powder diffraction
data. Acta Crystallogr. C49, 650-652,

JornsoN, L.H. & WERME, L.O. (1994): Materials characteristics
and dissolution behavior of spent nuclear fuel. Materials
Res. Soc. Bull., 24-27.

Kapsnukov, L1, Vorkov, Y.F., Moskvitsev, E.P.,, LEBEDEV,
LA., YAROVLEV, G.N. (1971): Crystal structure of uranyl
tetranitrates. Zh. Struct. Khim. 12, 94-98 (in Russ.).

KHOsrRAWAN-SAZED], F. (1982): The crystal structure of meta-
uranocircite II, Ba(UO,),(P0,),.6H,0. Tschermaks
Mineral. Petrogr. Mitt. 29, 193-204.

KRrOGH-ANDERSEN, E., KROGH-ANDERSEN, L.G. & PLOUG-
SOERENSEN, G. (1985): Structure determination of a
substance alleged to be hendecahydrogen diuranyl
pentaphosphate. Solid State Protonic Conduct. Feul Cells
Sens., Eur. Workshop “Solid State Mater. Low Medium
Temp. Fuel Cells Monit., Spec. Emphasis Proton
Conduct.” (J.B. Goodenough, J. Jensen & A. Potier, eds.).
Odense University Press, Odense, Denmark (191-202).

Lasaca, A.C. & GiBBs, G.V. (1987): Applications of quantum
mechanical potential surfaces to mineral physics
calculations. Phys. Chem. Minerals 14, 107-117.

& (1988): Quantum mechanical potential
surfaces and calculations on minerals and molecular
clusters. I. STO-3G and 6-31G* results. Phys. Chem.
Minerals 16, 29-41.

& (1990): Ab initio quantum mechanical
calculations on water-rock interactions: adsorption and
hydrolysis reactions. Am. J. Sci. 290, 263-295.

& (1991): Quantum mechanical
Hartree-Fock potential surfaces and calculations on
minerals. Phys. Chem. Minerals 17, 485-491.

LEGROS, J.P. & JEANNIN, Y. (1975): Coordination de 1" uranium
par ’ion germanate. II. Structure du germanate d’uranyle
dihydraté (UQ,),GeO,(H,0),. Acta Crystallogr. B31,
1140-1143.

LINDE, S.A., GORBUNOVA, Y.E., LAVROV, A, V. & KUzNETsSOV,
V.G. (1978): Synthesis and structure of crystals of
CsUO,(POs), crystals. Dokl. Akad. Nauk SSSR 242,
1083-1085 (in Russ.).

s s & POBEDINA, A.B. (1984):
The synthesis and structure of crystals of sodium uranyl

1567

pyrophosphate Na,UO,P,0; Zh. Neorg. Khim. 29,
1533-1537 (in Russ.).

LoorsTrRA, B.O. (1970): The structure of B-U,;O0q. Acta
Crystallogr. B26, 656-657.

(1977): On the crystal structure of a-U,04. J. Inorg.
Nucl. Chem. 39, 1713-1714.

, TAYLOR, J.C. & WaAuGH, A.B. (1977): Neutron
powder profile studies of the gamma uranium trioxide
phases. J. Solid State Chem. 20, 9-19.

MAKAROV, Y.S. & ANIKINA, L.I. (1963): Crystal structure of
umohoite (UMoO4(H,0),).2H,0. Geochemistry 1963,
14-21.

MAYER, H. & MEREITER, K. (1986): Synthetic bayleyite,
Mg,[UO,(CO;);]*18H,0: thermochemistry, crystallo-
graphy and crystal structure. Tschermaks Mineral.
Petrogr. Mitt. 35, 133-146.

MEREITER, K. (1982a): The crystal structure of liebigite,
Ca,U0,(CO,);=11H,0. Tschermaks Mineral. Petrogr.
Mizn. 30, 277-288.

(1982b): The crystal structure of walpurgite,
(UO,)Bi,0,(As0,),22H,0. Tschermaks Mineral. Petrogr.
Mirt. 30, 129-139.

(1982¢): Die Kristallstruktur des Johannits,
Cu(UQ,),(OH),(S0,),*8H,0. Tschermaks Mineral.
Petrogr. Mitt. 30, 47-57.

(19864a): Crystal structure and crystallographic
properties of a schrickingerite from Joachimsthal.
Tschermaks Mineral. Petrogr. Mi. 35, 1-18.

(1986b): Synthetic swartzite, CaMg[UO,(CO,);]
*12H,0, and its strontium analogue, StMg[UO,(CO;),]
*12H,0: crystallography and crystal-structures. Neues
Jahrb. Mineral. Monatsh. 1986, 481-492.

(1986¢): Neue kristallographische Daten ueber das
Uranmineral Andersonit. Anz. Oesterr. Akad. Wiss. Math.-
Naturwiss K. 123(3), 39-41.

(1986d): Structure of strontium tricarbonato-
dioxouranate(VI) octahydrate. Acta Crystallogr. C42,
1678-1681.

(1986¢): Crystal structure refinements of two
francevillites, (Ba,Pb)[(UO,),V,0s1*5H,0. Neues Jahrb.
Mineral., Monatsh., 552-560.

(1988): Structure of caesium tricarbonato-~
dioxouranate(VI) hexahydrate. Acta Crystallogr. C44,
1175-1178.

MEUNIER, G. & GALY, J. (1973): Structure cristalline de la
schmitterite synthétique UTeOs. Acta Crystallogr. B29,
1251-1255.



1568

MuLaorr, F.C., ipo, D.J.W. & CorpFUNKE, E.H.P. (1993):
The crystal structure of a- and B-Cs,U,0;. J. Solid State
Chem. 102, 299-305.

MixHALLOV, Y.N., Kok, L.A., KUZNETSOV, V.G., GREVTSEVA,
T.G., SokoL, S.K. & ELLERT, G.V. (1977): Synthesis and
crystal structure of potassium trisulfatouranylate
K, (UO,(S0,)s). Koord. Khem. 3, 508-513.

MILLER, S.A. & TAYLOR, J.C. (1986): The crystal structure of
saleeite, Mg[UO,PO,],*10H,0. Z Kristallogr. 177,
247-253.

MisTRYUKOV, V.E. & Micramov, Y.N. (1983): The
characteristic properties of the structural function of the
selenitogroup in the uranyl complex with neutral ligands.
Koord. Khim. 9, 97-102 (in Russ.).

Motrr, H., Marz, W., SCHUSTER, G., BRENDLER, E.,
BERNHARD, G. & NiITSCHE, H. (1995): Synthesis and
characterization of uranyl orthosilicate (U0,),Si0,22H,0.
J. Nucl. Mater. 227, 40-49.

Rercy, T., Matz, W., BERNHARD, G., NITSCHE, H.,
Suul, D.K., BUCHER, J.J., KALTSOYANNIS, N., EDELSTEIN,
N.M. & SchorLz, A, (1994): Structural analysis of
(U0,),810,2H,0 by XRD and EXAFS. Forschungszen-
trum Rossendorf, Institute of Radiochemistry, Annual
Rep., 15-78.

MorosIN, B. (1978): Hydrogen uranyl phosphate tetrahydrate,
a hydrogen ion solid electrolyte. Acta Crystallogr. B34,
3732-3734.

Murery, WM. & PaBALAN, R.T. (1995): Review of empirical
thermodynamic data for uranyl silicate minerals and
experimental plan. Center for Nuclear Waste Regulatory
Analyses, Rep. 95-014.

NINISTO, L., TOIVONEN, J. & VALKONEN, J. (1978): Uranyl
(VI) compounds. I. The crystal structure of ammonium
uranyl sulfate dihydrate, (NH,),UO,(80,),*2H,0. Acta
Chem. Scand. A32, 647-651.

& (1979): Uranyl (VI)
compounds IL. The crystal structure of potassium uranyl
sulfate dihydrate, K,UO,(SO,),*2H,0. Acta Chem. Scand.
A33, 621-624.

Nirscue, H. (1995): Synchrotron X-ray absorption
spectroscopy: a new tool for actinide and lanthanide
speciation in solids and solution. J. Alloys Comp. 223,
274-279.

OVERSBY, V.M. (1994): Nuclear waste materials. In Materials
Sciences and Technology, a Comprehensive Treatment
(R.W. Chan, P. Haasen & E.J. Kramer, eds.). VCH
Verlagsgesellschaft mdH, Germany.

PADEL, L., Porx, P. & MICHEL, A. (1972): Préparation et étude
cristallographique du systéme Ba,(UMg)Os—Ba,(U,s
Fe,3)O06. Rev. Chim. Minérale 9, 337-350.

PauLiNg, L. (1960): The Nature of the Chemical Bond.
Cornell University Press, Ithaca, N.Y.

THE CANADIAN MINERALOGIST

PrARCY, E.C., PRIKRYL, J.D., MurpHY, W.M. & LESLIE, B.W.
(1994): Alteration of uraninite from the Nopal I deposit,
Pefia Blanca District, Chihuahua, Mexico, compared to
degradation of spent nuclear fuel in the proposed U.S.
high-level nuclear waste repository at Yucca Mountain,
Nevada. Appl. Geochem. 9, 713-732.

PIreT, P. (1985): Structure cristalline de la fourmariérite,
Pb(UO,),0;(0H),*4H,0. Bull. Minéral. 108, 659-665.

& DECLERCQ, J-.P. (1983): Structure cristalline de
I"upalite Al{(UO,);0(0H)(PO,),]*7H,0. Un exemple de
macle mimétique. Bull. Minéral. 106, 383-389.

, DELIENS, M. & PIRET-MEUNIER, J. (1988): La
frangoisite-(Nd), nouveau phosphate d’uranyle et de terres
rares; propriétés et structure cristalline. Bull. Minéral. 111,
443-449.

, PIRET-MEUNIER, J. & DECLERCQ, J-.P. (1979):
Structure of phuralumite. Acta Crystallogr. B35,
1880-1882.

& DELIENS, M. (1990): Composition
chlmlque et structure cristalline de la dewindtite
Pb;[H(UOZ)g,Oz(PO,,),_]z'12H20 Eur. J. Mineral. 2,
399-4f

PyYKK®, P., L1, J. & RUNEBERG, N. (1994): Quasirelativistic
pseudopotential study of species isoelectronic to uranyl
and the equatorial coordination of uranyl. J. Phys. Chem.
98, 4809-4813.

& ZuHAo, Y. (1991): The large range of uranyl
bond lengths: ab initio calculations on simple
uranium-oxygen clusters. Inorg. Chem. 30, 3787-3788.

REIcH, T., MULL, H., DENECKE, M.A., GEIPEL, G., BERNHARD,
G., NITSCHE, H., ALLEN, P.G., BUCHER, J.J., KALTSOYANNIS,
N., EDELSTEIN, N.M. & SuuH, D.-K. (1996): Characteriza-
tion of hydrous uranyl silicates by EXAFS analysis.
Radiochim. Acta 74, 219-223.

RErs, AH., JR, HOEKSTRA, H.R., GEBERT, E. & PETERSON,
S.W. (1976): Redetermination of the crystal structure of
barium uranate. J. Inorg. Nucl. Chem. 38, 1481-1485.

ROSENZWEIG, A. & Ryan, R.R. (1975): Refinement of
the crystal structure of  cuprosklodowskite,
Cu[(U0,),(Si0;0H),1*6H,0. Am. Mineral. 60, 448-453.

- & o (1977a): Kasolite,
Pb(UO,)(Si0,)*H,0. Cryst. Struct. Commun. 6, 617-621.

& (1977b):  Vandenbrandeite
CuUO,(OH),. Cryst. Struct. Commun. 6, 53-56.

RyaN, R.R. & Rosenzweig, A. (1977): Sklodowskite,
MgO0.2U0,;.28i0,0.7H,0. Cryst. Struct. Commun. 6,
611-615.

Sabikov, G.G., Krasovsgaya, T.I., Porvakov, Y.A. &
NIKOLAEV, V.P. (1988): Structural and spectral studies on
potassium dimolybdatouranylate. Inorg. Mater. 24, 91-96.



THE CRYSTAL CHEMISTRY OF HEXAVALENT URANIUM

SaINE, M.-C. (1989): Synthése et structure de K,U,0,
monoclinique. J. Less-Common Metals 154, 361-365.

SEREZHKIN, V.N., EFREMOV, V.A. & TRUNOV, V.K. (1980b):
Crystal-structure of a-UO,M00,.22H,0. Kristallografiya
25, 861-865 (in Russ.).

, Kovea, LM. & Trunov, V.K. (1973): Crystal
structure of U,MoQy. Kristallografiya 18, 514-517 (in
Russ.).

, SOLDATKINA, M.A. & Boiko, N.V. (1983): Refine-
ment of the crystal structure (NH,),[UO,(CO,),). J. Struct.
Chem. 24, 770-774.

& ErreEMov, V.A. (1981b): Crystal-
structure of MgUO,(S0,),.11H,0. J. Struct. Chem. 22,
454-457.

& TruNov, V.K. (1981a): The crystal structure of
U0,Cr0,.5.5H,0. Kristallografiya 26, 301-304 (in Russ.).

, & MAKAREvVICH, L.G. (1980a): The
refined crystal structure of wuranyl molybdate.
Kristallografiya 25, 858-860 (in Russ.).

SEREZHKINA, L.B., TRUNOV, V.K., KHOLODKOVSKAYA, L.N. &
Kucaumova, N.V. (1990): Crystal structure of
K[UO,CrO,(OH)].1.5H,0. Koord. Khim. 16, 1288-1291
(in Russ.).

SHANNON, R.D. (1976): Revised effective ionic radii and
systematic studies of interatomic distances in halides and
chalcogenides. Acta Crystallogr. A32, 751-767.

SIEGEL, S., HOEKSTRA, H. (1968): The crystal structure of
copper uranium tetroxide. Acta Crystallogr. B24, 967-970.

& GEBERT, E. (1972b): The structure of
'y-ura.nyl dihydroxide, UO,(OH),. Acta Crystallogr. B28,
3469-3473.

& SHERRY, E. (1966): The crystal
structure of high-pressure UQ,. Acta Crystallogr. 20,
292-295.

, VISTE, A., HOEKSTRA, H.R. & TaNI, B. (1972a):
The structure of hydrogen triuranate. Acta Crystallogr.
B28, 117-121.

STERGIOU, A.C., RENTZEPERTS, P.J. & SKLAVOUNOS, S. (1993):
Refinement of the crystal structure of metatorbernite. Z.
Kristallogr. 205, 1-7.

STERNS, M., PARISE, J.B. & Howarp, C.J. (1986): Refinement
of the structure of trilead(II} uranate(VI) from neutron
powder diffraction data. Acta Crystallogr. C42,
1275-1277.

SwinarT, G.H., Gupta, PK.S., SCHLEMPER, E.O., BACK, M.E.
& Gamges, RV, (1993): The crystal structure of
moctezumite [PbUO,](TeOs),. Am. Mineral. 78, 835-839,

TABACHENKO, V.V., BaLasnov, V.L., Kovea, LM. &
SEREZHKIN, V.N, (1984a): Crystal structure of barium

1569

uranyl moybdate Ba(UO,);(M00,),.4H,0. Koord. Khim.
10, 854-857 (in Russ.).

, KovBa, LM. & SERezZEXIN, V.N. (1983): The
crystal structure of molybdatouranylates of magnesium
and zinc of composition M(UO,);(Mo0O,),(H,0)s
(M = Mg,Zn). Koord. Khim. 9, 1568-1571 (in Russ.).

& (1984b): Crystal structures
of Mg(U 0,)6(M00,),.18H,0 and Sr(UO,)¢(M00,);.15H,0.
Koord. Khim. 10, 558-562 (in Russ.).

» SEREZHKIN, V.N., SEREZHKINA, L.B. & KovBa,
LM. (1979): Crystal structure of manganese
sulfatouranylate MnUO,(SO,),.5H,0. Koord. Khim. 5,
1563-1568 (in Russ.).

Tavi, R., TABACHENKO, V.V. & KovBa, L.M. (1993): Crystal
structure of Cu,UO0,(M00O,),(OH),. Zh. Neorg. Khim. 38,
1450-1452 (in Russ.).

Tarsumi, K. & HorrMANN, R. (1980): Bent cis d® MoO,2 vs.
Linear trans d*f® UO,?*: a significant role for nonvalence
6p orbitals in uranyl. Inorg. Chem. 19, 2656-2658.

TAYLOR, J.C. (1971): The structure of the a form of uranyl
hydroxide. Acta Crystallogr. B27, 1088-1091.

& MUELLER, MLH. (1965): A neutron diffraction
study of uranyl nitrate hexahydrate. Acta Crystallogr. 19,
536-543.

» STUART, W.I. & MUMME, L.A. (1981): The crystal
structure of curite. J. Inorg. Nucl. Chem. 43, 2419-2423.

TosSELL, J.A. (1986): Studies of unoccupied molecular orbitals
of the B~O bond by molecular orbital calculations, X-ray
absorption near edge, electron transmission, and NMR
spectroscopy. Am. Mineral. 71, 1170-1177.

(1990): First principles quantum mechanical calcu-
lations of electric dipole polarizabilities of the borate,
carbonate, nitrate and related ions. Phys. Chem. Minerals
17, 133-141.

TROMBE, J.C., GLEIZES, A. & GALY, J. (1985): Structure of a
uranyl diselenite, UO,Se,0s. Acta Crystallogr. C4l1,
1571-1573.

VAN DUIVENBODEN, H.C. & Iipo, D.J.W. (1986): Redetermination
of tricalcium uranate(VI). A Rietveld refinement of
neutron powder diffraction data. Acta Crystallogr. C42,
523-525.

VAN EGMOND, A.B. (1976): Investigations on cesium uranates.
VI. The crystal structures of Cs,U,0,. J. Inorg. Nucl.
Chem. 38, 2105-2107.

VAN DER PUTTEN, N. & LoopsTRA, B.O. (1974): Uranyl
sulphate 215H,0°U0,80, 2¥2H,0. Cryst. Struct. Commun.
3, 377-380.

VAN WEZENBEEK, E.M., BAERENDS, E.J. & SNUDERS, J.G.
(1991): Relativistic bond lengthening of UQ,2 and UO,.
Theor. Chim. Acta 81, 139-155.



1570

VOCHTEN, R., VAN HAVERBEKE, L., VAN SPRINGEL. K.,
BLATON. N. & PEETERS, O.M. (1995): The structure and
physicochemical characteristics of synthetic zippeite. Can.
Mineral. 33, 1091-1101.

WAaDSTEN, T. (1977): The oxidation of polycrystalline
uranium dioxide in air at room temperature. J. Nucl.
Mater. 64, 315.

WaDT, W.R. (1981): Why UO,?* is linear and isoelectronic
ThO, is bent. J. Am. Chem. Soc. 103, 6053-6057.

WaNG, R. & Katavama, Y.B. (1982): Dissolution mecha-
nisms for UQ, and spent fuel. Nucl. Chem. Waste Manag.
3, 83-90.

WELLER, M.T., Dickens, P.G. & PEnNy, D.J. (1988): The
structure of 8-UOs. Polyhedron 7, 243-244.

Worr, R. & Hoppg, R. (1985): Neues iiber Oxouranate: iiber
a-LisUOg. Mit einer Bemerkung iiber B-LigUQ,. Z. Anorg.
Allg. Chem. 528, 129-137.

& (1986): Neues iiber Oxouranate (VI):
Na,UQ; und K,UQs. Rev. Chim. Minérale 23, 828-848.

& (1987): Ein neues Oxouranat (VI):
K,Li,[UQg]. Mit einer Bemerkung iiber Rb,Li,[UO,] und
Cs,Li,[UOq]. Z. Anorg. Allg. Chem. 554, 34-42.

THE CANADIAN MINERALOGIST

WRONKIEWICZ, D.J., BATES, J.K., GERDING, T.J., VELECKIS, E.
& Tani, B.S. (1992): Uranium release and secondary
phase formation during unsaturated testing of UO, at
90°C. J. Nucl. Mater. 190, 107-1217.

s , WoLr, S.F. & Buck, E.C. (1996):
Ten-year results from unsaturated drip tests with UO, at
90°C: implications for the corrosion of spent nuclear fuel.
J. Nucl. Mater. 238, 78-95.

ZACHARIASEN, W.H. (1978): Bond lengths in oxygen and
halogen compounds of d and f elements. J. Less-Common
Metals 62, 1-7.

ZALKIN, A., RUBEN, H. & TempLETON, D.H. (1978): Structure
of a new uranyl sulfate hydrate, o-2U0,580,.7H,0. Inorg.
Chem. 17, 3701-3702.

, TEMpPLETON, L.K. & TEmPLETON, D.H. (1989):
Structure of rubidium uranyl(VI) trinitrate. Acte
Crystallogr. C45, 810-811.

Received March 18, 1997, revised manuscript accepted
May 18, 1997.



1571

The Canadian Mineralogist
Vol. 35, pp. 1571-1606 (1997)

RECOMMENDED NOMENCLATURE FOR ZEOLITE MINERALS: REPORT OF THE
SUBCOMMITTEE ON ZEOLITES OF THE INTERNATIONAL MINERALOGICAL
ASSOCIATION, COMMISSION ON NEW MINERALS AND MINERAL NAMES

DOUGLAS S. COOMBS! (Chairman)
Geology Department, University of Otago, P.O. Box 56, Dunedin, New Zealand

ALBERTO ALBERTI
Istituto di Mineralogia, Universita di Ferrara, Corso Ercole I° d’Este, 32, I-44100 Ferrara, Italy

THOMAS ARMBRUSTER
Laboratorium fiir chemische und mineralogische Kristallographie, Universitiit Bern, Freiestrasse 3, CH-3012 Bern, Switzerland

GILBERTO ARTIOLI
Dipartimento di Scienze della Terra, Universita di Milano, via Botticelli, 23, 1-20133 Milano, Italy

CARMINE COLELLA
Dipartimento di Ingegneria dei Materiali e della Produzione, Universita Federico II di Napoli,
Piazzale V. Tecchio, 80, I-80125 Napoli, Italy

ERMANNO GALLI
Dipartimento di Scienze della Terra, Universita di Modena, via S. Eufemia, 19, I-41100 Modena, Italy

JOEL D. GRICE
Mineral Sciences Division, Canadian Museum of Nature, Ottawa, Ontario KI1P 6P4, Canada

FRIEDRICH LIEBAU
Mineralogisch-Petrographisches Institut, Universitit Kiel, Olshausenstrasse 40-60, D-2300 Kiel, Germany

JOSEPH A. MANDARINO (retired from Subcommittee, December, 1994)
Department of Mineralogy, Royal Ontario Museum, Toronto, Ontario M58 2C6 Canada

HIDEO MINATO
5-37-17 Kugayama, Suginami-ku, Tokyo 168, Japan

ERNEST H. NICKEL
Division of Exploration and Mining, CSIRO, Private Bag, Wembley 6014, Western Australia, Australia

ELIO PASSAGLIA
Dipartimento di Scienze della Terra, Universita di Modena, via S. Eufemia, 19, I-41100 Modena, Italy

DONALD R. PEACOR
Department of Geological Sciences, University of Michigan, Ann Arbor, Michigan 48109, U.S.A.

SIMONA QUARTIERI
Dipartimento di Scienze della Terra, Universita di Modena, via S. Eufemia, 19, 1-41100 Modena, Italy

ROMANO RINALDI
Dipartimento di Scienze della Terra, Universita di Perugia, I-06100 Perugia, Italy

MALCOLM ROSS
U.S. Geological Survey, MS 954, Reston, Virginia 20192, U.S.A.

RICHARD A. SHEPPARD
U.S. Geological Survey, MS 939, Box 25046, Federal Center, Denver, Colorado 80225, U.S.A.

EKKEHART TILLMANNS
Institut fiir Mineralogie und Kristallographie, Universitit Wien, Althanstrasse 14, A-1090 Vienna, Austria

GIOVANNA VEZZALINI
Dipartimento di Scienze della Terra, Universitd di Modena, via S. Eufemia, 19, 1-41100 Modena Italy

1 E-mail address: doug.coombs @stonebow.otago.ac.nz



