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ABSTRACT

The structure of umohoite, [(WMoQO4(H-0)](H20), triclinic, space groupl, a 6.3748(4)b 7.5287(5)c 14.628(1) Ax
82.64(1),8 85.95(1),y 89.91(17, V 694.52(8) &, has been solved by direct methods and refined by full-matrix least-squares to
an agreement indexRQ) of 4.6% and a goodness-of-fit of 1.02 for 2456 unique observed reflections collected u&iag Mo
X-radiation and a CCD-based detector. The structure differs substantially from models previously proposed in both the coordina-
tion of the cations and the connectivity of the structure. The structure contains two non-equivalent U sites that arbyot€tipied
cations. Each is part of a nearly linear @O uranyl ion Ur) that is further coordinated by five O atoms arranged at the
equatorial corners of pentagonal bipyramids capped byghat@ms. Two non-equivalent Niocations are each coordinated by
five O atoms and oneJ9 group; the O atoms are arranged at the apices of a square bipyramid, #itdMond-lengths in the
range 1.69 to 1.96 A. The,B groups are located at the apical positions of highly distorted octahedra, \ithHy® bond-
lengths in the range 2.44 to 2.46 A. The cation polyhedra link by sharing edges, forming sheets with the uranophane anion-
topology, in which the pentagons are populated by uranyl ions and the squares are populafédHyisMs the first mineral
structure known that is based upon the uranophane anion-topology with the squares populated by octahedra. The interlayer at
z=0 contains KO groups, whereas the interlayer at0.5 is not occupied. Sheets are linked together by hydrogen bonding, with
bonds bridging between sheets wheg®lis absent in the interlayer, and tgOHgroups in the interlayer where they are present.

Keywords umohoite, uranium, uranyl mineral, uranophane anion-topology, crystal structure.
SOMMAIRE

La structure de 'umohoite, [(U§MoO4(H,0)](H20), triclinique, groupe spati®l,a 6.3748(4)b 7.5287(5)¢ 14.628(1) A,
« 82.64(1) 85.95(1);y 89.91(1}, V 694.52(8) R, a été résolue par méthodes directes et affinée par moindres carrés sur matrice
entiere jusqu’a un résidr(1) de 4.6% et un indice de concordance de 1.02 en utilisant 2456 réflexions uniques observées avec
rayonnement Mo et mesurées avec un détecteur a aire avec couplage de charges. La structure differe sensiblement des ébauches
antérieures, tant dans la coordinence des cations que dans la connectivité de la structure. Celle-ci contient deux sites U non
équivalents, occupés par des iofs. (Chacun fait partie d’'un ion uranyle, (Y&, presque linéairer), qui est en plus coordonné
a cinqg atomes d’oxygéene disposés aux coins équatoriaux de bipyramides pentagonales avec terminaisons par |gs atomes O
Deux cations M8&" non équivalents sont coordonnés par cing atomes d’oxygéne et un ge@ipdes-atomes d’oxygéne sont
disposés aux sommets d’une bipyramide carrée, la longueur des liaisr®©Mtant entre 1.69 et 1.96 A. Les groupg® Bont
situés aux sommets d’octaédres fortement difformes, avec les liais6h<HyiD entre 2.44 et 2.46 A. Les polyédres sont liés par
partage d’arétes, pour former des feuillets ayant la topologie anionique de I'uranophane, les pentagones contenamntyés ions ura
et les carrés, MY. Il s’agit de la premiére structure fondée sur la topologie anionique de I'uranophane dans laquelle les carrés
représentent des octaedres. L'interfeuillet a une élévatiod contient des groupes®, tandis que I'interfeuillet a= 0.5 est
vide. Les feuillets sont interliés par des liaisons hydrogene, directement entre feuillets sans guses Hinterfeuillet, et
impliquant des groupes,B dans les interfeuillets ou ils sont présents.

(Traduit par la Rédaction)

Mots-clés umohoite, uranium, minéral a uranyle, topologie anionique de I'uranophane, structure cristalline.
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INTRODUCTION Skvortsovaet al. (1961) reported umohoite from
an unspecified locality in the former U.S.S.R. and
Uranyl molybdates are common constituents of thgetermined the formula to be Y@0042H,0. They
oxidized zones of U-Mo deposits at several localities provided unit-cell dimensiores14.17b 7.33 ¢6.41 A,
the U.S. and in the Russian Federation. Knowledge pf98.7.
the structures and fields of stability of uranyl molyb- The structure of umohoite was reported by Anikina
dates is essential for understanding the alteration akdvakarov (1961) and Makarov & Akinina (1963) us-
weathering of uranium deposits, as well as the mine amd) specimens from an unspecified locality in the former
mill tailings that result from resource utilization (BurndJ.S.S.R. The structure was given in space gRRifc
1999a, Finch & Murakami 1999). The possible imporwith the unit cella 6.32,b 7.50,c 57.8 A,B 94°, with
tance of uranyl molybdates for nuclear waste disposéle longc dimension defined by the presence of weak
was demonstrated by the recent discovery of the phagmts on rotation photographs. The structure reportedly
(CsxBa1x)[(UO2)5(M0oOg)(OH)g]enH,O (x = 0.4, contained electrostatically neutral uranyl molybdate
n = 6) (Bucket al. 1997, Finch & Buck 1998) that sheets linked through H bonds to interlaye®Hjroups,
formed as a result of the alteration of spent nuclear fuglth the formula [UMoQ(H,0).](H20),. The sheets
at 90C in tests designed to simulate conditions in theere said to contain uranyl and molybdate hexagonal
proposed nuclear waste repository at Yucca Mountaibipyramids. According to Burret al.(1996), the sheets
Nevada. Several recent studies have shown that urarggported by Makarov & Akinina (1963) are based upon
phases forming by the alteration of nuclear waste, suttie «-UO3 anion-topology. Serezhkiat al (1977)
as spent nuclear fuel rods, borosilicate waste glassesteexamined the single crystals of umohoite studied by
the components of the Chernobyl Nuclear Power Plaltakarov & Anikina (1963). They determined the min-
fourth block, may incorporate various radionuclides interal to have triclinic symmetry, and reported the unit-
their structures, thus controlling to a large extent theell parameters 6.402(6),b 7.489(7),c 14.60(2) A,
release of these radionuclides into the biosphere (Buek85.3(2¥, B 96.3(2¥, v 90.5(2), which are similar to
et al. 1997, Burns 1999b, Burret al. 1997a, b, 2000, the parameters determined in the current study. How-
Burns & Hill 2000, Cheret al.1999, 2000, Hill & Burns ever, Serezhkiret al. (1977) did not redetermine the
1999, Wronkiewicz & Buck 1999, Pazukhin 1994crystal structure.
Teterinet al. 1997). Fedorov (1967) examined umohoite from an un-
Seven uranyl molybdate minerals are known (Fincépecified locality in the former U.S.S.R. and proposed
& Murakami 1999), but the structures have only beethe formula U*(UO,),(M0Os)3(OH),*6H,0, which is
reported for three of these: deloryite (Pushcharoesky notable by the presence ofhlong with ¥*. Fedorov
al. 1996), iriginite (Serezhkiat al. 1973) and umohoite (1967) indicated that umohoite crystals are replaced by
(Makarov & Anikina 1963). The lack of structuraltransparent greenish yellow crystals of iriginite. Zhigach
information is likely due to the scarcity of crystals 0{1974) and later Deliens (1975), Piret & Deliens (1977)
suitable size and quality for structure determination. Wand Belovat al (1985) described green, orange-red and
have redetermined the structure of umohoite, and fougdllow varieties of umohoite, although most are black.
it to be substantially different from that reported byrhe unusual colors of these samples may be due to ad-
Makarov & Anikina (1963); the results are reportednixtures of compounds of Mg, Fe and Ni, respectively.
herein. Belovaet al. (1985) reported that a specimen of black
umohoite contains 2.51 wt. % CaO.
PreEvious Stubpies
EXPERIMENTAL
Umohoite was described by Brophy & Kerr (1953)
from the Freedom No. 2 mine in Marysvale, Utah, with  Umohoite from an unspecified locality in the former
the formula U@Mo004+4H,0, and a hexagonal unit-cell U.S.S.R. was obtained from the Fersman Mineralogical
with a 8.60,c 14.45 A. Coleman & Appleman (1957)Museum, Russian Academy of Sciences, Moscow
examined samples from the Lucky Mc mine, Wyomingsample Kz—601). Although the locality is not recorded,
and reported a monoclinic unit-cell wali4.30b 7.50, the specimen is most likely from the Kazakhstan U-Mo
¢ 6.38 A, 99.08 and possible space-groupg; and deposits described by Skvortsoeaal. (1961) and
P2;/m. On the basis of X-ray powder-diffraction stud+edorov (1967). The sample contains tabular black crys-
ies, Kamhi (1959) proposed an orthorhombic unit-cetals of umohoite that are partially replaced by greenish
with a 6.32,b 7.48 ¢ 12.4 or 14.5-17.0 A, dependingyellow and yellow crystals of iriginite, and is similar to
on the degree of hydration. Hamilton & Kerr (1959}hose shown in photographs given by Skvortsatval.
examined umohoite from several localities in the U.§1961) and Fedorov (1967). An opaque black tabular
and what was then the U.S.S.R., noted instability afystal with dimensions 0.1& 0.08 X 0.01 mm was
crystals under X-ray irradiation, and found evidence faelected for data collection with a Bruker PLATFORM
three modifications, which differ in the unit-cell 3-circle goniometer equipped with a 1K SMART CCD
parameter (16.83, 18.99 and 21.53 A). detector and a crystal-to-detector distance of 5 cm
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(Burns 1998a). A sphere of data was collected using TABLE 1. CRYSTALLOGRAPHIC DATA FOR UMOHOITE
monochromatic ME« X-radiation and frame widths of
i i i i a(A) 6.3748(4) Crystal size (mm) 0.08x 0.10 x 0.01

0.3 in o, with 30 s counting time per frame. Several 2() o Cristlsize(mm) - 0.08%
hundred frames of data were analyzed to locate reflec: ) 14.628(1) Total Reflections 8261
tions for the determination of unit-cell parameters ¢ e Unique Reflections 3281

. . . . .95(1) Unique #, > 40, 2456
(Table 1), which were refined using 528 reflections andy () 89.91 (1)
least-squares techniques. Although the unit-cell length p(ie)gmup 694.228) AW so %
are similar to those reported by Coleman & Applemans,, 808
(1957) and Skvortsowet al.(1961), it is clear from the # ™) 2309

Deq, (g/em’) 4.457

unit-cell angles that the crystal is triclinic, as was usix-cell contents: 4{[(U0,)MoO,(L,0)](H,0)}

reported by Serezhket al (1977) (Table l) Data were ?g){gﬁvlz}}ﬁfﬁgi/(n—p)}"i, where # is the number of reflections and p is the

collected for 3<20 < 56.7 in approximately 24 hours.  number of refined parameters.

The three-dimensional data were integrated using the —

Bruker program SAINT, and corrected for Lorentz,

polarization, and background effects. An empirical

absorption-correction was based upon 2404 intense

reflections with the crystal modeled as a (001) platégr the 2456 observed reflections, and a goodness-of-fit

reflections with a plate-glancing angle less tharf 0.3S) of 1.02. The final atomic parameters are presented

were discarded, lowerinBazimuthafrom 23.4 to 8.6%. in Table 2, and selected interatomic distances are in

A total of 8261 intensities remained after correction foFable 3. Observed and calculated structure-factors are

absorption, of which 3281 were uniquRns = 9.4%), available from the Depository of Unpublished Data,

with 2456 classed as observeBq] = 4oF). CISTI, National Research Council, Ottawa, Ontario
K1A 0S2, Canada.

STRUCTURE SOLUTION AND REFINEMENT
ResuLTs
Scattering curves for neutral atoms, together with
anomalous-dispersion corrections, where taken fro@ation polyhedra
International Tables for X-Ray Crystallography, Vol. IV
(Ibers & Hamilton 1974). The Bruker SHELXTL sys-  The structure contains two non-equivalent U cations.
tem of programs was used for the determination af@bnsideration of the bond-valence sums incident upon
refinement of the structure. Reflection statistics indieach site (Table 4) and the polyhedron geometries
cated space grotpl, which was verified by successful(Table 3) clearly indicates that all U is present &5 U
solution of the structure by direct methods. The initidEach * cation is strongly bonded to two O atoms,
solution provided the positions of the U and Mo catesulting in nearly linear (U§?* uranyl ions (r) with
ions, with anions located in difference-Fourier maps—Oy, bond-lengths ~1.8 A, as is typical fofUn
following refinement of the model. Refinement of alinorganic compounds (Evans 1963, Buehal.1997c).
atom-position parameters and allowance for isotropiEach uranyl ion is coordinated by five additional O
displacement gave an agreement inde%) (©of 8.0%. atoms arranged at the equatorial vertices of pentagonal
Conversion of the displacement parameters for all atorbgpyramids capped by § atoms. The structure deter-
to anisotropic form, and inclusion of a weighting schemmination does not support the presence f id the
of the structure factors, resulted in a fiRdll) of 4.6% crystal of umohoite studied.

TABLE 2. ATOMIC COORDINATES AND DISPLACEMENT PARAMETERS (X 10* A*) FOR UMOUOITE

x y z U, Uy Uss Uss 8 Uiy U,
u() 0235592(7)  0.80029(6)  0.29699(4) 115(2)  88(2) 62(3) 198(3) -24(2) -16(2) 32)
U 015158(7) 0.29981(6) 0.29871(4) 123(2)  86(2) 66(3) 219(3) -26(2) 10(2) 3(2)
Mo(l)  07073(2)  0.0575(2)  D2721(1)  161(3)  65(5) 1216) 3038 -36(5) 26(5) 6(4)
Mo(2)  0.7073(2)  05558(2)  0.2724(1)  173(3)  60(5) 17306y 335(8) -47(5) 26(3) 3(4)
o) 0.640(2)  0.804(1) 02892(8)  190(20)  1S0(50)  70(S0)  360(70)  -90(40) 0(40) -40{40)
o) 0232(2)  0.768(1) 0.4200(8)  240020) 280(60)  130(30)  310(70)  -10(50) 2050 -20(40)
03) 0.993(1)  0590(1) 0.2957(8)  170(20) SO(40)  70(50)  370(70)  0(40) 20(40)  20030)

O(4) 0769(1)  0.300(1) 0.2070(8)  200(20) 100(50)  60(50)  450(30)  -40(50)  -20(40)  -10(40)
o) 01172 0.268(1) 0.4233(8)  240(20) 310(60)  180(60)  240(70)  -30(50)  -20(50)  -60(50)
o) 0993(2)  0.011(1) 02961(8)  190(20) 110(30)  70(50)  370(70) 10(40)  -20(40) 0(40)

om 0412(1)  0.090(1) 02084(8)  160(20) 20(40)  70(40)  410(70)  -70(40) 10(40) 30(30)
0(8) 0.1782)  0.331(2) 0.1758(8)  260(30)  280(60)  200(60)  3I0O(70)  -60(50) 10(50)  -20(50)
0(9) 0415(1)  0.509(1) 02993(8) 200020 30(40)  130(50)  430(70)  -40(30)  -30(40)  -50(40)
O(10)  0.280(2)  0.828(2) 0.1744(8)  240(20) 290(60)  250(60)  180(60)  -70(50) 10(50)  -10(30)
Oy 07242 0.093(2) 0.1546(9)  300(30) 220(60)  350(70)  320(70)  -10(60) 20(50) 20(50)
0(12) 07242 035772 0.1556(8)  310(30) 230(60)  460(80)  240(70)  -50(60) 0(50) £0(50)
HO(13)  0.687(2)  0.527(2) 0.4407(8)  290(30)  300(60)  360(70)  200(60)  0(50) 20(50) 50(50)
HO(14)  0686(2)  0.996(2) 0.442109)  350(30)  320(70)  400(50)  310(80)  0(60) 30(50)  -40(50)

1L0(13)  0.7433)  0126(2)  -0002(1)  770(60)  S60(110) 720040y 1080(170) -290(120) -186(100)  230(100)
HO(16) 0.7532)  0.624(2)  0.003(2) _ 800(70) _450(100) 500(110) 1500(200) -400(120) 0(110) 110(80)

#Up — (1/3) 5T Ua*as*any
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TABLE 3. SELECTED INTERATOMIC DISTANCES (A) AND BOND TABLE 4. BOND-VALENCE* (vir) ANALYSIS FOR
ANGLES (°) IN THE STRUCTURE OF UMOHOITE UMOHOITE
Uy U@ Mo(l) Mo2) z

U(1)-0(10) 1.77(1) UQ2)-0(8) 1.78(1) - ==
U(1)-0(2) 1.78(1) U(2)-0(5) 1.80(1) o 0.46 0.92 0.87 225
U(1)-0(6)a 2.302(9) U2)-0(7) 2.290(9) 0(2) 1.68 1.68
U)-03)b 231(1) U(2)-0(9) 2.303(9) 0(3) 059 050 1.02 2.11
U()-0(7)c 2.40(1) U2)-0(3)b 2.398(9) O(4) 046 0.84 0.87 217

0(5) 1.62 1.62
U(D-0(9) 2.41(1) U(2)-0(6)b 2.41(1) 0(6) 0.61 049  1.02 2.12
U(1)-0(1) 2.45(1) U(2)-0(4)b 2.442(9) ) 0.50 061 098 2.09
<U(1)-Oy> 1.78 <U(2)-Op> 1.79 O(8) 1.68 1.68
<U(1)-b> 237 <U2)-b.> 237 09) 049  0.60 1.01 2.10
Oy,-U1- Oy, 178.9(5) 0.,-U2- Oy, 178.5(5) O(10) L71 171

o011y 1.75 175
Mo(1)-0(11) 1.70(1) Mo(2)-0(12) 1.69(1) 0(12) 1.80 1.80
Mo(1)-0(6) 1.91(1) Mo(2)-0(3) 1.902(9) H,0(13) 0.24 0.24
Mo(1)-0(7) 1.914(8) Mo(2)-0(9) 1.903(9) H,0(14) 0.22 0.22
Mo(1)-0(1)d 1.937(9) Mo(2)-0(1) 1.959(9) H,0(15) 0.00
Mo(1)-0(4) 1.95(1) Mo(2)-0(4) 1.960(9) 1,0(16) 0.00
Mo(1)-H,0(14)d  2.46(1) Mo(2)-H,0(13)  2.44(1) s 604 596  S73 58l
<Mo(1)-0> 1.88 <Mo(2)-0> 188
<Mo(1)-¢> 1.98 <Mo(2)-¢> 198 *Values calculated using the parameters for U™

from Burns ef al. (1997¢c) and Mo®" from Brese &
a=x-Ly+l,zb=x-Lyzc=xy+tlnd=xy-12 O’Keette (1991). Contributions from H atoms arc not

included.

There are two non-equivalent Mo cations in thequatorial edges of uranyl polyhedra with s octa-
structure. Bond-valence sums are 5.73 and &u§ta- hedra ¢: unspecified anion), resulting in sheets paral-
lence units) for the Mo(1) and Mo(2) sites, respectivelyel to (001) (Figs. 1, 2a). The corresponding sheet
indicating that each is occupied by #olt is impos- anion-topology, derived using the method of Buehs
sible to rule out small amounts of Rfcat these sites, al. (1996), is shown in Figure 2b. This anion topology,
which could account for the crystals being black, a®ferred to as the uranophane anion-topology by Burns
suggested by Coleman & Appleman (1957). Each*Moet al. (1996), is the basis for sheets found in eight min-
cation is bonded to five atoms of O with bond-lengthsral structures. Of these, seven involve population of
in the range 1.69 to 1.96 A, and to ong®Hyroup with  the pentagons with uranyl ions, and the triangles are the
a bond-length of 2.44-2.46 A. Taken together, the ctaces of tetrahedra. In schmitterite, the pentagons are
ordinating ligands define a highly distorted octahedropopulated with uranyl ions and the squares in the anion
Considering only the bonds with lengths less than 2 Agpology are occupied by highly distorted Tet@tra-
the O atoms are arranged at the vertices of squdredra. Umohoite is the first mineral shown to contain
bipyramids. The apical O atoms are 1.69-1.70 A frosheets based upon the uranophane anion-topology with
the MdP* cation, whereas the equatorial #eO bond- the squares populated. Sheets based upon the
lengths are in the range 1.90 to 1.96 A. Thg&-Mo—  uranophane anion-topology that involve both populated
Oegquatorial bONd-angles range from 98.6 to 107%.2 pentagons and squares are known in several inorganic
indicating that the cation is located above the plane desmpounds (Burnet al. 1996). The squares in the an-
fined by the equatorial O atoms. TheQHgroups are ion topology correspond to the equatorial ligands of
the sixth ligands of the distorted octahedra, and althoughO,4 square bipyramids in{UO,),03] (Saine 1989),
the bond lengths are considerably longer than for tlaed to the equatorial ligandsdfd, square bipyramids
other ligands (2.44 to 2.46 A), they are appropriatelgnd distorted CifOg octahedra in [(U@(CuOy)]
located to be considered as part of the coordination po({Rickenset al. 1993). The phase UMa@D'’yachenko
hedra about the Mg cations. The bond-valence calcu-et al. 1996) contains sheets that are topologically simi-
lations (Table 4) indicate that each of these bonds Has to those in umohoite.

~0.2vu associated with it. Interlayer of the structureThere are two sym-
metically distinct interlayers in the structure of
Structural connectivity umohoite: the interlayer at= 0 contains HO groups,

whereas the interlayer atz 0.5 is unoccupied. Sheets
Projection of the structure along [100] reveals sheetse linkedvia H bonds. Where D groups are present
of edge-sharing uranyl and molybdate polyhedra, with the interlayer, linkage involves H bonds between the
H,0 groups occurring in the interlayer (Fig. 1). sheets and the interlayes® groups; where 0 groups
Sheets of polyhedrarhe Urds pentagonal bipy- are absent, H bonds bridge directly between sheets. The
ramids share equatorial edges, resulting in chains dagter is an unusual configuration for uranyl minerals, in
polyhedron wide that extend along [010] (Fig. 2a). Thevhich it is most common for the interlayer to be occu-
chains of uranyl polyhedra are cross-linked by sharirged by HO groups or by low-valence cations. In ura-
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Fic. 1. The structure of umohoite projected along [100bs and Mabe polyhedra are shown shaded with crosses and cross-
hatching, respectively.

nyl minerals in which the interlayer is empty, sheets tend As is typical for uranyl compounds, it was not pos-
to be linked through van der Waals bonds onlsible to determine the positions of tdations in the
Recently, a similar structural connectivity was describestructure with only X-ray-diffraction data. However,
by Duribreuxet al (1999) for CsUYO;;. In that com- using arguments given by Finat al. (1996) for
pound, two sheets of composition [6¥ 1] are linked schoepite and Burns (1997) for vandendriesscheite,
by Cs cations, forming electrostatically neutral doublénvolving the bond-valence model for (OHnd HO
{Cs,[UV3011]2} layers, with adjacent double layersin oxysalt minerals (Brown 1976, Hawthorne 1992), an
linked through van der Waals bonding only. H bonding scheme is proposed. The details of H bond-

(a)

5, 50, 50,
Vo Vae Ve
&?@}V&%V&%VA
b 40 S0 2

s

e

Vi g ¢ <
Hgdg s
—asin

Fic. 2. The sheet of uranyl and molybdate polyhedra in the structure of umohoite projected along [001]; (a) polyhedral repre-
sentation, (b) anion topology derived using the methods of Batrals(1996). Legend as in Figure 1.

7K
2
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Fic. 3. Hydrogen bonding in the structure of umohoite. Anion—anion separations corresponding to hydrogen bonds are shown
as broken lines. Legend:®U circles shaded with parallel lines, RMolarge circles with shading in the lower-left sides,
O?= smaller unshaded circles;®k cross-hatched circles.

ing between the sheets of polyhedra depend on whethieoups are located in the interlayerzat 0, and each
or not HO groups are located in the interlayer. Therdonates H bonds that are accepted by the adjacent sheets
are two general types of H bonds in the structure: thosg polyhedra (Fig. 3). The #(15) group donates H
that bridge between sheets of uranyl and molybdabends that are accepted by the O(10) and O(11) anions,
polyhedra, and those that bridge between the sheetsaith anion—anion separations of 2.51(2) and 2.28(2) A,
polyhedra and interlayerJ@ groups. respectively. The O(10) anion is an,®@f the U(13p~
The structure contains four symmetrically indeperpolyhedron, whereas the O(12) anion is bonded to
dent HO groups: HO(13) and HO(14) are weakly Mo(2), with a bond-length of 1.69(1) A. The O(10)-
bonded to M&* cations, whereasJ@(15) and HO(16) H,O(15)-O(11) bond-angle is 173.5The O(8) and
occur within the interlayers and are not bonded to cad(12) anions accept the H bonds donated by the
ions, other than H The proposed H-bonding scheme i$,0(16) group, with corresponding anion—anion sepa-
shown in Figure 3. rations of 2.60(3) and 2.20(3) A, respectively. The O(8)
Hydrogen bonds that bridge directly between sheetnion is an @ bonded to U(2), and O(12) is bonded to
The HO(13) and HO(14) groups a~ 0.5 are weakly Mo(2), with a bond-length of 1.69(1) A. The O(8)-
bonded to the MY cations within the sheets, and eacl,O(16)-0(12) angle is 174.7Note that all of the H
donates H bonds that extend to the adjacent sh&ends extending from the interlayes® groups to the
(Fig. 3). The HO(13) group donates H bonds that areheets of polyhedra are strong, as indicated by the
accepted by the O(2) and O(5) anions of the adjacartion—anion separations.
sheet, with anion—anion separations of 2.89(2) and
3.01(2) A, respectively. Both acceptor anions agg OCrystal-chemical formula of umohoite
of uranyl polyhedra. The H bonds donated by the
H,0(14) group are also accepted by the O(2) and O(5) All atoms are in general positions in the space group
anions, with anion—anion separations of 2.92(2) aril, and polyhedron geometries (Table 4), as well as
2.96(2) A, respectively. The O(2)-8(13)-O(5) and bond-valence sums (Table 5), indicate that the structure
0(2)-H0(14)-0(5) angles are 81.0 and 81mspec- contains " and M&*. The formula of our crystal of
tively. Each of these H bonds is weak, on the basis ofmohoite is [(UQ)MoO,(H,0)](H,0), which may be
the length of the anion—anion separations. written as UMo@-2H,0, in agreement with the formula
Hydrogen bonds that bridge between sheets amdoposed by Skvortsowt al. (1961).
interlayer HO groups The HO(15) and HO(16)
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There have been reports of substantial variability & shows the local relationships between pentagons and
the c dimension of umohoite (see above). This may euares in the anion topology, as well as the connectiv-
in part due to variation of the,B content. In the event ity diagrams for polygons of the anion topologies drawn
that HO enters the interlayerz= 0.5 that is unoccu- following the methods proposed in Krivovichet al.
pied in the crystal we studied, expansion of the stru¢t997) and Krivovichev (1997). Double and heavy lines
ture by 2-3 A along could be expected. It is alsorepresent polygon edges shared between the equivalent
possible that polytypism accounts for the variation iand non-equivalent polygons, respectively. The circles
the unit-cell parameters. Several authors have reportatthe vertices of the polygons indicate that the vertex is
c~ 14.1-14.5 A (Brophy & Kerr 1953, Coleman &shared between itself and another polygon, without
Appleman 1957, Kamhi 1959, Hamilton & Kerr 1959regard to the polygon with which it shares an edge adja-
Skvortsoveet al. 1961, Serezhkiet al. 1977), indicat- cent to the vertex. The unfilled and filled circles are used
ing that the crystal we studied corresponds to the como-indicate that the vertex is shared with the same or a

mon state of umohoite. distinct polygon, respectively. Only populated polygons

should be taken into account. The connectivity diagrams
Umohoite — iriginite transformation and stability show similar topological structures for the umohoite and
of anion-topologies iriginite sheets. However, whereas in umohdies

pentagonal bipyramids share four of their five equato-

Umohoite is commonly partially replaced byrial edges, in iriginite they share only two. Therefore,
iriginite, [(UO,)(MoO30H),(H20)](H20) (Serezhkiret the umohoite— iriginite transformation during alter-
al. 1973, Krivovichev & Burns 2000), which also hasation of U-Mo deposits, corresponding to a change of
sheets of polyhedra based upon an anion-topology witie U:Mo ratio from 1:1 to 1:2, involves a change of
pentagons, triangles and squares. However, the irigingaion topology to one with a smaller number of edges
anion-topology is distinct from the uranophane aniorshared between coordination polyhedra.
topology (Fig. 4); it contains chains of pentagons and The expansion of sheet anion-topologies as sequences
squares that share edges, and zigzag chains of edyfestacked chains was introduced by Mik¢rl. (1996)
sharing squares and triangles. In the structure ahd expanded by Burns (1999a). The uranophane an-
iriginite, each pentagon of the anion topology is popuen-topology that is the basis of the umohoite sheet is
lated by aUrOs polyhedron, two-thirds of the squaresshown expanded in Figure 6a. Construction of the an-
are populated with MBOg octahedra that occur asion topology requires the andD arrowhead chains as
edge-sharing dimers; the triangles, as well as one-thinell as theR chain, with the chain-stacking sequence
of the squares, are empty. URDRURDR... The iriginite anion-topology is

The sheets of uranyl and molybdate polyhedra ixpanded as chains in Figure 6b. It contains the same
iriginite and umohoite have features in common. Figurghains as the umohoite (uranophane) anion-topology,
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Fic. 4. Uranyl-molybdate sheet in iriginite (a) and iriginite anion-topology (b).
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Fic. 5. Relationships between pentagon and squares in U-Mo sheets in umohoite and
iriginite and connectivity diagrams for ¢iJ) pentagonal bypiramids and (Mg octa-
hedra in both sheets (see text for details).

but the chain-stacking sequenceURRRDRRR  umohoite anion-topology with & chain. This mecha-
URRRDRRR... The ratio of arrowheadJ(andD) nism requires the removal of thé*'Uhat populated the
chains toR chains in the umohoite and iriginite anion-D andU arrowhead chains. Given the relatively high
topologies is 1:1 and 1:3, respectively. In the umohoitaobility of U* in groundwater, this appears to be the
sheet, all rhombs of the chains are populated with most likely mechanism of the umohoite-to-iriginite
Mo®* cations, whereas in the iriginite sheet, only twotransformation.

thirds of the rhombs contain g with the remaining

third empty. The result is U:Mo ratios of 1:1 and 1:2 in ACKNOWLEDGEMENTS
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