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ABSTRACT

The structure of the synthetic analogue of curitgg8r,0)2[(UO32)403 s{OH)3.14 2, Z = 2, orthorhombic, space groBpam
a12.3143(7)b 12.9609(8)¢ 8.4053(5) AV 1341.5(2) &, has been refined to an agreement in@xf 5.30% for 1369 unique
observed fo| = 4o) reflections measured using monochromatidid-radiation and a CCD-based detector. The crystal was
synthesized from a mixture of uranyl nitrate and gr€cted at 18% for 5 days. The structure determination has demonstrated
that the title compound is isostructural with the Pb uranyl oxide hydrate curite. On this basis, a complex series ob%iderany!
hydrates with various Sr:U ratios, analogous to the Pb uranyl oxide hydrate minerals, may exist.

Keywords Sr uranyl oxide hydrate, uranium, curite, structure refinement.
SOMMAIRE

Nous avons affiné la structure de I'analogue synthétique de la curitgy(t$0)2[(UO2)403.8{OH)3.142, Z = 2,
orthorhombique, groupe spatiiham a 12.3143(7)b 12.9609(8)¢ 8.4053(5) AV 1341.5(2) &, jusqu’a un résidR de 5.30%
en utilisant 1369 réflexions uniques observdes¥|4or) et mesurées avec rayonnement monochromatiqi@dbun détecteur
a aire avec couplage de charges. Nous avons synthétisé cette phase a partir d’'un mélange de nitrate d’'uranyletetud&SrCl
a 185C pour cing jours. L'ébauche de la structure a démontré que ce composé est isostructural avec la curite, oxyde hydraté
d'uranyle et de plomb. On peut supposer une série complexe de composés ayant des valeurs variables du rapport Sr:U, tout
comme c’est le cas parmi les oxydes hydratés d’uranyle et de plomb.

(Traduit par la Rédaction)

Mots-clés oxyde hydraté d’'uranyle et de plomb, uranium, curite, affinement de la structure.

INTRODUCTION Uranyl oxide hydrate minerals that contain the diva-
lent cations Ca, Ba and Pb are listed in Table 1. Tie U
Uranyl oxide hydrate minerals are common constitigations in these structures are strongly bonded to two O
ents of the oxidized portions of U deposits (Frondetoms, forming nearly linear (U§3* uranyl ions that
1958, Finch & Ewing 1992) and are important for unare further coordinated by four or five anions arranged
derstanding water—rock interactions in U deposits arad the equatorial positions of square and pentagonal
the mine tailings generated by the exploitation of sudiipyramids, respectively. The structure of each of the
deposits. In addition, these minerals form in soils cominerals listed in Table 1 contains sheets formed by the
taminated with U, and are likely to form in substantiasharing of equatorial edges and corners of uranyl poly-
guantities in geological repositories for spent nucle&edra, with the uranyl ions oriented roughly perpendicu-
fuel (Wronkiewiczet al. 1992, 1996, Finet al. 1996). lar to the sheets (Fig. 1). The interlayers contain the
Despite their importance, our knowledge of the crystdivalent cations as well as {8) groups. Those miner-
chemistry of these minerals lags behind that of mams that contain Ca and Ba are all based on:tbgOg-
other mineral groups, largely owing to experimentdlype sheet shown in Figure 1a, whereas the Pb uranyl
difficulties associated with poor quality of the crystal®xide hydrates contain at least six topologically distinct
and the high absorption of X-rays by the crystals.  sheets of uranyl polyhedra (Fig. 1). All of the sheets

§  E-mail addresspburns@nd.edu
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[ABLE 1. URANYL OXIDE HYDRATE MINERALS CONTAINING taining 35 mM UQ(N03)2.6H20 (A|fa ;ESAR) and 335
Ca, Ba AND Pb h h .
mM SrChL6H,0 (Aldrich) dissolved in ultrapure wa-
i _ ter. The initial pH of the solution was 2.7; a small
Protasite Bal(UO). OO JH0); I Fig. 1a amount of partially disolved Sr(OkBH,O (Mallinc-

Structure Known Ref.

E‘i‘(“‘;’e‘:‘emé ?jﬁg;g;gg;liﬁg; 1;:* i‘a‘ krodt) was added, raising the pH to 5.2. The solution
.4-0mrlmmm 1’\)[((1’0:);0?(0141,5;1[.;)),x ) Hi: . was reacted in a Teflon-lined Parr bomb at°8for 5
Sayrie P (U0, 0, OH I (H.O). 5 g 1c days. Yellow, aC|cuIa_r ngedles up to 0.15 mm in length
Curite Phu[(U0.).0OTD/(ILO), 4 Fig. 1d but only ~0.001 mm in diameter, and small (<0.01 mm
Richetite P (U0 O OML(ILO), 5. Fig, 1a diameter) orange, platy crystals were produced by the
Vandendriesscheite  Pb (L0 04OH),, JL,0), 6. Fig. e reaction. The orange crystals could not be positively
Wolsendorfitc Py a2 (L0 0 o(OIDL(ALOY, 7. Fig. 17 identified using X-ray powder diffraction.

Masuyite Pb[(U0,).05(0H),](H,0), 8, Fig. la ) .

Agrinierite K(Ca.Sr)[(LO,),0.(OH),] 2.5H.0 9. Ig. la X-ray d|ffraCt|On

Structure Not Yet Known

The largest yellow crystal that could be found had

Raur: Ball,0:(11,0),5 H H H

ot ((l ﬁa';h;”)o o) approximate dimensions 0.090.01 X 0.005 mm. The
cloura c ‘a,Ba, LOJ(H,0),5

N . crystal was mounted on a Bruker PLATFORM three-

ameauite K,Cal Oy (110),

circle goniometer equipped with a 1K SMART CCD

References: (1) Pagoaga er al. (1987), (2) Piret {1985), (3) Pirct ez af.

(1983), (4) Taylor ef af. (1981). (5) Burns (1998d). (6) Burns (1997), (charge-coupled device) detector with a crystal-to-de-

(7) Burns (1999b), (8) Burns & Hanchar (1999), (9) Cahill & Burns tector distance of 5 cm. Burns (1998c) discussed the

(2000) application of CCD detectors to the analysis of mineral
structures.

The data were collected using monochromatic
shown in Figure 1 occur in the structures of Pb uranjloKa X-radiation and frame widths of 0.2 w, with
oxide hydrate minerals. 180 s used to acquire each frame, resulting in a scan-

Laboratory tests have shown that various uranyl oxate of 0.067 per minute. The slow scan-rate was es-
ide hydrates are likely to form in the proposed repossential to obtain useful counting statistics owing to the
tory at Yucca Mountain, Nevada, as a result of themall volume of the crystal. More than a hemisphere of
corrosion of spent nuclear fuel (Wronkiewiez al. three-dimensional data was collected, and the data were
1992, 1996, Finret al. 1996). The hazardous radionu-analyzed to locate peaks for the determination of the
clides contained in the spent fuel may be released to that-cell dimensions (Table 2), which were refined with
environment during alteration. However, it is possiblg445 reflections using least-squares techniques. Data
that many of the radionuclides will be immobilized bywere collected for 3< 26 < 56.6 in approximately 100
incorporation into the structures of uranyl minerals thdtours; comparison of the intensities of equivalent re-
form in the repository (Burrest al. 1997a, Burns 1998a, flections collected at different times during the data
b, 1999a, Chemrt al. 1999). Experiments done usingcollection showed no significant decay. The three-di-
spent fuel indicate th&PSr is retained to a large extentmensional data were reduced and corrected for Lorentz,
with the products of alteration of the spent fuel (Féhn polarization, and background effects using the Bruker
al. 1996). Sr may be adsorbed onto the alteration phasgsygram SAINT. An empirical absorption-correction
it may be incorporated into the structures of mineraisas done using the program SADABS (G. Sheldrick,
such as uranophane or becquerelite by replacing Cauimpublished). A total of 7835 reflections was collected,
the interlayer positions of the structures, or discrete Syt which there were 1872 unique reflectiof§n¢ =
bearing phases may form. To distinguish these pos6i2%), with 1369 classed as observéd| & 4or).
bilities, an understanding of the crystal chemistry of Sr
uranyl oxide hydrates is required. As part of a general
study of uranyl oxide hydrate structures, we have syn-
thesized crystals of the Sr analogue of curite and refined

the structure using X-ray-diffraction data. ABLE 2. MISCELLANEOUS INFORMATION FOR T1IE St
ANALOGUE OF CURITE

EXPERIMENTAL a(A) 12.3143(7) Crystal size (mm)  0.09 x 0.01 x 0.005
b (A) 12.9609(8) Total reflections 7835
¢ (A) 8.4053(5) Unique reflections 1872
Synthesis of crystals VA 1341.5(2) Ry 6.2
Space group  Pram Unique iF, = 4oy 1369
. . . o F(000) 2218 Final R 530
Synthesis experiments were done with deionized, «mm") 53.8 N 112

distilled ultrapure water with no contaminants present {’;{tffﬁ”fl“szmi-:’_f,Sr OO HO)
at the ppb level (as verified by ICP-MS analysis), and - st pysei

rEagent'grade chemicals. A solution was prepared CON- 5 = [Zw(|F, -7/ (m-)]*, for m abservations and # parameters
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unlike the corresponding site in

constraints of space grolgmamresulted in an agree-
included anisotropic-displacement parameters for the
parameters for several anions. Difference-Fourier maps

the site-occupancy factors for the Sr sites within the
together wittment index R) of 6.65% for the observed reflections.

from Refinement after conversion of the displacement param-
Vol. I\eters of the cations to an anisotropic form gavR af
5.3% for the 1369 observed unique reflectiofg| &

with the Pb sites is essentially spherical

were taken

masuyite and agrinierite, (b) fourmarierite, (c) sayrite, (d) curite, (e) vandendriesscheite,

minerals that contain Ca, Ba and Pb: (a) billietite, becquerelite, protasite, richetite,
and (f) wolsendorfite.

Fic. 1. The sheets of uranyl polyhedra that occur in the structures of uranyl oxide hydrate

STRUCTURE SOLUTION AND REFINEMENT

Scattering curves for neutral atoms

sion 5 system of programs was used for the refinemettr) and a goodness-of-fiS{ of 1.12. A model that

(Ibers & Hamilton 1974). The Bruker SHELXTL Ver-
of the crystal structure.

ternational Tables for X-Ray Crystallography,

anomalous dispersion corrections

Systematic absences of reflections are consistartions was tried, but resulted in non-positive-definite

with space group®namandPna2. The initial struc-

ture-model was derived from the structure of curite inalculated with the Sr(2) site empty showed that the site

space groupnam(Tayloret al.1981)

of curite replaced with Sr. Refinement of the atomia crystal of synthetic curite, which Mereiter (1979)
positional and isotropic-displacement parameters amalind to be disordered off the mirror. In the final cycle
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of refinement, the mean parameter shift/esd was 0.0@Darge-balancing mechanism that permits the range of
The final atomic-positional parameters are in Table ®b is variability of the hydroxyl content of the sheet of
anisotropic-displacement parameters are in Table 4, sganyl polyhedra, and proposed the formulag.Rb
lected interatomic distances and angles are in Table(B0),[(UO)404+x(OH)34]2. The Sr site occupancies
and a bond-valence analysis is provided in Table B Sr curite [88(1) and 53(1)% for Sr(1) and Sr(2), re-
Observed and calculated structure-factors are availabkleectively] are consistent with those found in curite
from the Depository of Unpublished Data, CISTI, Na-

tional Research Council, Ottawa, Ontario K1A 0S2,

Canada. TABLL 4. ANISOTROPIC-DISPLACEMENT PARAMLETERS
FOR 'Hjb Sr ANALOGUE O (fpl{l'l‘l:’
REsuLTs Uy Un Uy Us Uy Uy

Uy 150(4)  82(4) T4(4) 18(3) 0 0
The structure determination has demonstrated that 1\ 11xa) a3 o8 o 4o
the Sr uranyl oxide hydrate crystals obtained in our sw«1) 1691s) 15715 129014) -50(10)  © 0
experiments are isostructural with curite. The bond-va- 3¢ 125Q23) 16524) 12423) -19(16) 0 0
lence analysis (Table 6) indicates that all U %, @nd U= U A x 101
that of the twelve symmetrically distinct anions present
in the structure, there are nine O atoms, two (OH)

groups, and one (@) group, as was also reported for TABLE 5. SELECTED INTERATOMIC DISTANCES (A) AND
CUrite (Tayloret al. 1981’ Ll & BUrnS 2000) The re- ANGLES (°) FOR THE Sr ANALOGUE OF CURITE
finement indicates that the Sr(1) and Sr(2) sites are 88(1),,(}) oc) e e I
and 53(1)% occupied, respectively. Taydbal.(1981) U(H-0(1),a 216(1) x2 St(1)-0(6) 2.74(2)
assumed that the Pb(2) site in the curite crystal they Stud-ﬁﬂ;:gﬁ’()] o ﬁz :E]‘Igg;a g;zg; *2
ied is occupied by an @@) group if the Pb cation is i)y o,> 184 Sr(h-O(i 2.93(2)
absent. In contrast, Mereiter (1979) examined a crystal ;?7(;,){1?'{’;0@) f-xz(;‘l)@) i:ﬁ}&ﬁgmh ;-3200) x2
of synthetic curite and indicated that the Pb(2) site is ’ ' ) '
vacant where it is not occupied by a Pb cation. In the Sru@-ote 1.8102) $r(2)-02)da 2.64(1) x2
analogue of curite, we found no significant residual ;) owx Epet v O AT
peaks in the difference-Fourier maps near the Sr(2) siteu)-0(1a.d 230(1) x2 Sr2)-O(7k 2.76(2)
that are attributable to a partially occupieg@jisite, ~ UoI(2ee 2 2 SO o)
so the assumption is made that the Sr(2) site is vacant if<uiy, > 2.33 SH2)-0(1 e 1020)
there is no Sr cation present. O0NeUROEe  17870)  <Sr2)-4> 278
Compositional variability has been observed in cu- ug)ow) 1.82(1)
rite (Cejkaet al. 1998, Li & Burns 2000). Li & Burns Bg;giggg ii;gl&) S S
(2000) refined the structures of 14 crystals of curite from vgy.o1) 2.29(1) Y 17 d=x,y, 7l e Xy,

vt £=aX, y-Yo, -2, g 7 k. Loy, Z;

various localities, and found that the site occupancy of U3)-0mi2) 2.30(1)

N A L. A g h=-x, 1y, zt¥% 1 x-%, Yy, 7§
Pb(1) is slightly deficient, ranging from 89 to 100%, G ooy aeoy % 1 17k itz
whereas the Pb(2) site occupancies range from 57 to<ue)o.> 1.82

63%. Li & Burns (2000) concluded that the most likely 3% e 7o)

TABLIL 3. FINAL ATOMIC PARAMETERS FOR THE Sr - . e ATy T I
ANALOGUE OF CURITE T'ABLE 6. BOND-VALENCE* ANALYSIS (vi) FOR THE Sr ANALOGUE

OF CURITE

x ¥ z U, R

Nt N e
U 021316(7)  0.08052(6) 1022) um o v @ St 8ri2) z
UQ2)  0.19875(7)  0.06928(6) 85(2) o) 086" 0617 062 2.09
UG3)  0.30511(5) 0.28911(4) -0.01208(6) 85(2) 0(2) 1.55 01724 0.24 1.83
Sr(1)  0.0544(2)  0.3363(2) % 152(9) 1,0(3) 00827 018 0.33
Sr2)  0.0161(3)  0.3649(3) % 138(14) o) 1.52 0291 0.19 7 1.88
O1)  02318(9)  0.1266(9)  0.004(1) 151(24) o) 150 oo 1.65
0Q2)  0.170(1)  03445(9)  -0.032(1) 178(26) o) 0.64 0.58* »  0.19 1.97
HOG) 0 v, 0 269(43) o7 155 0.11 0.18 174
0O4) 0.059(1) 0.7351(9)  -0.016(1) 175(26) O(8) 1.49 . 032 0.11 1.83
0o(3) 0.070(1) 0.122(1) A 167(38) O 0.64 0.70 X2~> 0.15 2.12
06y 0.259(1)  0.254(1) A 145(35) OH(10)  0.63 0.34 %> 1.31
OF)  0.3552)  0.039(1) v, 203(41) o1 159 0.09 164
o) 01T 04D v 333(49) ~OH(12) e 113
09 0.196(1)  0.713(1) Vi 203(39) 604 5.98 S92 g7 175
OII(10)  0.150(1)  0.911(1) Ve 170(38) - .
o(11) 0.429(1) 0.638(1) A 137(35) *Bond-valence parameters for U® from Burns et a/. (1997b) and for Sr from
OH(12) 0.378(1) 0.4418(9)  0.079(2) 201(28) Brese & (rKeeffe (1991)

*#*Bond-vulenee contributions into anion sums scaled by the Sr(1) and Sr(2)

wpi o— 2 4
#Uy= Uy A x 10 site occupancics
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by Li & Burns (2000), and the formula for the crystal of_(a) b e
Sr-substituted curite is 85AH20)2[(U0O2)403 82
(OH)3.1d2, Z = 2, where the sheet constituents are er
closed in square braces.

Sheets of uranyl polyhedra

The structure contains three symmetrically disting
U positions. All of the §* cations are part of approxi-
mately linear (U@)?* uranyl ions (designatedr) with
U%*—Qy, bond-lengths of ~1.8 A, as is almost invari-
ably found for U* in minerals and inorganic crystals (b)
(Burnset al.1997b). The U(1) uranyl ion is coordinated
by three O atoms and one (Otgyoup, arranged at the
equatorial corners of a square bipyramid, with the O
atoms forming the apices of the bipyramid. The U(2)
and U(3) uranyl ions are each coordinated by three|O
atoms and two (OH)groups, forming pentagonal| *
bipyramids with the G atoms at the apices. The ¥4
beq (b: unspecified ligandheq equatoriald) bond-
length for theUrd,4 square bipyramid about the U(1)
position is 2.24 A, and the E-beq> bond-lengths in
the Urds polyhedra about U(2) and U(3) are 2.33 ang
2.35 A, respectively. These values are in good agree-
ment with the averag€!U®*—¢eq of 2.28(5) A and
[MUS*—eq of 2.37(9) A for well-refined structures
(Burnset al. 1997b). ' b

The Ur¢4 square bipyramids andrés pentagonal
bipyramids link by sharing equatorial edges and corners. 2. Structure of the Sr analogue of curite. (a) Structure
to form sheets at ~ %4 and3% (Fig. 2). This sheet is projected onto (001). (b) Structure projected onto (100).
known to occur only in the structure of curite. The ura- T;‘e uranyl p°'yhe‘.’“’|‘ are Shg‘ded with crosses_iISr atonés are
nyl ions are each oriented roughly perpendicular to the Svi&"goiz_ﬁgfcr;] :('jriﬁ;’ezn 2B) groups are illustrate
sheet of polyhedra, in opposition to the statement of '
Tayloret al. (1981) that the U(1) uranyl ion lies within
the plane of the sheet in the structure of curite. We have
inspected the structure reported by Tagbal. (1981), Oy, atoms. The probable H bonds are OH(10)...0(11)
and conclude that the U(1) uranyl ion is in fact roughlgnd OH(12)...0(5), with donor—acceptor separations of
perpendicular to the sheet of polyhedra, contrary to th&@r79 and 2.89 A, respectively. These H bonds probably

L

interpretation. also occur in the structure of curite (Taydbral. 1981).
There are several possible acceptors for the H bonds
Interlayer constituents donated by the $D(3) group, with donor—acceptor dis-

tances less than 3.0 A, suggesting that these bonds may
The interlayer occurs at~ 0 and': and contains be disordered.
both Sr cations and # groups. The distribution of
these constituents is shown, in relation to the sheet of Discussion
uranyl polyhedra, in Figure 2. Both symmetrically dis-
tinct Sr positions are coordinated by ten anions, with The structural diversity of the Pb uranyl oxide hy-
<Sr-¢> distances of 2.78 A. The polyhedra contain twdrate minerals, as compared to other uranyl oxide hy-
(H20) groups and eight O atoms. Each polyhedron codrate minerals containing divalent cations, remains an
tains seven @} atoms, and each cation is bonded to orenigma. In many low-temperature minerals, thé*Pb
O atom that is an equatorial ligand of three uranyl polgation contains a stereoactive lone pair of electrons, re-
hedra within the sheet. sulting in strongly asymmetric coordination polyhedra
Additional linkages between the sheets of uranybout the PH cation. The Sr polyhedra in the Sr ana-
polyhedra are provided by H bonds, but the X-ray datague of curite are compared to the Pb polyhedra in
did not provide the H atom positions. Two H bondsurite, as reported by Taylet al. (1981), in Figure 3.
probably bridge between adjacent sheets of uranyl poljhe mean bond-lengths of the Pb polyhedron are longer
hedra, with (OH) groups at equatorial positions of urathan those of the Sr polyhedra, as expected on the basis
nyl polyhedra donating the bonds that are accepted bf/cation size. The bond-lengths of the Pb polyhedron
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Fic. 3.  Comparison of the &5y and Plb1o polyhedron geometries in the Sr analogue of
curite and curite (Tayloet al. 1981). (a) Sr(1) in the Sr analogue of curite, (b) Sr(2) in
the Sr analogue of curite, (c) Pb() in curite, (d) Pb(2) in curite.

are also more distorted from ideal than in the Sr polyhseries of phases likely exists with a range of Sr:U ratios.

dra, which suggests that electron lone-pair stereoactivithis fact may have important implications for the dis-

on the Pb cations may be a factor, although it is not pesal of spent nuclear fuel in a geological repository.

pronounced as in some structures that contain Pb. How-

ever, the existence of the Sr analogue of curite demon- ACKNOWLEDGEMENTS
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