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ABSTRACT

Structures have been refined for 14 single crystals of curite from various localities in the Democratic Republic of Congo, and
for one synthetic crystal grown at 22Dusing hydrothermal techniques. Single-crystal diffraction data were collected using
MoKa X-radiation and a CCD-based detector mounted on a Bruker three-circle diffractometer. The crystals have orthorhombic
symmetry, space groupnam and have similar unit-cell parametess12.53 — 12.58p 13.01 — 13.03¢ 8.39 — 8.40 A. The
structures were refined to agreement indi€@3r( the range 3.7 to 7.9%. The structures obtained are in good general agreement
with earlier studies; they contain uranyl square bipyramids and uranyl pentagonal bipyramids that share edges and oorners to fo
sheets oriented parallel to (100). There are two symmetrically distifiotdimns and one #® group located in the interlayer.

On the basis of the structure refinements, the site occupancy of Pb(1) is slightly deficient, ranging from 89 to 100%thevhereas
Pb(2) site occupancy ranges from 57 to 63%. Earlier investigators suggested that hydroxyl occurs in the interlayertaféhe struc
and provides the charge-balance mechanism that permits variation of the Pb content. However, the current study indicates that P
variability in curite is limited, and supports minor variation in the hydroxyl content of the sheet of uranyl polyhedcaagthe
balancing mechanism. On the basis of the structure refinements, the structural formula for curite may be written as
Pbs.«(H20)2[(UO2)404+x(OH)3- 2, Z = 2, with the constituents of the sheets of uranyl polyhedra enclosed in square braces.

Keywords curite, uranyl mineral, structure determination, crystal chemistry, uranium, lead.
SOMMAIRE

Nous avons affiné la structure de quatorze cristaux uniques de curite provenant tous de la Républigue Démocratique du
Congo, et d’un cristal synthétisé a 2€(ar voie hydrothermale. Les données ont été prélevées avec rayonneidergtMo
diffractométre Bruker a trois cercles muni d’'un détecteur a aire de type CCD. Les cristaux font preuve d'une symétrie
orthorhombique, groupe spatfiam et ayant des parameétres semblal@d®.53 — 12.58)13.01 — 13.038.39 - 8.40 A. Les
structures ont été affinées jusqu’a un rédtddans l'intervalle de 3.7 & 7.9%. Elles concordent assez bien avec les résultats
d’études antérieures. Elles contiennent des bipyramides a uranyle carrées et d’autres pentagonales; ces polyedresgmartagent aré
et coins, et forment ainsi des feuillets paralléles a (100). Les atomes de plomb occupent deux sites symétriguemesttudistincts,
groupe HO est situé dans linterfeuillet. A la lumiére de ces affinements, le taux d’occupation du site Pb(1) est légérement
déficitaire, entre 89 et 100%, tandis que celui du site Pb(2) varie entre 57 et 63%. A la suite des études antériewaiésjumn pens
les groupes hydroxyle occupent un site interfoliaire et assurent ainsi un équilibre des charges pour permettre une iaariation de
teneur en Pb. Nos résultats indiquent toutefois que la variabilité du taux d’'occupation du Pb dans la curite est limgiée; ce se
plutét une légere variabilité dans la proportion d’hydroxyle dans le feuillet de polyedres uranylés qui assure I'équilibre des
charges. D’aprés nos résultats, la formule structurale de la curite peut s'égrifelRN),[(UO2)404:x(OH)3 ]2, Z = 2, les
composants du feuillet de polyedres a uranyle étant entre crochets.

(Traduit par la Rédaction)

Mots-clés curite, minéral a uranyle, détermination de la structure, chimie cristalline, uranium, plomb.

INTRODUCTION to be common products of the alteration of spent nuclear
fuel in a geological repository, such as the proposed
Uranyl minerals have recently been the subject ofucca Mountain repository in Nevada (Fietnal. 1996,
numerous studies owing to their significance in enviAronkiewiczet al. 1996). Seven Pb uranyl oxide hy-
ronmental issues: they form in soils contaminated wittirates have been described as minerals (Table 1). They
actinides (Buclet al.1996), are present in uranium mineare commonly associated with the oxidation of geologi-
and mill tailings (Abdelouast al. 1999), and are likely cally old uraninite, owing to the presence of radiogenic
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TABLE 1. CRYSTALLOGRAPHIC AND COMPOSITIONAL DATA FOR THE SEVEN Pb
URANYL OXIDE HYDRATE MINERALS

SG. a(d) b (&) cd) o PO y() PU

wholsendorfitc!" Cmem 14131 13885 55.969 1:2.15
sayritel”! P2/c 10704 6960 14.533 116.81 125
curitc! Pnam 12551 13.003 8.390 1:2.67
masuyitc™ P 12.241 7.008 6.983 90.402 1:3

fourmaricrite!™! Bb2ym 13986 16400 14293 1:4.0
richetite®® Pi 209391 12,1000 163450 103.87 11537 9027 1:4.15
vandendriesscheite”!  Pbca  14.1165 41478  14.5347 1:6.36

[1] Burns (1999); [2] Piret et al. (1983); [3] Taylor ef al. (1981); [4] Burns & Hanchar (1999); [5] Piret
et al. (1983); [6] Burns (1998a); [7] Burns (1997)

Pb in substantial amounts (Frondel 1958, Finch &inerals, and presents data for 15 crystals of curite
Ewing 1992). Recent studies of the crystal chemistry ¢fable 2).

Pb uranyl oxide hydrates have demonstrated the extraor-

dinary complexity of these minerals (Burns 1997, PrEvIOUS STUDIES

1998a, 1999, Burns & Hanchar 1999).

Study of the crystal structures of Pb uranyl oxide The structure of curite was reported for a synthetic
hydrates, and uranyl minerals in general, is difficultrystal (Mereiter 1979), and later for a natural crystal
because of the common lack of single crystals of suiffaylor et al. 1981). Partial occupancies of Pb sites in
able size for conventional techniques, as well as tlige interlayers were observed in both studies (Table 3).
extreme absorption of X-rays by the crystals. The recefhe structural formula
introduction of CCD-based detectors of X-rays to
mineralogy (Burns 1998b) has permitted the determi- [Phg «(OH)s_2(H20)2][(UO2)gOg(OH)g]2
nation of more than a dozen new uranyl structures
(Burns 1997, 19984, c, d, 1999, 2000a, b, Burns & Fingas suggested for curite (Mereiter 1979). In this for-
1999, Burns & Hanchar 1999, Hill & Burns 1999, Burnsnula, the composition of the sheet is fixed, and charge
& Hill 2000a, b, Burnset al 2000). This approach hasbalance is attained by assuming that (Obf)curs in
been particularly successful in the case of Pb urarnyle interlayer and is bonded to?Por the crystal stud-
oxide hydrates, with the solutions of the structures ad, Mereiter (1979) reported= 1.44. On the basis of a
masuyite (Burns & Hanchar 1999), vandendriessche#éructure determination for a naturally occurring crys-
(Burns 1997), richetite (Burns 1998a), and wolsertal, Tayloret al. (1981) suggested the structural formula
dorfite (Burns 1999). Previously, the structures were
reported for fourmarierite (Piret 1985), sayrite (Patet

al. 1983) and curite (Taylat al. 1981). A N L L T YSTALS FOR
The structure of each Pb uranyl oxide hydrate mir e DUERMVN Trame  Trposure
eral is now known, but many details of these fascinat- specimen* Locality “Y(ﬁ; ;lze width time
ing structures remain unresolved. Only a single structure Cinw) (/fame)
analysis has been reported for each mineral, with th&5+3# Shinkolobwe — 0.27x0.01x0.01 0.3 20
exception of curite, for which Mereiter (1979) reported>433! Swaambo - 0.34<0.02x003 0.3 10
the structure for a synthetic crystal. All involve sheets"3%! Shinkolobwe  0.30<0.08x0.05 (.15 60
of uranyl polyhedra, some of which exhibit extraordi-"V$431()  Swaambo  0.14x0.03:0.04 0.3 1o
nary complexity, such as the wdlsendorfite and¥5+# Swaambo  0.40x002x0.02 0.3 20
vandendriesscheite sheets, with primitive lattice repeafd™MC81091  Shinkolobwe  0.26x0.05x0.05 0.3 30
of 56 and 41 A’ respectively (Burns 19991 1997) Many‘,MNMCRlO% Shinkolobwe  0.18x0.30x0.30 0.3 30
involve partial occupancy of Pb sites in the interlayer®MNMe81093 - Shinkolobwe  0.15x0.03<003 0.3 30
suggesting that considerable chemical variation ma§F™™c300s9  Shinkolobwe —0.10-0.04x0.04 0.3 30
occur within each structure type. As the basis for devel“* Shinkolobwe 0.28x0.06x0.04 0.3 30
oping an understanding of the relationships between thé& %’ Shinkolobwe 0.30x0.06x0.04 0.3 30
structures of these minerals and their paragenesis, We’ Shinkolobwe 0.20:0.04x0.04 0.3 o
have undertaken a systematic study of Pb uranyl oxidé”’ Shinkolobwe 022x0.04x0.04 = 0.3 3
hydrates from multiple specimens and localities, in or}!#2 Shinkolobwe 0.090.02x0.02 0.3 0
der to ascertain the nature of chemical variation withi™™ Sywhetic  018:0.05002 03 i

the StrUCtl,!reS. This ContribUtion_ is the fIrSt in a Serie§ources of samples: JVS: Prof. Joseph V. Smith; CMNMC: Canadian Museum
that examines the crystal-chem|cal variations in these Nature; FC: Mr. Forrest Cureton; M: Royal Ontario Muscum.
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TABLE 3. UNIT-CELI. PARAMETERS AND Pb OCCUPANCIES FOR CURITE

Samples a(A) b(A) o(A) #lusedfor R(%) ">  pb(l)  Pb) lotal

unit cell Ao(F Pb/lcell
JVS4338 12.558(1) 13.024(1)  8.398(1) 4245 552 1402 0478(4) 0308(3) 6.288
V84331 12.554(1) 13.019(1)  8.391(1) 3357 790 1361 0468(5) 0.311(4) 6232
TVS901 12.540(1) 13.017(1)  8.395(1) 4545 393 1454  0470(3) 0.298(3) 6.144
JVS4331(b) 12.562(1) 13.018(1)  8.392(1) 1854 638 1161  0471(4) 0.309(4) 6.240
V84332 12.548(1) 13.012(1)  8.391(1) 4652 3.68 1435 0465(2) 0.301(2) 6.128
CMNMC81091 12.579¢1)  13.022(1)  8.392(1) 3612 503 1272 0475(3) 0316(3) 6.328
CMNMC81092 12.575(1) 13.013(1)  8.390(1) 5024 5.87 1616 0.470(4) 0.311(4) 6.248
CMNMC81093 12.536(1) 13.017(1)  8.394(1) 2634 497 1175  0485(3) 0.2993) 6272
CMNMC30059 12.545(1) 13.015(1)  8.392(1) 3642 6.91 1392 0.478(4) 0.300(4) 6224
FCR 12.569(1) 13.026(1)  8.393(1) 3574 570 1306 0454(3) 0.297(3) 6.008
M13067 12.584(1) 13.033(1)  8.402(1) 3116 517 1133 0445(3) 0.278(3) 5.784
FCS 12.548(1) 13.026(1)  8.389(1) 3356 4.68 1235 0.463(3) 0.292(3) 6.040
FCI1 12.584(1) 13.025(1)  8.391(1) 3661 487 1301 0470(3) 0.316(3) 6.288
M14266 12.537(2) 13.001(2)  8.384(1) 1219 6.10 711 0.464(3) 0297(3) 6.088
SYN 12.505(1)  12.992(1)  8.379(1) 3087 462 1180  0.520(3) 0.312(3) 6.656
Taylor et al. (1981) 12.551{(9) 13.003(20) 8.390(13) 9.20 047 0.28 o
Mericter (1979) 12513(5) 13.002(3)  8.373(2) 430 050 0.32

12.551(3)  13.010(2)  8385(2)

[UgO(OH)30]Pb3(OH)2442(x-21)H:,0, (24> x> 21). atoms. The final cycles of refinement included the Pb
This formula does not recognize Pb variability, but ibccupancies, and gave agreement indi€@sgnging
also involves (OH) variations within the interlayer. from 3.7% to 7.9% (Table 3). Unit-cell parameters and
Significantly, (OHY — O? substitution within the sheet Pb occupancies for each crystal are listed in Table 3,
of uranyl polyhedra also is suggested by the formulatogether with the corresponding firalue, and final
atomic parameters are provided in Table 4. Observed
EXPERIMENTAL METHODS and calculated structure-factors for each crystal are
available from the Depository of Unpublished Data,
Specimens of curite were provided by the CanadidwlSTI, National Research Council, Ottawa, Ontario
Museum of Nature, the Royal Ontario Museum, ProK1A 0S2, Canada.
Joseph V. Smith, and Mr. Forrest Cureton. Crystals of
synthetic curite also were obtained by hydrotherm&lectron-microprobe analysis
techniques developed by Mereiter (1979). Starting ma-
terials were uranyl nitrate, lead oxide and ultrapure The synthetic crystal for which X-ray-diffraction
water, which were combined and heated at’@2for data were obtained was mounted in the center of an alu-

two weeks in a Teflon-lined Parr bomb. minum tube with epoxy. The crystal was hand-polished
and coated with carbon. The elemental analysis was
X-ray diffraction done using an electron microprobe (JEOL Superprobe

733) equipped with four wavelength-dispersion spec-

Well-formed acicular crystals of curite were chosetrometers and operated at 15 kV at the Canadian
for X-ray-diffraction experiments. Single-crystalMuseum of Nature. A beam current of 20 nA and beam
diffraction data were collected for each usingkdo diameter of 2Qum was used. Synthetic Y@nd croco-
X-radiation and a CCD-based detector mounted onite were used as standards for U and Pb, respectively.
Bruker three-circle diffractometer (Burns 1998b)The data were collected for 25 seconds for each element
Localities and details of the data collection are listed @nd processed using the Tracor Northern Program 5500
Table 2. The raw data were integrated and corrected ford 5600 software, and ZAF correction using the PAP
Lorentz, polarization, and background effects using tlerrection program (C. Davidson, CSIRO, pers. commun.).
Bruker program SAINT. Each dataset was corrected fdhe results of the chemical analysis are given in Table 5,
absorption; where well-developed faces bounded théth H,O determined on the basis of stoichiometry.
crystals, Gaussian interpolation was used, whereas semi-
empirical corrections based upon the intensities of ResuLTs
equivalent reflections were used for crystals with less-
well-defined faces. The structures were refined in space The results of the current refinements confirm the
groupPnamusing the Bruker SHELXTL software pack-structures given by Mereiter (1979) and Taydoral
age. Refinement began with isotropic displacement pd-981), although our study has provided insight into Pb
rameters for all atoms, followed by conversion toariability in curite, and details of the charge-balancing
anisotropic displacement parameters for the U and Riechanism.
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TABLE 4. FINAL ATOMIC COORDINATES (x 10%) AND EQUIVALENT ISOTROPIC DISPLACEMENT PARAMETERS (A x 10%)

FOR CURITE CRYSTALS

. ] Vs4331 CMNMC CMNMC CMNMC  CMNMC ) . .

JVS4338 JVS4331 IVS901 VSR T Yooy 51003 30050 FC8 MI3067  FCS  FCLL M14266  SYN

U(1) x 2007(1) 2097(1) 2098(1) 2093(1) 2095(1) 2094(1) 2094(1) 2008(1) 2097(1) 2093(1) 2092(1) 2095(1) 2093(1) 2097(1) 2098(1)
y o762y 7ex1)  T6I(L)  Tel(l)  T6I(1)  759(1)  760(1)  TI(Ly  760(1)  759(1)  762(1)  760(1)  750(1)  758(2)  762(1)

z 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500

U, 2900 11(1) 2001y 27(1)  11Q)  9(1) 25(1)  24(1)  34(1) 140y L) 300 22(1) 141y 2(1)

Uy x 1962(1) 1962(1) 1962(1) 1963(1) 1962(1) 1962(1) 1962(1) 1965(1) 1964(1) 1963(1) 1964(1) 1966(1) 1963(1) 1962(1) 1961(1)
yo653(1)  652(1)  651(1)  652(1)  654(1)  651(1)  653(1)  652(1)  654(1)  654(1)  65%1)  655(1)  653(1)  657(2)  650(1)

7500 7500 7500 7500 7500 7500 7500 7500 7500 7500 7500 7500 7500 7500 7500

U, 2901)  9(1) 17 25(1) 91 7(1) 23(1) 211y 2y 121 8(D) 26(1)  20(1) 111y 21D

U@G) x 3020(1)  3021(1) 3021¢1) 3019(1) 3020(1) 3019(1) 3018(1) 3020(1) 2021(1) 3018(1) 3015(1) 3021(1) 3018(1) 3020(1) 3022(1)
y  2852(1) 2852(1) 2851(1) 2851(1) 2852(1) 2849(1) 2851(1) 2851(1) 2852(1) 2852(1) 2854(1) 2853(1) 2850(1) 2853(1) 2849(1)

T A30() 1311 <1331 -127(1)  -130(1)  -128(1)  -1281)  -132(1)  -127(1)  -127(1)  -126(1)  -129(1)  -126(1)  -130(1)  -135(1)

U, 20(1) 1) 7y 240 9(1) 7(1) 2301y 201 Ay 1) 8D 27(1y  200)  10(1)  21(h)

Pb(1) x  655(1)  654(1)  656(1)  655(2)  654(1)  658(1)  657(1)  656(1)  654(1)  652(1)  651(1)  653(1)  653(1)  648(2)  65K(1)
yo 3171 3315(2) 3317(1)  3316(2) 3319(1)  3313(1) 3312(1) 33t6(1) 3315(1) 3316(1) 3320(1) 3321(1) 3315(1) 3329(2) 3319(1)

2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500

U, S3(1)  30(1)  39(1)  48(1) 3L 30(1)  46(1)  44(1)  SS(1)  34(1) 311 S 44(1)  34(1)  43(D)

Pb(2) x  173Q)  177() 1781 176(3)  177(1)  176(2)  1742)  176(2)  179Q2)  175(2)  1742) 17TH2)  176(2)  175(3)  172(2)
y 37812y 3779(3) 3778(2) 37723) 3783(1)  377U2)  37TR2)  3776(2) 3T67(2) 3773(2) 3763(2) 3764(2) 378L(2) 3780(4) 3823(2)

7500 7500 7500 7500 7500 7500 7500 7500 7500 7500 7500 7500 7500 7500 7500

U, 64(1)  43(1)  47(1)  e2(1)  4l(1)  46(1)  60(1)  S0(1)  63(1)  46(1)  39(1)  S6(1)  60(1)  42(2)  48(1)
O(1) x  2284(12) 2286(14) 2287(10) 2282(14) 2284(9) 2307(11) 2201(11) 2285(14) 2302(14) 2205(12) 2271(13) 2285(12) 2297(11) 2300(15) 2273(11)
y o 1255(10) 1245(15) 1251(8) 1238(14) 1248(7) 1249(12) 1233(11) 1260(13) 1241(14) 1219(13) 1221(12) 1251(11) 1238(12) 1219(17) 1248(10)

z  58(14)  47(19)  57(11)  50(20)  66(10)  68(1d)  S57(15)  69(16)  8R(17)  44(16)  S52(16)  43(15)  68(14)  20(20) - 54(14)

U, 433)  14(4)  26(2)  33(4)  15(2)  193)  30(3)  34(4)  43(4)  25(4)  22(4)  38(3)  36(3) 1S 26(3)
0(2) x  1695(10) 1681(15) 1680(8) 1691(14) 1684(8) 1695(10) 1693(12) 1681(13) 1702(12) L714(11) 1690(12) 1707(11) 1698(10) 1697(14) 1678(12)
Yy 3431(10) 3402(15) 3428(8) 3426(14) 3425(7) 3432(10) 3430(10) 3415(12) 3447(12) 3457(11) 3434(11) 3446(10) 3447(11) 3437(19) 3422(10)
z -370(16) -350(20) -358(12) -340(20) -358(12) -344(15) -348(17) -358(16) -352(19) -355(16) -344(15) -355(15) -351(14) -350(20) -355(15)

U, 413)  19(4)  24()  30(4)  172)  153)  313)  29(3)  37(3)  193)  163)  3B3)  28(3)  105)  293)

0oB3) x 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
y 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

U, 68(7)  33(8)  SI(6)  61(9)  46(6)  38(6)  S0(6)  47©6)  SA7T)  IUG)  36(6)  S4(6)  SL6)  62(13)  46(6)

O@) x  652(12) 642(14) 64209)  G664(15) G40(8)  G4T(11) GAXI1) GA4(14) 626(13) 637(13) 654(13) 652(12) 639(11) 652(16) 624(12)
y  7301(10) 7289(15) 7297(9) 7311(14) 7309(8) 7302(11) 73LI(10) 7280(13) 7313(13) 7325(14) 7328(12) 7308(10) 7310(12) 7332(19) 7302(11)
z -140(16) -150(20) -140(13) -170(20) -142(11) -147(15) -142(15) -142(17) -155(17) -136(18) -140(15) -140(15) -147(14) -140(20) -172(15)

U, 443)  17(4)  27(2)  36(4)  18Q2)  193)  31(3) 374y 39(3) 324 21(3)  38(3)  35(3)  23(6)  31(3)

O(5) x  674(15) 660(20) 666(12) 654(19) 669(12) 673(16) G663(18) 673(18) 675(17) G83(17T) 661(17) GGO(15) G9S(14) 700(20) 657(17)
v 1170(14) 1160(20) 1175(12) 1176(19) 1173(11) 1193(16) 1169(16) 1172(16) 1179(17) 1198(18) 1206(16) 1186(14) 1188(16) 1160(30) 1148(14)

z 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500

U, 45(5)  18(6)  28(3)  28(6)  23(3)  24(5)  3%5)  30(5)  39(5)  28(5)  20(5)  35(4)  33(4)  23(9)  31(4)
0(6) x  2581(16) 2577(19) 2584(14) 2560(20) 2563(13) 2559(14) 2574(15) 2574(17) 2564(17) 2565(16) 2537(18) 2568(16) 2556(14) 2570(20) 2535(15)
y  2528(14) 2550(20) 2521(12) 2530(20) 2530(11) 2517(15) 2519(14) 2539(16) 2527(18) 2527(18) 2525(17) 2521(15) 2517(16) 2540(30) 2550(13)

z 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500

U, 44(5)  15(5)  29(3)  31(6)  19(3)  18(3)  30(4)  28()  4L(S)  24(5)  21(5)  38(4) 314 127)  22(4)
O(7) x  3507(17) 3500(20) 3519(13) 3490(20) 3487(12) 3512(17) 3520(18) 3543(19) 3510{20) 3505(17) 3510(19) 3533(18) 3499(15) 3500(20) 3511(17)
v 356(15) 360(20) 361(12) 360(20) 3S3(11) 344(16) 369(16) 343(17) 341(19) 347(17) 348(16) 345(15) 345(15) 310(30) 341(14)

Z 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500

U, 525)  26(7)  32(4)  3A6)  20(3)  21(5)  40(5)  36(5)  4%5)  25(5)  23(5)  46(5)  34(4)  17(8)  3(4)
0®) x  1781(16) 1800(20) 1753(11) 1770(20) 1778(12) 1747(14) 1755(17) 1753(17) 1755(18) 1768(16) 1771(17) 1767(15) 1772(13) 1740(20) 1737(17)
3 4932(14) 4920(20) 4936(12) 4930(20) 4935(11) 4918(14) 4934(16) 4936(15) 4932(17) 4927(17) 4946(16) 4927(14) 4927(15) 4930(30) 4920(L5)

z 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500

U, 44(4)  23(6)  28(3)  36(6)  21(3)  124)  37(4)  26(4)  39(5)  234)  18(4) 374 294 218)  34(5)
O(9) x  2033(16) 2040(20) 2046(14) 2020(20) 2042(13) 2051(14) 2039(16) 2044(18) 2046(18) 2051(15) 2036(16) 2051(15) 2034(14) 2070(20) 2032(15)
Vo 7107(13) 7090(20) 7096(11) 7090(20) 7099(10) 7097(14) 7097(15) 7086(16) 7119(18) 7113(16) 7099(15) 7120(14) 7092(16) 7020(30) 7074(13)

> 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500

U, 4259 250 213) 387 20(3) U@ 3@ 325 425 204)  15@)  36@4) @) 3O 25)
010y x  1509(17) 1532(19) 1522(13) 1540(20) 1521(11) 1505(16) 1541(15) 1514(19) 1409(18) 1523(18) 1544(18) 1517(17) 1528(14) 1580(20) 1523(15)
¥ 9018(12) 9030(20) 9013(11) 9060(20) 9018(10) 9017(16) 9028(14) 9023(17) 9038(17) 9030(18) 9036(16) 9027(15) 9026(15) 9060(30) 9022(12)

> 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500

U, 264 135)  273) 37 18Q) 224 29(4)  35(5) 415 29(5)  195)  40(4)  30(4)  13(7)  20(4)
O(lT) x  4322(16) 4330(19) 4324(12) 4310(20) 4330(11) 4312(15) 4321(16) 4321(17) 4308(19) 4303(16) 4296(17) 4301(16) 4314(14) 4280(30) 4335(17)
¥ 6287(15) 6320(20) 6301(12) 6283(19) 6303(10) 6307(15) 6280(15) 6305(15) 6283(18) 6297(16) 6321(15) 6295(14) 6307(15) 6250(30) 6276(15)

> 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500

Uy, 47G)  15()  28(3)  31(6)  22(3)  19(4)  35() 284 44(5)  234) 200 A 294 36010)  35(5)
0(12) x  3746(11) 3747(15) 3761(9) 3731(14) 3751(9) 3757(11) 3744(12) 3751(13) 3769(13) 3751(12) 3757(13) 3761(12) 3749(10) 3752(15) 3790(L1)
v 4376(9) 4366(15) 4369(8) 4369(14) 4369(7) 4360(L0) 4374(10) 4359(11) 4388(12) 4370(11) 4371(11) 4367(9) 4388(10) 43R0(20) 43R0(9)

T 790(18) 800(20) 810(14) 830(20) 820(13) 821(17) 792(18) 8I2(18) 772(18) SI4(19) B8I6(18) 803(17) 808(16) 820(20) 807(16)

U, 46(3)  20¢4)  31(2)  35()  23(2)  2003)  37(3)  323)  433)  25(3) 249 40(3)  32(3) 2006  2603)
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FABLE 5. CIIEMICAL COMPOSITION OF
SYNTHETIC CRYSTAL OF CURITE BY EMPA

Pomt | Point 2 Average
PbO (wit. %) 22.16 22.57 2236
U0, 74.02 75.02 7452
1,0 37 3.76 373

Total 99.89 101.35 100.61

Cation polyhedra

cation is coordinated by three atoms of oxygen and one
(OH)~ group arranged at the equatorial positions of a
uranyl square bipyramid with <U(1)éd;> (eq: equa-
torial) bond lengths ranging from 2.25 to 2.27 A. The
U(2) and U(3) cations are both coordinated by three at-
oms of oxygen and two (OHproups, giving uranyl
pentagonal bipyramids. Bond lengths <U(2)=% and
<U(3)-5beq> range from 2.32t0 2.34 Aand2.34102.35
A, respectively, except for crystal M14266, in which an
unusually short mean bond-length of 2.28 A was ob-
served for U(2) (Table 6).

The structure of curite contains three symmetrically There are two distinct Pb sites, and one symmetri-
unique U atoms, each of which is strongly bonded tally distinct HO site in the curite structure. Both of
two atoms of oxygen, forming approximately lineathe Pb(1) and Pb(2) sites are coordinated by spa®

uranyl ions (UQ)?* (designatedJr) with <U-Qy>

oms, one equatorial oxygen atom of uranyl polyhedra,

~1.8 A (Table 6). This uranyl geometry is typicallyand two BO groups, with <Pb(1)}p> and <Pb(2)é>
observed in the structures ofJbearing phases (Burnsranging from 2.77 to 2.79 and from 2.75 to 2.77 A,
et al 1997). The &' cations are coordinated by addi+espectively (Table 6). The geometries of the Pb poly-

tional anions, formindgJr(1)d4, Ur(2)ds, andUr(3)ds

hedra are distorted owing to the electron lone-pair

polyhedra, respectivelybf 0%~ or (OH)]. The U(1) stereoactivity of P& (Fig. 1).

TARLTE 6. INTERATOMIC. DISTANCES (A) FOR SELECTED CRYSTALS OF CURITE

JVS4338 IVS4331  JVS901  jvs4s3r JVS4332 CMxMC CMNMC CMNMC CMNMC FCS
®) 81091 81092 81093 306059
U)-O(7T)  1.85(2)  1.84(3)  1.86(2)  183(3)  183(1)  186(2)  186(2)  1.89(2)  1.85(2) 1852
SO()  186(2)  187(3)  187(2)  1.89(2)  L8W1)  L872)  1.87(2)  186(2) 1872  186(2)
O(ha - 206(1)  2.16(2)  216(1)  2.16(2)  215(1)  2.155(12) 2.15(1)  205(1)  2.13(1)  2.16(1)
SO 20601 2162y 216(1)  216(2)  215(1)  2.155(12) 2.05(1)  235(1) 2131 2.16(1)
SO(6)  238(2)  236(3)  237(1)  237(3) 2391  236(2)  237(2)  239Q2) 2372 238(2)
CO(10)b 2392y 2403y 239(1)  232(3)  238(1)  2392)  236(2)  238(2)  226(2)  236(2)
<U(1)-0.> 186 1.85 1.86 1.86 1.85 1.87 1.86 1.86 1.87 1.85
<U(l)-4¢> 227 227 227 225 227 2.26 225 226 2.27 2.26
UQO(IDd  1812)  1842) 1822  180(3)  1.83(1)  1812019) 181(2)  182)  1.79Q2)  1802)
SO@)d  184(2)  183(3)  L8O(1)  185(3)  LB4Q2)  L8S0(18) 1.86(2)  186(2)  1.86(2)  185(2)
O9)d  228(2)  225(3)  225(2)  226(3)  226(1)  2.252(18) 226(2)  224(2)  2.28(2)  227(2)
SO(e 232D 2312 232(1) 2312 232(1)  233103) 231(1)  233(1) 2342 230(1)
O(a 2321 231 2321 2312 2321y 2331(13) 231 233(L)  2342)  230(L
SO(12)d 237(1) 2372 237(1)  2352)  236(1)  2372(14) 237(1)  2382) 2382 2372
O(I2)f 237(1)  237(2)  237(1)  235(2)  236(1)  2372(14) 237(1)  238(2) 2382  237(2)
U@)-0,> 182 183 1.84 182 1.83 1.84 1.82 1.84 1.84 1.82
<U2)-5¢> 233 232 233 232 232 232 234 233 233 232
UG)»-O@)e L83 185(2) 1841} L8L2)  L84(1)  1834(14) 184(1)  L85(2)  1852)  1.84(2)
L0(2)  1.84(1)  184(2)  185(1)  184(2)  L8S(1)  1835(13) 1841 184) 1842 1.83(2)
Lo()e  221(1) 2.23(1) 22201y 2.23(h)  222(1)  2220(8)  2.22(1) 2231 221() 221D
SO(l) 2281 2.29(2)  228(1)  2.302)  229(1)  2272(15) 230(1)  227(2)  2292)  232(2)
O 23U 2311 2321 2321 2311 2320(6) 2320y 23201 232(1)  232(1)
S0(12) 232N 231(2) 2321 2312y 232(1)  2315(13) 231(1)  2310)  233(2) 2322
O(0e  257(1)  2.58(2)  256(1)  2.60(2)  2.57(1)  2575(13) 2.57(1)  257(1)  2.59(1)  2.58(2)
<U3)0> 183 1.84 1.84 1.82 1.84 1.84 1.84 1.83 1.84 1.83
<U(3)-5¢> 234 234 234 235 234 234 235 234 233 235
Ph(-O(8)  253(2)  2.53(3)  252Q2)  2.53(3)  253(1)  2502)  2522)  2522) 2522 2.522)
SO6)  263(2)  261(2) 2632 260(3)  261(2)  2602)  2.622)  261(2)  261(2)  2.61(Q)
SO(hh 270(1)  2.67(2)  269(1)  2.69(2) 2691 2.69(1)  2.69(1)  2.68(2)  2.67(2) 2692
SO@) 2701y 2.67(2)  269(1)  2.69(2)  2.69(1)  2.69(1)  2.69(1)  268(2)  267(2)  269(2)
O@a 2751 2722)  273(1)  272(2) 2731 2721y 2731 272(1) 2742 2.75(D)
S0@R) 275 2722) 27300 2722y 273D 271 273(1) 271 2742 2.75(1)
O()  2802)  280(3)  2792)  2792)  279(1)  276(2)  279(2)  279%2)  278(2)  2.76(2)
SO()  3S(1)  3.15(2) 3041 314(2)  304()  3147(1)  3347(1)  3144(1)  3.044(1)  3.144(1)
S03) 3501y 315(2) 30401 314(2) 30401 3.047(1)  3.047(1)  3.144(1)  3.044(1)  3.144(1)
<Pb(l)-g> 279 2.78 278 278 2.78 278 278 2.77 278 279
Ph2)-O0(7)  2.642)  2.64(3)  263(2)  2.66(3)  2.64(1)  2622)  264(2)  260(2)  2.063(2)  2.64(2)
OBk 2642)  2.042(2)  2643(1)  2.647(2)  2.638(1)  2.642(2)  2.642(2)  2.644(2) 2.6512)  2.647(2)
SO3) 264(1)  2.642(2)  2643(1)  2.647(2)  2.638(1)  2.643(2) 2.642(2) 264(2)  2651(2)  2.647(2)
SO 266(1)  2.66(2)  264(1)  267(2)  265())  2.66(1)  267(1)  265(2)  2.66(2)  2.67(1)
“O@e  266(1)  2.66(2) 2641 267(0)  2.65(1)  267(1)  267(1)  2.652)  2.66(2)  268(2)
SOy 282(1)  2.82(2)  282(1)  285(2)  2.83(1)  282(1) 281 281(2) 2822 283(2)
Ok 282(1)  2.82(2)  282(1)  2.85(2)  2.83(1)  282(1)  282(1)  281(2)  2822)  283(2)
SO 297(2)  300(3)  2.94(2)  298(3)  297(2)  295(2)  2.95(2)  294(Z)  296(2)  2.97(2)
Ok 3.00(2) 3003 3012) 2983 3012)  3.022) 3012 300(2)  3.02Q2)  3.03(2)
<Pb2)-> 276 276 275 2.77 2.76 2.76 276 2.76 275 277
Equivalent positions: a: x. y, -z X+ y -V, 2k 1t
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Fic. 1. Coordination environment about the?Ptations in curite.

Structural connectivity Variation of unit-cell parameters

TheUrd,, polyhedra share edges and corners to form The volume of the unit cell decreases with increas-
symmetrically equivalent sheets that are oriented paratg Pb in the interlayer, although the trend is weak
lel to (100) (Fig. 2) ak = 0.25 andx = 0.75 (Fig. 3). (Fig. 4). This decrease presumably occurs because of
The PB* cations and the #0 group are located in the the increased bonding between the sheets of uranyl poly-
interlayer and link adjacent sheets (Fig. 3). Eadhedra as Pb enters the interlayer, which tends to pull the
Pb(1)bg polyhedron shares two faces (each contains tvehieets closer together.

Our(z) atoms and one 3 group) with Pb(2)g polyhe-
dra, forming a chain of alternating Phfg)and Pb(2pg
polyhedra that is parallel to [001].

Fic. 2. The structural sheet in curite projected onto (100).
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Fic. 3. The structure of curite projected onto (001). Large and small circles in the interlayer représeatidts and bD
groups, respectively.

Pb variability and charge-balancing mechanisms (1981) reported that a crystal from Jabiru, Northern
Territory, Australia contains 6.04 Pb per unit cell.
Site-occupancy refinement for the Pb sites indicates Mereiter (1979) presented the ideal formula of the
that both are only partially occupied in all of the cryssheet of uranyl polyhedra in curite as {[(Y)@Ds
tals studied (Table 3). The total Pb content ranges frof@H)g],} 12~ The sheet formula is confirmed by the
5.78 to 6.66 atoms per unit cell, with the highest valusurrent work; bond-valence analyses readily distinguish
obtained for the synthetic crystal. These results are camong O, (OH) and HO (Table 7), and indicate
sistent with earlier findings. Mereiter (1979) reportethat there are 48 ®and 12 (OH) in the unit cell,
6.56 Pb per unit cell in synthetic curite. Tay&gral all of which are contained within the sheets of uranyl

1380

1378 4 n
1376 -
1374 1

1372

v (A%

1370

1368 -

1366 4

1364 1 = Natural
A Synthetic

1362

1360 . ; ‘ , ; .
0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84

Total Pb occupancy

Fic. 4. Unit-cell volumeversugotal Pb occupancy obtained from crystal-structure refinements of fifteen crystals of curite. The
line in the plot represents the result of linear regression of these data.
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TABLE 7. BOND VALENCE (v) ANALYSIS FOR SYNTHETIC CURITE We examined the variation of bond-valence sums at
Uy U uB) Po(1) P 3 the anion sites, but no substantial supporting trends of
o0 08720 0582l 062 207 the substitution & — (OH)™ resulted, presumably
o) 148 0192l 0232l 179 because of the limited Pb variability. Our study of the
0B)(1LO) 006:20> 0242l 040 crystal chemistry of fourmarierite, which exhibits sub-
o) 1.50 022l olsel 178 stantially more variation in Pb content, provided signifi-
03) 156 016 L71 cant evidence of ®— (OH) substitution in the sheets
0(6) 057 0592~ 026 L9 of uranyl polyhedra (Li & Burns 2000). It seems likely
82;; R . o i that @ — (OH) substitution within the sheets of ura-
o) 066 0712 0.09 - nyl polyhedra is the charge-balancing mechanism that
O(I0)OH) 058 036x0-> 130 permits limited variation of the Pb content of curite.
o(11) 1.53 1.53
O(12)(0H) 0.54x20  0.58 12 Structural formula
> 6.01 593 5.84 1.66 1.67
o The structure formula calculated for the synthetic
*bond-valence parameters for U™ from Burns ef al. (1997) and for Pb™ from Brown

& Altermatt (1985). * bond-valence confributions to the anion sums from Pb- crystal on the basis of the electron-microprobe results is
bonds have been scaled by the corresponding occupancy of cach Ph site. Pb3.OdH20)2[(U02)404(OH)3]2, Z = 2. The Pb:U ratio
is 0.38, which is close to the value of 0.42 obtained from
the X-ray structure refinement for the same crystal, and

polyhedra. If the interlayer contains only Pb an®H within the cluster of Pb:U ratios of 0.36 to 0.42 for all
then the ideal formula of the sheet requires 6.0 Pb parrite crystals in the current study.
unit cell for electroneutrality. The observed variability On the basis of the results for the fifteen crystals of
in the amount of Pb must therefore involve additionalurite, the structural formula may be written as
substitutions. Pb.4x(H20),[(UO2)4044x(OH)z4] 2. This formula is con-

Charge balance may be achieved either by the adslistent with the proposed charge-balancing mechanism.
tion of a charged species to the interlayer or by modifi-
cation of the charge of the sheet of polyhedra by the ACKNOWLEDGEMENTS
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