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A new complex sheet of uranyl polyhedra in the structure of wdlsendorfite

PETER C. BURNS*

Department of Civil Engineering and Geological Sciences, University of Notre Dame, Notre Dame, Indiana 46556-0767, U.S.A.

ABSTRACT

The structure of wélsendorfite, PBay :d(U0,)1.0:6(OH).J(H,0),,, Z = 8, orthorhombica =
14.131(1)b = 13.885(1)c = 55.969(4) AV = 10,982 &, space grougmcm was solved by direct
methods and refined by full-matrix least-squares techniques to an agreemenRjactd.4% and
a goodness-of-fit) of 1.13 using 6215 unique observed reflectiofg £|4o;) collected with M&a
X-radiation and a CCD (charge-coupled device) detector. The structure contains eight hique U
positions, each of which is part of a nearly linear 3Qiranyl ion. The uranyl ions (Ur) are further
coordinated by four or five aniong)(arranged at the equatorial corners of square and pentagonal
bipyramids, respectively. The structure contains two uniq@g $duare bipyramids and six unique
Ur@, pentagonal bipyramids that link by the sharing of equatorial corners and edges to form infinite
sheets that are parallel to (100). The sheets have a primitive repeat distarcg5d69 A, and are
by far the most complex sheet of uranyl polyhedra yet observed. The interlayer between the uranyl
sheets contains Pband Ba cations, as well as® groups that are either bonded to the interlayer
cations or are held in the structure by H bonding only. There are eight unique cation positions in the
interlayer that are coordinated by six to ten anions.

The structure of wolsendorfite is remarkable both in the complexity of the sheets of uranyl poly-
hedra and the connectivity of the interlayer. By using the sheet anion-topology approach, it is shown
that the wdlsendorfite sheet is composed of slabs of the simjile®; andp-U;Og-type sheets. It is
possible that many as yet unknown complex sheets of uranyl polyhedra exist that are based upon
anion topologies that are combinations of slabs of simpler topologies, but it is currently not possible
to distinguish which of these may be energetically favorable.

INTRODUCTION structures as they grow (Burns etl197b) or by the exchange

Approximately 200 minerals contain®Uas a necessary _of ions bc_etween earlier-formed crystals and radionuclide-bear-
structural constituent (Fleischer and Mandarino 1995), a#fif solutions (Burns 1999). _
these minerals are significant components of the oxidized por- D€spite the obvious importance of uranyl minerals, and the
tions of U deposits (Frondel 1958; Finch and Ewing 199259n5|derqble attention that they have gar.nered, our underst.and-
Uranyl minerals are currently receiving considerable attentié# Of their structures and crystal chemistry lags well behind
because of their significance to the environment (e.g., Burfi@ny other mineral groups. To date, the structures have been
1998a, 1998b, 1998c¢, 1997; Burns et al. 1997a, 1997b, 1996,%15ermined and refined for only ~60 uranyl minerals, less than
Finch et al 1992, 1996, 1998; Finch and Ewing 1992; Millelt/3 of the known species. The disparity of structural informa-
et al. 1996: Murakami et al. 1997: Sowder et al. 1996: Vochtlign is due to experimental difficulties; all are extremely high
etal. 1995, 1997). Uranyl minerals are present in the mill tafiPsorbers of X-rays, many do not form crystals of a size suit-
ings that result from the mining of U and are precipitated gple for structure anqu3|s using conventional means, and some
soils that are contaminated with actinide elements. Uranyl miffer from dehydration or other effects that cause the deterio-
erals will be the dominant products of alteration of spent nucld&fion of crystals.
fuel in a geological repository if the conditions are oxidizing Uranyl minerals are structurally very complex. THedat-
and the fuel comes in contact with water, as is likely to occl@ invariably occurs as part of a nearly linear ¢g3Qurany!
at the proposed repository at Yucca Mountain, Nevada (Find@® (Ur) in minerals (Evans 1963; Burns et H97a), which
al. 1996; Wronkiewicz et al. 1996). Uranyl minerals may ind$ In turn coordinated by four, flye, or six additional anions
pact upon the mobility of various radionuclides under repodhat are arranged at the equatorial corners of square, pentago-

tory conditions by incorporating them directly into their crystdl@l, and hexagonal bipyramids, respectively. The O atoms of
the uranyl ion (Q,) receive ~1.7 valence units (v.u.) from the

bond to the €& cation, whereas considerably less of the bond-
valence requirements of the equatorial ligands are provided by
the bond to the ¥ cation at the center of the polyhedron. Po-
*E-mail: peter.burns.50@nd.edu lymerization of uranyl polyhedra with other uranyl polyhedra,
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as well as other cation polyhedra of higher bond-valence,HsO groups located in the interlayers between the sheets. The
common in mineral structures, as this permits the bonding feurmarierite-type sheet also occurs in schoepite (Finch et al.
quirements of the equatorial ligands to be met. The strondl996), and the richetite-type sheet occurs in becquerelite
asymmetric distribution of bond valences in the uranyl polyhéPagoaga et al. 1987), compreignacite (Burns 1998c), billietite
dra dictates that the structures of uranyl minerals are dorffragoaga et al. 1987), and protasite (Pagoaga et al. 1987). The
nated by sheets of polymerized polyhedra (Burns.et%l6, curite-type sheet is not known from another mineral, but it does
1997a). occur in the structure of the synthetic Sr analogue of curite
An interesting and complex subgroup of uranyl minerals {8urns and Hill 1999). The sayrite-type sheet was first found
the lead uranyl oxide hydrates (Table 1). These minerals comthe structure of (UO,)s0g](UO,), (Kovba 1972), and later
monly form due to the oxidation of geologically old uraninitein sayrite. The vandendriesscheite-type sheet has not yet been
owing to an abundance of radiogenic Pb. The onset of alteyund in another structure, and until the current work it was the
ation of uraninite, U@y, typically results in the formation of a most complex sheet of uranyl polyhedra known.
sequence of lead uranyl oxide hydrates as continued alterationVolsendorfite was first discovered in Woélsendorf, Bavaria,
preferentially removes Urelative to Pb (Frondel 1958). EachGermany (Protas 1957) and has since been reported from sev-
structure is based upon complex sheets of edge- and coreeal localities where it occurs in the oxidized portions of U de-
sharing uranyl polyhedra (Fig. 1), with the uranyl ions orientgabsits. The currently accepted formula is (Pb,Ba,ga)2H,0
roughly perpendicular to the sheet, and witfi*Rhtions and (Fleischer and Mandarino 1995). Ba-rich wolsendorfite contain-
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FIGURE 1. Polyhedral representations and anion topologies of the sheets that occur in lead uranyl oxide hydrate a)icarits. §)
curite anion-topology,d) sayrite anion-topologydj sayrite, €) fourmarietite, {) fourmarierite anion-topologygj richetite anion-topology,
(h) richetite, () vandendriesscheitg) (vandendriesscheite anion-topology. The sheet anion-topologies were derived using the method of Burns
et al. (1996). Uranyl polyhedra are shaded with crosses.
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TaBLE 1. The chemistries of lead uranyl oxide hydrates TaBLE 2. Miscellaneous information pertaining to the structure
PbU Sheet composition Ref determination of wolsendorfite

wolsendorfite 1:2.15 [(UO,)140:6(0OH),] * a(h) 14.131(1) Crystal size (mm) 0.20 x 0.10
sayrite 1:2.5 [(UO,)s06(0OH),] T b (A) 13.885(1) x 0.01
curite 1:2.67 [(UO,)s05(0OH)e] t c(A) 55.969(4) Total ref. 25,370
fourmarierite 1:4.0 [(UO,),05(0H),] § v (&) 10,982 Unique ref. 7026
richetite 1:4.15 [(UO,)150:5(0OH),] Il Space group Cmecm Rint (%) 7.0
vandendriesscheite 1:6.36 [(UO,)1006(OH)14] # F(000) 18,762 Unique |F| 2 40, 6215

- -1 . i %) 6.4
* This study. m (mm?) 60.30 Final R* (
1 Piret et al. (1983). Dearc (g/cm?) 6.888 St 113
1 Taylor et al. (1981). Unit-cell contents: 8{Pbs16Ba03s[(U05)140:5(OH).](H-0)1,}
§ Piret (1985). * R = Z(|Fol-I Fl)/Z| Fol.
|| Burns (1998a). t S = [ZW(|F,|-|Fl)?/(m-n)]*2, for m observations and n parameters.

# Burns (1997).

ing 3.27 wt% BaO and 0.09 wt% CaO was found in GreenlaadC-centered unit cell with the dimensioas: 14.131(1)p =
by Beddoe-Stephens and Secher (1982), and Ca-rit®.885(1),c = 55.969(4) A. The long primitive dimension
wolsendorfite containing 3.24 wt% CaO but no reported Ba@as verified by collection of zone-axis frames. Theentered
is known from a U-Mo ore deposit in Russia (Belov and Federoell has a strong primitive sub-cell with dimensiars12.01,
1974). The synthetic Ca- and Ba-free endmember has beerbre-7.101,c = 6.935 A, in agreement with the sub-cell found
ported by Vochten and Haverbeke (1990). Toussaint (1964 Toussaint (1961). However, the CCD detector provides ample
provided a partial structure solution for a crystal o$ensitivity and resolution to resolve the t@&entered unit
wolsendorfite from Shinkolobwe, Democratic Republic o€ell. The final unit-cell dimensions were refined (Table 2) us-
Congo, but was only able to propose the positions of theing least-squares techniques. Data were collected o£8<
atoms based upon a sub-cell. He reported the unit-cell dim&@-7 in approximately 229 hours; comparison of the intensi-
sionsa=11.9,b=6.99,c = 6.85 A, and noted that the X-rayties of equivalent reflections collected at different times during
data indicated the truk unit-cell dimension was probably the data collection showed no evidence of significant decay.
double that reported, and theunit-cell dimension was prob- The three-dimensional data were reduced and corrected for
ably four times the value reported. Lorentz, polarization, and background effects using the Bruker
The recent introduction of CCD-based detectors for X-rapsogram SAINT. An empirical absorption-correction was done
to mineral structure analysis (Burns 1998d) has greatly fac#iased upon 3999 intense reflections with five or more equiva-
tated the study of the structures of uranyl minerals, as it is nt&ts. The crystal was modeled as a (100) plate; reflections with
possible to study very small crystals [i.e., less tharu(@], @ plate-glancing angle of less thaw@re discarded from the
and crystals with very long primitive unit-cell axes using sealeglata set, and the correction loweRg.nfrom 35.3 to 6.8%.
tube X-ray sources. This paper presents the full solution of théotal of 53 816 reflections was collected, of which 4080 were

structure of wélsendorfite using a CCD-based diffractometepMitted because of a plate-glancing angle less thaSys-
tematic absences indicated that the latticg&-centered; of the

EXPERIMENTAL METHODS collected reflections, 25 370 were consistent withGheen-
X-ray data tered lattice. Merging of equivalent reflections gave 7026 unique

; S o
The specimen provided by the Canadian Museum of NETQﬂeCt'O”S R = 7.0%) with 6215 classed as observed g

ture is from Shinkolobwe, Democratic Republic of Congo. | OF)-
contains several tabular crystals of wolsendorfite that exhib- )
ited uniform optical properties and sharp extinction betwe&hemical analysis
crossed polarizers. A crystal with approximate dimensions 0.20 The same specimen used for XRD was mounted, polished,
x 0.10x 0.01 mm was selected for XRD, and was mounted @md coated with carbon. Chemical analysis was done in wave-
a Bruker PLATFORM 3-circle goniometer equipped with a 1kength-dispersion (WD) mode on a JEOL 733 electron micro-
SMART CCD (charge-coupled device) detector. probe using Tracor Northern 5500 and 5600 automation. Data
Preliminary examination revealed a primitive unit-cell axiseduction was done with a conventional PAP routine. The op-
~56 A long. The crystal-to-detector distance was set at 15 emating voltage was 15 kV, and the beam current waspA20
to obtain excellent resolution of the long axis. The data wlsta for all elements in the sample were collected for 25 s or
collected using monochromatic Ma X-radiation and frame 0.50% precision, whichever was attained first. A 100 s energy-
widths of 0.3 in w, with 120 s used to acquire each framelispersion scan indicated no elements \dtbreater than 8,
Three different detector setting®(2 12.0, 30.0, 509 were other than those reported here. The elements Na, K, Rb, Cs,
used so as to obtain complete coverage tS¢ 287A total of Ca, and Sr were sought in WD scans, but were not detected.
6588 frames of data were collected, providing a complete sph&tandards used for the electron-microprobe analysis were:
of three-dimensional data. The peaks were sharp with smob#nitoite (B&a), crocoite (PMa), and brannerite (M). H,O
profiles, indicating that substantial radiation damage has neas calculated by stoichiometry from the results of the crystal-
occurred. Several hundred frames of data were analyzed todtsucture analysis. The results were (wt%): BaO = 0.93,21JO
cate diffraction maxima; all peaks found were consistent wiit2.23, PbO = 24.57, 8 = 3.90, total = 101.69.
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STRUCTURE SOLUTION AND REFINEMENT TABLE 3. g?omlic position parameters anfd eqLﬁivalent isotropic—f
. . t t t truct
Scattering curves for neutral atoms, together with anoma- W';Se?]‘;ﬁff}ti” parameters for fhe structure o
lous dispersion corrections, were taken fromernational P y 2 U
Tables for X-Ray Crystallography, Vol. (\bers and Hamilton 7 0.23236(7)  0.28097(7) m 136(2)
1974). The Bruker SHELXTL Version 5 system of programs2 0.24043(5) 0.48445(4) 0.07525(1)  99(1)
inati ] 0.23354(7) Y, 0 133(2)
\é\ﬁ:cltjusrzd for the determination and refinement of the crystﬁ 0.26000(5) 0_527236(5) 0.14137(1)  99(1)
. us 0.26058(5)  0.25302(4)  0.10659(1)  101(1)
Systematic absences and reflection statistics indicated & 0.2686725; 0-50400§5; 0-21281§lg 14(2()2)
. e . u7 0.24934(5 0.27115(4 0.03319(1) 99(1
space group:mcm(no. 63), .Wlth verification provided by the U8 0.24787(5) 024360(5)  0.18258(1) 127(1)
successful solution and refinement of the structure. The strugn Y, 0.70072(9) 0.13777(3)  315(3)
ture was solved by direct methods, and the initial model iﬁbg ZZ 8-2283%) _8'832528 gggg;
cluded the positions of the U atoms and some of the Pb aton_ﬁ%4 " 0.08653(9)  0.18238(2) 339(3)
Additional Pb sites and the anions were located in successiris Y, 0.3206(1) 0.07673(2) 472(5)
difference-Fourier maps that were calculated after refinem 0 0.4681(2) 4 423(10)
. ) . " Y, 0.4363(4) Y, 622(15)
of the model. Following refinement of the atomic positionabyza Y, 0.476(4) Y, 548(92)
parameters and isotropic-displacement parameters for all &8 0( ) 0.168(3()3) 0-211848(6) 667E16;
: : 0.104(2 0.305(2 Y, 246(45
oms, occupancy factor§ were included for each Pb site. 0.246(1) 0.596(1) 0_1023(2) 159(27)
agreement factoR) at this stage of the refinement was 10.9%3 0.368(1) 0.498(1) 0.0708(3)  276(34)
for observed reflections. The site-occupancy factors for the P82 0.360(2) 0.254(1) Y 234(44)
) ; 05 0.268(1) 0.410(1) 0.1130(3)  238(31)
through Pb5 sites remained close to 100% occupancy, and wgge 0.243(1) 0.347(1) 02132(2)  215(31)
constrained to full occupancy in subsequent cycles of refinez 0.387(1) 0.548(1) 0.1385(3)  258(33)
i 3 0.135(1) 0.508(1) 0.1459(3)  320(37)
ment. The occupancy factors for the sites Pb6 through Pb8 0391(2) 0.248(1) 01020(4)  492(51)
fined to values significantly below 100% and were thus includ 0 0.129(2) 0.257(1) 0.1091(4) 478(51)
in further cycles of refinement. Consideration of the polyheblé gégg% g.ggg% ggigggg giggg
d_ral b_ond-len_gths for the Pp sites, an_d t_he lack of addition 3 0:375(2) 0:296(1) 0:0317(3) 241(47)
sites in the difference-Fourier maps, indicate that the Ba rgi4 0.229(1) 0.436(1) 0.0362(3)  296(36)
vealed by the microprobe analysis is probably located at tRé&> 0.397(2) 0.486(2) 0.2128(4)  530(56)
Pb8 site, and all Ba from the microprobe analysis was sub%—? 8:;2‘2‘% 0'4612(1) 0'0394(3) ;gjggz)
quently assigned to that site. However, additional scatteriags 0.274(2) 0.584(1) 0.1791(4)  439(47)
; i i 0.141(2) 0.524(2) 0.2133(4)  567(59)
was required at the Pb8 site, thus Pb was also included at gi% ] 015a0) O00sei)  saiEs)
site and the occupancy factor was refined. The displacemej3y 0.250(2) 0.318(2) 0.0723(5)  665(70)
parameters for the cations were converted to anisotropic forne22 0.373(1) 0.221(1) 0.1881(3) 286(34)
and were refined together with the positional parameters fggi 8'1338 0'26;(1) 0'1263(3) %SE%)@
all atoms and a weighting scheme of the structure factors. éds 0.298(1) 0_6522(1) 0.2221(3)  248(32)
this stage in the refinement a peak with height ~1F e/ds Oa627 g-ggg(i) g-ggg(i) o 11& oo ;2;(;83)
located in the difference-Fourier map ~0.56 A from the PbgH28 0:2928 0:1328 0:055522; 193529))
site. This site contained too much electron density to corre;029 Y, 0.153(1) 0.2241(4)  208(42)
spond to an anion, so it was assumed that the Pb7 site is di§gP30 i 0.889(2) 0.1239(5)  426(65)
o . . H,031 Y, 0.393(2) 0.1692(5)  378(60)
dered between two positions, and a new position deS|gna'§$2832 0 0.127(2) 0.0923(4)  301(51)
Pb7A was added to the refinement. The occupancy factorsHap33 1/2 0.143(2) 0.0583(5)  408(62)
both the Pb7 and Pb7A sites were refined, although the df§93? 4 8:2228 8:??33((2)) gggggg;
placement parameter for the Pb7A site was constrained to H[iess 1/2 0.210(2) 0.1468(4)  328(55)
isotropic. The final model resulted in Rindex of 6.4% for H.037 e 0.931(3) 0.0404(7) ~ 800(118)
6215 unique observed reflections [ 40:) and a goodness- :zggg 1/02 8:23283 8:5%;52; giéggg))
of-fit (S) of 1.13. In the final cycle of refinement the average,040 Y, 0.101(1) 0.1067(3) 16(27)

parameter shift/esd was 0.000, and the maximum peaks in thee: Ue* = Ueq A? x 10°,

final difference-Fourier maps were 5.74 and —6.12.e/fhe

final atomic-positional parameters and anisotropic-displace-

ment parameters are given in Tables 3 and 4, and selected in- RESULTS

teratomic-distances and angles are given in Table 5. CalculatedProjection of the structure along [010] shows that it con-

and observed structure factors are provided in Tdble 6 tains sheets of uranyl polyhedra parallel to (100), witft Pb
and Ba cations as well as® groups located in the interlayer
between the sheets (Fig. 2). The structure of wélsendorfite is

L For a copy of Table 6, Document AM-99-029 contact the pudierefore consistent with the generalities of other lead uranyl
ness Office of the Mineralogical Society of America (see iﬁ?)(ide hydrate mi_ne_ral structures, as well as with the observa-
side front cover of recent issue) for price information. Depoéi@n that the majority of uranyl mineral structures are based
items may also be available on the American Mineralogist wepon sheets of polyhedra of higher bond-valence (Burns et al.
site (see inside back cover of a current issue for a web addrex®)6).
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TABLE 4. Anisotropic-displacement parameters for the cations in  TABLE 5. Selected interatomic distances (&) and angles (°) in the

the structure of wolsendorfite structure of wolsendorfite
Uy U, Uss Up, Uss Uss U1-04 1.84(2) U5-09 1.86(2)
U1 153(4) 171(4)  85(4) 424 0 0 Bi-gé é-gg(i) o 32-832 %-g(g)
U2 148(3) 75(3) 73(3) —21(2) 18(2) -15(2) U1_02’56;) 2-31(2) 2 ooz 2-16(2)
b3 127(H g 188(%) 0 9 23(3) 01.0%6 2'52§4§ U5-02b 2'1821;
U4 160(3) 78(3) 59(3) -9(2) 12(2) -3(2) Lo s Toa Un o8 222(2)
us 121(3) 76(3) 107(3) -5(2) 32 -1(2) ornen 170.0(9) o s 185
U6 145(3) 155(3)  124(3) -9(3) -11(3) 62(2) L0 >34 oo uso10 177909
u7 148(3) 81(3) 68(3) 17(2) -13(2) -11(2) “Qeq : 09Us9 . ©)
aome o RE RE W0 Y o I
Pb2  375(7)  348(6)  243(6) O 0 495 203 égﬁﬁi oo iggg;
Pb3  268(6) 253(6)  469(8) 0 0 -3(5) U2-014 220(2) Us.026 217(1)
Pb4  505(8) 237(6)  274(6) 0 0 24(5) U2.021 232(3) Ue.018 519(2)
Pb5  1030(15) 203(6)  182(6) 0 0 4(5) U2-0n28d 237(1) U6.06 521(1)
Pb6 722(23)  260(13)  288(14) 0 0 0 U205 538(2) U6.025 529(2)
Pb7  1199(38)  157(24)  510(20) 0 0 0 <U2.0> Ta> Ub-OH27 3.06(2)
Pb8  1029(36)  609(24)  363(19) 0 0 311(15) 5150503 178.8(8) <UB.Ou> 183
Note: Up* = Uy A? x 10¢ <U2-fo> 2.32 019-U6-015 178.7(9)
<UB-fo> 2.38
U3-017 1.81(4)
U3-024 1.83(4) u7-013 1.81(2)
inati U3-Ol4.e 2.21(2) x2  U7-011 1.82(2)
U coordination U3-020d,f 2.22(2) x2  U7-021 2.28(3)
The structure contains eight symmetrically distinct U sitesy3-Oy> 1.82 U7-020 2.29(2)
and each is contained within the sheet of uranyl polyhedra tﬁ’ég:;f;oz“ %8201 8;:8?? gg;gg
is parallel to (100) at=Y, and?,. Consideration of the polyhe- ! U7-0OH28 2.38(1)
dral geometries (Table 5) and the bond-valence sums incidggigg igggg Sﬂﬁ%’%u 1-78715(9)
upon ea_ch of the U sites (Table 7) de_mo_nstrates that each gitgg 2.26(2) <U7-Que> 2.32
is occupied by €. In all cases the Ycation is strongly bonded U4-05 2.27(2)
to two O atoms, forming approximately linear (Youranyl 402 gggg; beox iggg;
ions. The 80y, bond-lengths are all ~1.8 A, which is consisgs-012d 2.47(2) Us-06 2.24(1)
tent with uranyl ions in well-refined structures (Burns et af.%“ﬁu& 1-78710 . Bg-gigb ggi(g)
1997a). The uranyl ions are coordinated by four or five addig,.¢ > >34 @) US-OH27 2:378
tional anions, resulting in g% square bipyramids and {r U8-025b 2.57(2)
pentagonal bipyramids, respectively: (inspecified ligand). O s %'78827(7)
Both types of coordination polyhedra are prevalent in uranyl <U8-> 2.35
minerals, although pentagonal bipyramids are the most com-
mon (Burns et al. 1997a). _ Pb1-010d,g 255(2) x2  Pb5-09,l 2.35(2) x2
The U3 and U5 uranyl ions are coordinated by four O atb1-07,h 2.66(2) x2 Pb5-H,035 2.42(3)
oms located at the corners of Ursjuare bipyramids, and havepgi:nzgggg gzggg Egg:gzlos? g?ggg o
<U®-O,> bond-lengths (eq: equatorial) of 2.21 and 2.17 b1_0223d'g 2.92(2) x2 Pb5-03, 3.10(2) x2
respectively, which can be compared to tk#&J&-@.,> bond- <Pb-¢> 2.72 <Pb5-¢> 2.77
length of 2.28(5) A in well-refined structures (Burns et a|>b2-H2039 2.59(3) Pb6-O1m 2.60(2) x2
1997a). The remaining uranyl ions are each coordinated by fre-013,h 2.64(2) x2 Pb6-H,038,a 2.90(3) x2
anions; the U1 uranyl ion is coordinated by five equatorial gz:gzgﬁ“ gggg; - Egg:gzl%%z"éo ggg% :i
atoms, whereas each of the U2, U4, U6, U7, and U8 urawé_Hzoém 2.84(2) <Pb6-g> P 289
ions are coordinated by four equatorial O atoms and one (OHR}2-O11f, 2.98(2) x2
group. The @U¢*-@,> bond-lengths range from 2.32 to 2.38" %% 219 Eg;:gish,l,a,q ggf% :‘2"
A, which can be compared to th8ld®**-@.> of 2.37(9) A in  Pb3-H,037 2.47(4) <Pb7-¢> 2.82
numerous well-refined structures (Burns et al. 1997a). Eﬁiigigﬂ’g g%gg :g Pb8.0251 < 287(2) x2
The coordination polyhedron about the U6 position WaﬁbS_HZO36g 2.76(3) Pb8-O15rs 2.93(2) x2
rants additional comment. Thé*D,, bond-lengths are in the Pb3-H,032g 2.95(2) Pb8-O1,m 2.98(2) x2
range 2.17 to 2.29 A, but thé*{OH)~, separation is 3.06 A. Eggé?(‘lljd'g 2.%(2) x2 523;3?53'”1 2.33(2) x2
However, the (OH)group is in the correct position to be re-
ial li i id Pb4-H,029 2.51(2)
garded as an equatorial ligand of apurenta}gonal bipyramid, b 4_02221h 20102 x2
and the bond-valence parameters provided by Burns et ,934_,_,2036 2.63(2)
(1997a) indicate that this interaction has 0.14 valence units (vRh3-019b,k 2.78(2) x2
associated with it. Therefore, although this separation is cdjj; H2038 5(9)(1)8; o
siderably longer than mosftdp.,bond-lengths, it is likely that <pps-¢> ’ 2.76

it does correspond to a weak bond. A similar conclusion Wastes: a=x, y, ¥,-z; b = VX, y-¥5, Z; € = ¥o-X, y-Y, Yoz, d = Yo-X, y+V, Z; € =

drawn for a §*-@bond of 3.02(7) A in the structure of billietite: 1% Zif= X, %oy, Z:g = x4%, y+7o W = 1:X,y, 1 = 1%, 1y, -, = X+ 7,
Yo, -2, K= X+Yy, y-%o, ;1 = 1-X, Y, Z; M = =X, Y, Z; N = XYy, y+Y%5, Z; 0 = XY,

by Pagoaga et al. (1987). Y+, Yoz P = X, Y Vo Zi 0 = 1K, Y, Yo Zi U = VX, Yo, 2, S = XVa, yYo, 2.
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FIGURE 2.Projection of the structure of wolsendorfite along [010]. The uranyl polyhedra are shaded with créssatipRb are shown as
cross-hatched circles, and®igroups are shown as open circles.

TABLE 7. Bond-valence sums* at cation and anion positions in the structure of woélsendorfite.

Ul 5.86 Pbl 1.66 o1 1.87 09 1.96 017 1.88 025 1.70 H,033 0.22
u2 6.00 Pb2 1.55 02 2.05 010 1.89 018 2.08 026 1.96 H,034 0.31
U3 6.27 Pb3 1.80 03 1.59 o11 1.72 019 1.79 OH27 1.18 H,035 0.43
u4 6.00 Pb4 1.73 04 1.55 012 1.83 020 1.92 OH28 1.05 H,036 0.25
us 6.27 Pb5 1.98 05 1.87 013 1.89 021 2.06 H,029 0.44 H,037 0.38
]9 6.06 Pb6 1.27 06 2.06 014 1.93 022 1.81 H,030 0.36 H,038 0.28
u7 6.09 Pb7 1.00 o7 1.75 015 1.88 023 1.72 H,031 0.00 H,039 0.27
us 5.94 Pb8 0.77 08 1.71 016 1.89 024 1.52 H,032 0.28 H,040 0.00

* Calculated using the parameters of Brese and O’Keeffe (1991) for Pb?" and Burns et al. (1997a) for U®*.

Pb coordination Oy, atoms and three B groups, and the Pb6 site is coordi-

There are eight symmetrically distinct cation sites in tHeted by six Q atoms and four O groups. The Pb1 through
interlayer (excluding H). Of these, the Pb1 through Pb5 sitB8® Sites have <Pg> bond-lengths in the range 2.72 to 2.79
contain only Pb, and each is fully occupied according to site: @nd the <Plg> bond-length of the tenfold-coordinated Pbé
scattering refinement. The Pb6 and Pb7 sites are partially 5c2.89 A The sixfold-coordinated Pb7 site mvolves_shorter
cupied, and the latter is disordered over two positions separad?@#ds, with a <Pip> bond-length of 2.49 A_- The PDb8 site has
by 0.56 A. The occupancies of the Pb6 and Pb7 sites are 76 &fd’P#> bond-length of 3.00 A, which is in accord with the
96%, respectively, according to the results of site-scatterifitje containing substantial Ba as well as vacancy.
refinement. The Pb8 site contains both Pb and Ba, and all ofPolyhedra containing Pbare often distorted owing to the
the Ba indicated by the chemical analysis was assigned to Bi@Sence of a lone pair of electrons on th& Bation. The
site. Refinement of the Pb occupancy at the site indicates t3ions are repelled away from the electron lone-pair, resulting
it contains ~36% Ba, ~30% Pb, and ~31% vacancy. in a one-sided coordination polyhedron. The Pb polyhedra in

The polyhedral geometries (Table 5) and bond-valence suli§ interlayer of wélsendorfite (Fig. 3) are fairly irregular, and
incident upon the sites (Table 7) are consistent with all $gMe are distinctly one-sided, suggesting that tfedalions
present as Ph as is the case for all known Pb uranyl oxid@"® lone-pair stereoactive.
hydrate minerals. The polyhedra are illustrated in Figure 3. Each
of the Pb sites is located on tieplanes ak = 0,%,, and the Structural formula
Pb6 and Pb7 sites are at the intersection ofrtvpdanes. The Of the eight symmetrically distinct®tcations, only the U1
Pb1 through Pb7 cations are coordinated pya@ms of adja- site is on a special position, thus the unit cell contains 220 U
cent sheets, as well as®igroups located on tha planes in cations. The interlayer contains both Pb and Ba, and site-occu-
the interlayer ax = 0,%. In addition to Q and interlayer ED  pancy refinements have demonstrated that the Pb1 through Pb5
groups, the Pb8 site is coordinated by two O atoms that &i&s are 100% occupied by Pb. The Pb6 and Pb7 sites are par-
equatorial ligands of uranyl polyhedra within the sheets. Thially occupied by Pb, and the Pb8 site contains both Pb and
Pbl and Pb5 sites are coordinated by sixa@®ms and two Ba. Each of the interlayer cations are on special positions, thus,
H.O groups, the Ph2, Pb3, and Pb4 polyhedra each containggisording to site-scattering refinement, the unit cell contains
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FIGURE 3.The PB* polyhedra that occur in the interlayer of wolsendorfite. Each polyhedron is shown projected along [100].

FIGURE 4.The sheet of uranyl polyhedra that occurs in the structure of wolsendorfite projected ontaji@dyhedral representation of

the sheet,i{) sheet anion-topology. The uranyl polyhedra are shaded with crosses.
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FIGURE 5.The interlayer connectivity in
the structure of wolsendorfite projected onto
(100). @) ball-and-stick representatiorh)(
polyhedral representation. la)(the PB*
cations are shown as circles shaded with
parallel lines, anions that are bonded to the
Pkr* cations are shown as small circles, and
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: ﬂgﬁg‘%ﬁységgﬁ%wgg&: H,O groups that are held in the structure by
%“"g&hva@y%’@@%?‘%ﬂ%@a%y szonding only are shown as larger circles.
‘}év S i \/ ’aﬁ'gr‘"A\m'Aﬂﬂ“g}f'é The PB* cations and H-bonded,& groups
AN e -

NG s Aume a0 SR TA g
IAee B N
Cel A el e R e
O Pands & G
NEN

AN

are numbered according to Table 3.

‘§%§§“§W§m§€§% 7 AV VAT
Vi @ e

e S
AR i SO\ ooy

N

49.3 Pb and 2.9 Ba. The bond-valence sums permit the identiP
fication of (OH) and HO groups (Table 7), and the unit cell
contains 376 O atoms, 32 (OHjroups, and 96 D groups.

The bond-valence sums incident upon the O3, O4, and O

Pb; 1B 3d (UO,)140:16(OH),J(H20)12.

Sheets of uranyl polyhedra

The Urp, square bipyramids and @pentagonal bipyramids  Ficure 6. Chains of polygons that are required to construct sheet
share equatorial edges and corners to form complex sheets dhah-topologies as chain-stacking sequences. After Miller et al. (1996).
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are parallel to (100) (Fig. 4). Sheets of uranyl polyhedra arbe sheets of uranyl polyhedra that occur in other lead uranyl
dominant structural features in uranium minerals, but tlmxide hydrates (Fig. 1) are topologically simpler than either
wolsendorfite sheet is more complex than any other known shinet wolsendorfite or vandendriesscheite sheets. As is the case
of uranyl polyhedra, either in a mineral or a synthetic conm the wolsendorfite sheet, both the sayrite (Fig. 1d) and curite
pound. Thec unit-cell dimension of 55.969 A is the longes(Fig. 1a) sheets contain both@and Uy, polyhedra, whereas
primitive repeat distance of any sheet of uranyl polyhedra. Ttree fourmarierite, richetite, and vandendriesscheite sheets con-
anion topology of the wolsendorfite sheet, derived using ti&in only Ukp; pentagonal bipyramids.

method of Burns et al. (1996), is shown in Figure 4b. Sheet Miller et al. (1996) discussed the characterization of sheet
anion-topologies are two-dimensional tessellations, and theion-topologies as stacking sequences of chains, and this ap-
wolsendorfite anion-topology contains triangles, squares apbach was successfully applied to the vandendriesscheite an-
pentagons, as is often the case for the anion topologies of sheetdopology by Burns (1997). If consideration is restricted to

of uranyl polyhedra (Burns et al. 1996). those sheets that contain only uranyl polyhedra that occur in
o minerals and synthetic phases (with the exception of the curite
Interlayer connectivity anion-topology), only four chains of polygons (Fig. 6) are re-

The interlayer ak = 0 is shown projected along [100] inquired to construct all of the anion topologies. FhandH
Figure 5. The interlayer contains the eight symmetrically dishains involve edge-sharing pentagons and hexagons, respec-
tinct Phip, polyhedra, as well as two symmetrically distingbH tively. The arrowhead chains involve the sharing of an edge
groups that are held in the structure by H bonding only. Thetween a pentagon and a triangle, with the other corner of the
Phg, polyhedra are polymerized by the sharing of cornergjangle shared with the next pentagon in the chain. The arrow-
edges, and faces, forming complex infinite heteropolyheditaad chain has a directional aspect, and may point either up
chains that are parallel to [001] (Fig. 5). (U) or down D). TheR chain consists of rhombs connected by

lines. Various rules on how these chains fit together to form
COMPARISON TO RELATED STRUCTURES sheet anion-topologies were identified by Miller et al. (1996).

The wolsendorfite sheet is an example of structural com- First consider the relatively simpte U,0; andp-U,0; an-
plexity that challenges our understanding of mineral structurésn-topologies shown in Figure 7. ThelU,0O, anion-topology
The vandendriesscheite sheet (Fig. 1i) is also very compléaiso sometimes referred to as the protasite anion-topology) is
but its primitiveb unit-cell dimension of 41.378 A (Burns 1997)the basis for the sheets that occur in the structures of protasite,
is short compared to= 55.969 A in the wolsendorfite sheetrichetite, becquerelite, billietite, and compreignacite, as well

PDP D PDZP D P DP DRU DIRU DRU

i

FIGURE 7. The generation of sheet anion-topologies as chain-stacking sequendbs.o-U;Og anion-topology, lf) the B-U;0g anion-
topology.
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P DUP U PUPUDZP D PDPDUP U P

P D P

FIGURE 9. Generation of the wolsendorfite anion-topology using a chain-stacking sequenceUl@gcomponent of the anion-topology
is shaded.
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FIGURE 10.Various hypothetical sheet anion-topologies obtained by combining slabsmf@; andf3-U;Og anion-topologies. The-
U;0, component of the anion-topology is shaded. Oejyg known from a mineral structure.
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as in the mixed-valenae-U;O5 phase. Th@-U;O; anion-to- questions at this time; considerable research into the energet-
pology is less common; it is only known from the structure a€s of these sheets, and into the structures of uranyl minerals, is
ianthinite and the mixed-valen@®U;O; phase. The genera- essential to gain an understanding of the crystal-chemical prin-
tion of each of these anion topologies using chain-stacking sgles that result in such complex sheets. However, it is appar-
guences is illustrated in Figure 7. TtnJ,Og anion-topology ent that there are many anion topologies and corresponding
can be constructed using only thReandU or D chains, with sheets that appear to be chemically feasible but that have not
the repeat sequen&JPU... The3-U;O4 anion-topology re- been observed in any structure. Consider, for example, sheet
quires the use of the, D, andR chains, with the repeat se-anion-topologies developed using slabs of various widths of
quenceDRUDRU... thea-U;0g andp-U;Og anion topologies; a few of the possible
The complex vandendriesscheite anion-topology can be derieeinbinations are shown in Figure 10. Of these, only one is
as a chain-stacking sequence (Fig. 8) usin@tbe andU chains, known from a structure (e), despite the fact that the topologies
with the sequendeDUPUPUPUPUDPDPDPDUPUPU. (Burns are each complete tilings of two-dimensional space. We cur-
1997). Note that the sequenddBUP... andDPDP... in the rently do not have a means to discriminate which of these is
vandendriesscheite anion-topology are identical toithigO; an-  energetically favorable.
ion-topology sequence, and the vandendriesscheite anion-topology

can be assembled using slabs4f,0; anion-topology that alter- ACKNOWLEDGMENTS
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