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THE STRUCTURE OF RICHETITE, A RARE LEAD URANYL OXIDE HYDRATE
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ABSTRACT

The structure of richetite, approximate formula MPb8.57[(UO2)r8Ors(OH)r2J2(H2O)nr, Z = 1, triclinic, a 20.9391(3),
b 12.1000(2), c 16.3450(3) A, o 103.87(1), p 115.37(1), y 90.27(1)', V 3605.2 Ar, space group Pl, has been solved by
direct methods and refined by fuIl-matrix least-squares techniques to atr agreement factor (R) of 8.9Vo and, a goodness-of-frt (,t)
of 1.79 using 12,383 unique observed reflections (lF.l > 4oo) collected with MoKd, X-radiation and a CCD (charge-coupled
device) area detector. The structue contains 36 unique Uo positions, each of which is part of a near-linear (UaOr)z* x16y1 ioo
that is further coordinated by five (O, OH-) anions, forming pentagonal bipyramids. The uranyl polyhedra share edges ro
form symmetrically distinct but topologically identical o-U3ortype sheets at z = 0.25 and z = 0.75. Although cr-U3o8-type
sheets of uranyl polyhedra occur in several structures, the richetite sheets are unique in theL arrangement of OH anions. There
are 13 partially occupied unique Pb2* sites, two octahedrally coordinated M sites that may contain Fe* or other cations, and 4l
unique HrO groups in two distinct interlayers at z = O and z = 0.5. Both the Pb2* and M cations link to uranyl-ion O-atoms from
adjacent sheets, and thus provide linkage of the sheets to the interlayer constituents. An extensive network of H bonds provides
additional linkage.

Keywords: richetite, uranyl mineral, uranium, structure determination, lead uranyl oxide hydrate.

Solrvnrne

La structure de la richetite, dont la fo^rmule approximative serait MPbE.sT[(UOr)rEOr8(OH)l zlz(HzO)ou Z = 1, triclinique,
a20.9391(3), b 12.1000(2), c 16.3450(3) A, cr 103.87(l), p 115.37(1), y90.27(1)",V 3605.2 43, goupe spatial Pl, a 6t6 r6solue
par mdthode directe et affin6e par moindres carr6s sur matrice endbre jusqu'e un r6sidu R de 8.9Vo ettn indice de concordance
(S) de 1.79 en utilisant 12,383 r6flexions uniques observdes (lF.l > 4ou) avec rayonnement MoKcr, et un d6tecteur I aire CCD
(d charge coupl6e). La structure contient 36 positions uniques contenant Utu, chacune d'elles faisant partie d'un ion uranyle
(Uc'g;z* presque lindaire, et de plus coordonnd par cinq anions (O, OHJ, pour former des bipyramides pentagonaux. Les
polyBdres tr uranyle partagent des arCtes pour donner des feuillets de type a-U3Os d z = 0.25 et z = 035 qui sont distilcts en
symdtrie mais topologiquement identiques. Quoiqu'on fouve des feuillets de type cl-U,Os de polybdres d'uranyle dans plusiews
structures, ceux de la richetite seraient uniques dans leur agencement d'anions OH . tr y a 13 sites uniques de Pbz* d occupation
partielle, deux sites M I coordinence ock6drique qui pourraient contenir Fe3+ ou autes cations, et 41 groupes uniques de H2O
dans deux inter-couches distinctes d des niveaux z = 0 et z = 0.5. Les cations Pb2" et M sont li6s aux atomes d'oxygdne des ions
d'uranyle de feuilles adjacents, et assurent donc les liaisons entre les feuillets et les composants logeant enfte les feuillets. Un
r6seau important de liaisons hydrogbne fournit. des liaisons additionnelles.

(Traduit par la R6daction)

Mols-cl6s: richetite, mindral d'uranyle, uranium, d6termination de la structure, oxyde d'uranyle de plomb hydrat6.

IxrtooucnoN

Uranyl minerals are major constituents of the
oxidized portions of urani ,m deposits, where they most
commonly occur as the products of alteration of
uraninite (Frondel 1958, Finch & Ewing 1992). Despite
their importance in environmental issues such as
the weathering of radioactive mine tailings and the
geological disposal of spent nuclear fuel, uranyl

minerals generally are poorly characterized, and there
is a lack of systematic work on the structures and
stabilities of these minerals, largely because they
commonly occur only as complex intergrowths of very
small crystals.

Richetite is a rare lead uranyl oxide hydrate that is
associated with uraninite and various uranyl minerals
in the Shinkolobwe uraninm deposits at Shaba, Demo-
cratic Republic of Congo. Richetite was originally
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described by Vaes (1947), and a more detailed
description was provided by Piret & Deliens (1984),
who proposed the formula PbO.4UOr.4HrO on the
basis of analyses done with an electron microprobe and
X-ray photoelectron spectroscopy Q{PS). The structure
of richetite has never been determined, owing to the
small size of the crystals, the high absorption of X rays
by the crystals, and the large unit-cell. As part of
ongoing work on uranyl minerals (Burns et al.1996,
1997a,b, c, Burns 1997), a structure model has been
obtained for richetite using X-ray-diffraction methods
and a CCD area detector.

ExpenrvreNTAl

A specimen containing richetite from the
Shinkolobwe mine, Shaba, Democratic Republic of
Congo was provided by Mr. William Pinch. The
crystals occur as platy aggregates that are seldom larger
than0.2 mm in diameter, each with a pseudohexagonal
outline, and with interpenetrating twins common.

X-ray dffiaction

A small crystal of richedte, flattened on {001}, was
mounted on a Siemens PLATFORM goniometer
equipped with a SMART CCD (charge-coupled device)
detector, with a crystal-to-detector distance of 5 cm.
The SMART CCD detector is a two-dimensional area
detector with an active-imaging area 9 cm in diameter.
The detector is equipped with a phosphor screen,
located immediately behind a beryllium window, to
convert the X-ray photons to optical photons that are
carried through a fiber-optic taper to the CCD chip. The
detector provides improved resolution, sensitivity to
weak reflections, and shorter data-collection times
than a scintillation counter mounted on a serial
diffractometer (Burns 1998).

The data were collected using monochromatic
MoKa X-radiation, a frame width (in to) of 0.2o, and a
30 s exposure per frame. More than a hemisphere of
three-dimensional data was collected, and the data were
analyzed to locate peaks for least-squares refinement of
the unit-cell dimensions (Table 1). The data were
collected for 3o ( 20 < 56.5", and contained minimum
and maximum indices -24 < h < 27, -16 < k < 16,
-21 < I < 11. The data were collected in approximately
fwenty hours, and the intensities of standard reflections
showed no significant change during data collection.
The data were reduced and filtered for statistical
outliers using the Siemens program SAINT. The
data were corrected for Lorentz, polarization, and
background effects. An empirical absorption-correction
was done based upon 438 intense reflections. The
crystal was modeled as a (001) plate; reflections with
a plate-glancing angle of less than 3o were discarded
from the data set, which lowered the R..u* of
the 438 intense reflections from 10.0 to 2.7Vo. The

TABLE I. CRYSTALI'GRAPEIC DATA FOR RICHETTTB

o (A)
r (A)
c(A)
a (')
pf)
r (')
v(n

SpaF group
F@

p(m'')

20.9391Q) clrystalsize(m) 0.008x020x0.15
12.1000(2) Radietim Mo(a
16.3450(3) Total Ref. 23365
103.870) UniqueRef, 17810
ll5370) UniqwlF"l>4or lZSgj
N27(r) Fiml x 8.9
3@52 FiEls 1.79

Dd 6,l3gd
PI

5540
50.6

Unit+u cooimb: Mfhrn[(Uor)'O'(o0r]dHro)n'
x='(FJ-FJ/>[FJ
S- tIadFJ-F.tr(z-z)l*, fq z obrwacim 6d r pa@€tq8

plate-glancing angle was selected after trying angles
in the range 1 to 5' because it provided the best
refinement results. Additional information pertinent to
the data is given in Table l.

Chemical analysis

A cleavage flake of richetite, selected from the same
specimen as the crystal used for the X-ray studS was
glued to a plexiglass disk and coated with carbon. The
crystal was mdyzed using a Cameca SX-50 electron
microprobe. Energy-dispersion spectra indicated that
Pb and U are the only major cations present. Five
points were analyzed using the wavelength-dispersion
mode, a beam 20 pm in diameter, an excitation voltage
of 15 kY a beam current of 20 nA, and UO2 and PbTe
as standards (Table 2). The structure determination
indicated that additional cations may be present in
small quantities (see below), so the crystal was
analyzed for Al, Ba, Bi, Ca, Co, Cs, Cu, Fe, Mg Mn,
Na, Ni, R S, Sc, Sr, Th, Ti, V and Zn,but all were
found to be below their corresponding detection-limits.

TABLE 2. CHEMICAL C1CMPOSITION OF
RICIIETITE(wI 7o)

Point 4
77.02
16.89

Uor
Pbo

Point I Point2 Point3
77.30 77.7t 77.83
t7.22 t6.76 t7.04

Point 5
77.31
t7.37

Srnucruns SoLUTIoN AND REFINEMENT

Scattering curves for neutral atoms, together with
anomalous-dispersion corrections, were taken from
International Thbles for X-Ray Crystallography, VoL N
(Ibers & Hamilton 1974). The Siemens SHELXTL
Version 5 system of programs was used for the
determination and refinement of the sfructure.

_ Attempts to solve the structure in the space group
Pl were unsuccessful. The structure was solved by
direct methods in the space group Pl. The location
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of 36 U atoms was extracted from the solution, and
refinement of their positional par4meters gave an
agreement index (R) of -25Vo. A difference-Fourier
map calculated at this stage revealed the location of Pb
cations and some anions. Additional anions and two
additional cation sites (designated trrl) were gradually
located in difference-Fourier maps calculated following
least-squares refinement of the improved models.
Refinement of the positional parameters for all atoms,
the occupancies of the Pb and M sites, the isotropic-
displacement pzuameters for the cations, and an overall
isotropic-displacement parameter for all anions gave
an agreement index (R) of. l0.7Vo. Refinement of the
anisotropic-displacement parameters for the cations,
together with two overall isotropic-displacement
parameters, one for O2r and OH-, and one for HrO,
gave an R of 8.9Vo for L2,383 observed reflections
(lFol > 4o"). The correct absolute orientation of the
structure was verified by refinement of the Flack
parameter. Several of the uranyl ion U6*-O boqd-
lengths refined to unreasonably short values (-1.4 A);
all uranyl Uet-O bond-lengths were subsequently
restrained to be -1.8 A by adding extra weighted
observational equations to the least-squares matrix. The
imposition of these restraints did not affect the final
agreement index. The heavy atoms of the structure
were checked for higher symmetry using the program
MISSYM (Le Page 1987); no additional symmetry
operators were found. Final positional parameters and
equivalent isotropic-displacement parameters are given
in Table 3, mean interatomic distances of the cation
polyhedra are in Table 4, the refined occupancies of
the Pb sites are in Table 5, and bond-valence sums at
the cation and anion sites are in Table 6. Selected
inleratomic distances, anisotropic-displacement param-
eters, and observed and calculated structure-factors are
available from the Depository of Unpublished Data,
CISTI, National Research Council, Oftawa. Ontario
KlA OS2.

DescmEnoN oF Tm SrRUcruRE

Cation polyhedra

The UG cation is usually present in crystal
structures as part of a near-linear (U*QJr* uranyl ion
(Ur), with U0*-O bondlengths of -1.8 A (Evans 1963,
Burns et al. 1997a). The uranyl ion is coordinated by
four, five, or six additional anions, located in the equa-
torial positions of square, pentagonal and hexagonal
bipyramids, respectively, such that the O atoms of the
uranyl ions (Oy,) form the apices of the bipyramids.
The structure of richetite contains 36 symmetrically
distinct Utu positions, as shown by bond-valence sums
(Table 6) calculaled using the bond-valence parameteis
for UG proposed by Burns et al. (1997a). Each site
contains a uranyl ion with <U{r) -1.8 A, as imposed
by soft reshaints during the refinement of the structure.

AII 36 uranyl ions are coordinated by five [Oz-,
(OH)l anions, giving UrQ5 pentagonal bipyramids
(Q: unspecified anion). The <U-{"q> (Q-*: equatorial Q)
bond-lengths range from 230 to 2.48 A, values within
the range observed for Ufit polyhedra in well-refined
structures @vns et al. 1997a). Of the 36 U polyhedra,
12 each are UrOo(OH), UrO3(OH)2 and UrOr(OH)3.

The structure of richetite conbins 13 symmetrically
distinct Pb sites, but site-occupancy refinement indicates
that the sites are partially occupied, with occupancies
ranging from 0.31(1) to 0.94(l) (Table 5). The PbQ,
polyhedra are irregularly shaped and are made up
of from seven to nine Oy, anions and H2O groups, with
<Pb-O> bond-lengths ranging from 2.66 to 2.83 A
(Table 4).

The structure model contains two octahedrally
coordinated sites, designated M(l) and M(2), with
<M(l)-O> = 2.07 and <M(2)-$> = 2.17 A. Both
octahedra are made up of four H2O groups and two Ou,
anions, with the latter in a trans arrangement. The
polyhedron geometries are consistent with occupancy
by Mgz+ and Fe2+. The difference-Fourier map, calcu-
lated with +he M(l) and M(2) sites vacant, indicates
that the M(l) site contains substantially more electron
density than M(2). A constrained site-occupancy
refinement done with the atomic scattering-factors for
Fe and Mg gave M(l) = 0.53(5) Mg and 0.47(5) Fe.
The predicted mean bond-length, for an octahedron
with 0.53 Mg and 0.47 Fe, obtained by summing
effective ionic radii (Shannon 1976), is 2.11 A. The
refined site-occupancy for M(2) is 0.30(5) Mg, with
the site TOVo vacant. If the M sites do contain Fez* and
Mgz+o the crystal contains - 0.25 wt.Vo of both FeO and
MgO, which would only be marginally detectable using
the electron microprobe. Alternatively, the composition
of the crystal selected for the electron-microprobe
study may differ slightly from the crystal used for the
X-ray study.

Sheets of uranyl polyhedra

kojection of the structure along [010] shows tlat it
is dominated by sheets ofuranyl polyhedra, with PbQ,
polyhedra, MQu octahedra, and H2O groups located in
the interlayer (Fig. l).The sheets ofuranyl polyhedra
at z = 0.25 aud z= 0J5 are shown projected onto (001)
in Figure 2; they are topologically identical to each
otheq although symmetrically distinct and in different
orientations. The corresponding sheet anion-topology,
derived using the method of Burns et al. (1996), is
shown in Figure 3. Richetite is the first lead uranyl
oxide hydrail that is known to contain a sheet wiih
this anion topology, although such an anangement
is known from other structures. Burns et al. (1996)
referred to it as the cr-U3os sheet anion-topology. It
can conveniently be described using two distinct chains
of polyhedra, the U and P chains (Miller et al. 1996),
as shown in Figure 3. The U chain is composed of
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TABLE 3. ATOMIC PARAMETERS AND ISOTROPIC-
DISPLACEMENT PARAMETERS (XIO) FOR RICHEITIE

0(26)
o(27)
o(28)
o(2e)
o(30)
o(3r)
o(32)
o(33)
q34)
o(35)
oQ6)
o(3't)
q3E)
o(3e)
o(40)
o(4r)
q42)
o(43)
o(44)
al4s)
0(46)
o(47)
o(48)
q4e)
q50)
q5l)
qs2)
o(s3)
o(s4)
o(s5)
o(56)
a$7)
o(58)
o(se)
o(60)
0(6r)
0(62)
q63)
0(64)
0(65)
0(6)
al67)
0(68)
o(6e)
oQ0)
o(7t)
oQ2)
o(73'
o(74)
o(7s)
o(76)
q77)
o(78)
oQe)
o(80)
o(8t)
o(82)
q$)
o(u)
o(85)
o(86)
q87)
o(E8)
o(8e)
o(e0)
o(el)
qn)
qe3)
a1%)
o(es)
a{e6)
o(e7)
o(e8)
o(99)
o000)
o(r0l )
o(ro2)
qr03)
o(rM)
o(105)
o(r06)

uq

0.2342) 0.704{4)
0.263Q) 0.798(4)
0.635(2) 0.802(3)
0.565(3) 0.71q3)
0.s4eQ) 4.080(4)
0.668(3) 0.8e7(4)
0.48E(2) 0.027(3'
0.387(2) 4.140(4)
0.363(3) 0.07r(4)
0.355(2) 0220(4)
0.457(2) 0287(3)
-o.r4sP) 0.707(4)
{.040(2) 0.785(4)
4.129(2) 0.914(4)
4n4Q) 0.E7E(4)
{.181(2) 0.974(4)
0.706(3) 0.083(4)
0.069(3) 0216(4)
0.133(2) 0294(4'
0.648(2) 0.4144)
0.56s(2) 0.434(4)
02lr(2) 0.083(3)
0.32t(2) 0.107(4)
427sQ) 0207(3)
4237Q) 0298(4)
0.63s(3) 0.129(3)
0.563(2) 4.013(3)
4.109(3) 0.069(4)
{.013(2) 0.06s(4)
0.4tEQ) 0.191(4)
0.45s(2) 0.28q4)
0.483(3) 0.417(4')
0.n6Q) 0.073(4)
0.6e6(2) 0.e1e(4)
0.810(3) 0.934\4)
0.Ge(2) o.w@)
0.819(3) 0.067(4)
0.8e1(2) 0.0n9)
0.975(3) 0.138(4)
o.EnQ) 0.248(4)
0.988(3) 0.928(4)
0.039(3) 0.120(4)
t234Q) 0.735(3)
1.3s5(2) 0;r%@)
0.318(3) 0.5'12(4)
0.34r(3) 0.e39(4)
0.3e3(2) 0.742(4)
1.069(3) 0.8M(4)
r.r29(2) LonQ)
0.r7r(2) 0.09,44)
037r(2) -0.102(4)
0.4A6<2) 4.05E(3)
0.524<3) 4.t2s(4)
0.s71(3) 0.690(4)
0.62s(3) 0.7n9)
0.530(3) 0.610(4)
0.666(2) 0.590{4)
1.140(2) 0.305(3)
r.066Q) 0.170(3)
0.143(2) 0.405(4)
0.01 r(2) 0.35(4)
0.n8Q) 02n@)
0.Es4(2) 0.294(4)
0.&41(3) 0.438(4)
1.308(2) 0.143(4)
r2r4(2) -0.008(3)
o.n3Q) 0.70E(4)
0.9sr(2) 0.783(3)
0.982(3) 0.s71(4)
r.069(2) 0.572(4)
t.t23(2) 0.5s9(4)
0.62sQ) 0.516(4)
0.s68(3) 0.378(4)
o.624t2) 0.062(4)
0s77(2) 0.079(3)
0.177(2) 0.s09(3)
0.67Q) 0.613(4)
1.302(3) 0.444{4)
r200Q) 0.404(3)
0.979(2) 0.451(3)
0.863(2) 0.3e1(3)

0.154(3) 2ls(e)
0.389(3) zrs(e)
0.406(3) 215(9)
0.162(3) 21s(e)
0266l(4) 2rs(9)
02qq 26(e)
0390(3) 215(9)
0.151(3) 215(e)
023'1(4) 2rs(9)
0.120(3) 215(9)
0.36E(3) 2rs(9)
o.l2l(3) 215(9)
0.373(3) 215(e)
0.2s2(4) 21s(9)
0.16(3) 215(e)
0.399(3) 2ls(9)
0248(4) 2rs(9)
0.1s9(3) 2rs(e)
0.410(3) 2ts(9)
0.36s(3) 2t5(9)
0.r31(3) 2t5(9)
0.14q3) zrs(e,
0.389(3) 2ls(9)
0.t42Q) 2ts(e)
0.385(3) 215(9)
0363(3) 215(9)
0.122(3) 215(9)
o.ls5(3) 215(9)
0.398(3) 2rs(9)
0.632(3) 215(9)
0.878(3) 2ls(9)
0.766<4) 215(9)
0.76t(4) 21s(9)
0.628(3) zts(e)
0.170(3) 2rs(9)
0.744{4) 2ts(9)
0.742(4) 2ls(9)
0.630(3) 2rs(9)
0.888(3) 215(9)
0.743(4) 215(9)
0.78r(t 215(9)
0.164{r') 2rs(9)
0.663(3) 2rs(9)
0.er0(3) 2rs(9)
0.7w) 2r5(e)
o.lnQ) 215(9)
0.744(4) 2rs(9)
0.66r(3) 2rs(e)
0.907(3) 2'ts(e)
0.777(4) zr(e)
0.63r(3) zrs(e)
0.880(3) zrs(e)
0.719(4' 215(9'
0.62sQ) zts(e)
0.E75(3) 2rs(e)
0.746(4) 215(9)
0.777(4) zrs(e)
0.873(3) 215(9)
0.62s(3) 215(9)
0.737(4) 215(9)
0.715(4) 2rs(9)
0.62(3) zrs(e)
0.e12(3) zrs(e)
0.803(4) 215(9'
0.890(3) 21s(9)
0.ar6(3) 2rs(e)
0.645(3) 2rs(91
0.88r(3) 2rs(9)
0;t6(4) 215(9)
0.664.3) 21s(e)
0.894(3) 21s(e)
o.e0l(3) 2ts(9)
0.650(3) 2ts(e)
0.E93(3) 21s(9)
0.657(3) 2ts(e)
0.618(3) 21s(9)
0.875(3) 2rs(e)
0.868(3) 215(9)
0.619(3) 2rs(9)
0.8843) 215(9)
0.6243) 2rs(9)

u(l) 0.1029(2) 0.9383(2) 02s74(3) 19000)
u(2) 0.27W) 0-43743) 0.282(3) 198(10)
u(3) 0.444eQ) 0.5688(2) 02816(3) 97(8)
u(4) -0.0599(2) 0.4383(3) 02653(3) ls8(9)
rr(t -0.2335Q) 0.s78t(3) 026r,6(3) 2t1(9)
qq 0J03'1Q) 0.s518(3) 02542Q) 217(10)
u(7) 02542(2) 0.75sqD 02727Q) mQ)
r^E) 0.s9w) 0.762eQ) 0284E(3) 177(9)
r{e) o.43u(2) -0.0589(3) 02665(3) r62(e)
u(10) 0.40s4(2) 02443(2) 02465(3) 172(9)
r(n) {.0e31(2) 0.745qD 0.24e3(3) t46{9)
u(12) 423t6(2) 0.9306(3) 02'12E(3) 177(9)
u(13) 0.0976(2) 0.2579(3) 0.2ut9) t76{9)
r4r4) 0.6038(2) 0.4389(2) 0rJ60(3) lM(10)
u05) 0.264t(2) 0.0'172(3) 02661(3) 208(9)
u(16) 4.?-48?-(2) 02s20Q) 026r,3Q) 73A
u(r7) 0.s99E(2) 0.0502(3) 024s7Q) 16'1(9)
u(18) -0.0s90(2) 0.0678(2) 02769(3) 99(8)
u(rg) 0.447Q) 02469Q) 0.7ss6(4) 333(13)
u@) 0.7s4e(2, o.nng) 0.7s03(3) 21800)
u(zr) 0.9267(2) 0.0746(3) 0.7565(3) 148(9)
u(n) 12e03(2) 0.7s69(3) 0.7E62(3) l8s(9)
u(23) 1.0e50(2) 0.%84(3) 0.7833(3) l7l(9)
u(u) 0.4267Q) -0.0861(3) 0.755s(3) 132(E)
ua, 0J95(2) 0.7487(1) 0.7500(3) 126{E)
u(26) 1.1006(2) 0.24N(3) 0.7494(3) 131(8)
u(27) 0.7898(2) 0 70Q) 0.78s4.3) 1949)
u(28) r263rQ) 0.0660(3) 0.7673Q) r'1r(9)
u(29) 0.9430(2) 0.7501(3) 0.7e3@) 34s(r2)
u(30) 1.0940(2) 0.s657(3) o.'t76sg) 247(10)
r.(3r) 0.s9r7(2) o.4472Q) 0.7762(3) 122(8)
u(32) 0.5955(2) 0.06s8(3) 0.7743(3) 225(10)
I{33) 0.4213(2) 0.5690(3) 0.7460(3) lle(8)
uQ4) r.?507(2) 0.428't(3) 0.7450(3) 2t6(10)
u(3s) 0.9242(2) 0.4132(3) 0.7s31?) 122(8)
u(36) 0.7613Q) 0.56es(3) 0.7670(3) 150(8)
P4l) -0.0303(3) 0.669'1(4) 0.51E8(4) 34104)
Pb(2) 0.07443) 0.9696(5) 0.s218(s) 2@(17)
PbQ) 0.4636(3) o.sz3't(s) 0.s4s3(5) 219(18)
PU4) 02317(4) 0.47E0(5) o.4W2(' 272Qr)
Pb(, 0.6172(3) 0.9569(4) 0.0037(4) 385(t7)
Pb(6) 0.71r9(3) 0.68'12(4) 0.01s9(5) 410(le)
PbQ) r.0800(3) 0.0443(4) r.02e9(4\ rA{16)
P(8) 0.7266{3) 0.3359(4) 0.5159(4) 27000
P49) {.01s7(3) 0.3rs2(5) 0.0140(t 299(19)
P6(10) 0.6n4Q) 0.0312(4) 0.5117(t 438(lE)
Pb{11) 0.n91(7) 0.4e(r) 0.009(l) 380(3s)
P4r2) 02128(8) 0.187(r) 0.0190) 463(4s)
Pb(13) 0.3066(5) 0.6932(8) 0.s40r(E) 413(24)
M(r) 0.3490) 0.507(2) 0.01(2) 235(3E)
M(2) 4.lsl(o 0.013(8) 0.01s(e) 235(38)
o(r) 0.147(2' 0.e40(3) 0.376(3) 215(9)
o(2) 0.067(2) 0.y2qq 0.13r(3) 2ts(9)
aG) 0.036(2) 0.074\4) 0250(4) 2ts(9)
o{4) o203Q) o.n,@) 0243(4\ 215(9\
o(5) 0.178(3) 0.132(4) 02e6(4) zts(e)
0(6) 022s(2) 0379(4) 0.1s8(3) 21s(9)
oa 825(2) 0.467(3) 0.411(3) 2rs(9)
o(E) 0218(3) 0.583(4) 0286(4) 21s(e)
o(9) 0.177(2) 0.393(4) 0.310(4) 2rs(9)
o00) 0.318(2) 0267(4) 0.308(4) 2ts(9)
o(r r) 0.369(3) 0.420(4) 02fi(4) 215(9)
o(r2) 0.49s(2) 0.s6s(3) 0.&2Q) 2ts(9\
o(13) 0.3e8(3) 0.56E(4) 0.16t(3) 2ls(9)
o(r4) 0.544(2') 0.57E(4) 0263(4) 2rs(9)
o(15) 4.lll(2) 0.3s3(3) 0.149(3) 2ts(9)
0(16) {.006(2) 0.s20(4) 0.386(3) 215(9)
o(17) -0.136(3) o.s74<4' 0.25t(4) 21s(9)
o(18) 0.M7Q' 0.393(4) 050(4) 215(9)
o(r9) -o.r'16P) 0.625(3) 0.3e6(3) 2rs(9)
oQI) -0.186(3) 0.760(4) 0286(4) 215(9)
o(2r) 0.707(3) 0.415(4) 023'1(4) 2ts(9)
o(22) 0.6'1s(3) 0.628(4) 0286<4) 215(9)
o{23) 42y2(2) 0.s93(3) 0.144(3) 2rs(9)
o(u) 0.130(3) 0.6u(4) 0.368(3) 2rs(9)
oQs) 0.07e(3) 0.492(4) 0.131(3) 2rs(9)
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o(ro7) 0.80q2)
o(r08) 0.7reQ)
oH(t) {.014(3)
oH(2) 0.nE(3)
oH(3) 03W)
oH(4) 0.478(3)
oH(s) 0.484(3)
or(6) {.143(3)
o$a {.023(3)
orr(8) 4.022Q)
oH(e) 0.3s9(2)
o$(r0) 0.477(3)
oH(rr) 4.r43Q)
o$(r2) 0.615(3)
o$(r3) 0.350(2)
oH(r4) 0.350(2)
ofi(rs) 0.578(3)
oH(r6) 0.8s4(2)
oII(r7) 0.7r6Q)
oH(r8) 0.714(3)
oa(rg) 0220Q)
oH(zo) o2r2(3)
o$(zr) 0.080(3)
oil(n) 0214{.3)
or{(23) 0.710(3)
or424\ 0.8s3(2)
HzO(l) 0.38e(3)
HrO(2) 0.5E3(2)
H,O(3) 0.160(2)
H,O(4) 0.106(2)
He4s) 0.7AQ)
H"O(6) 0.124(3)
H"O(7) 0287(2)
H"qt) 0.4r3Q)
HAe) 0.732Q)
H,qrq 0.782Q)
H,O(11) 0.rs2(2)
Hro(rz) 0.100(2)
HrO(t3) 0.577(3)
HrO(14) O.43sQ)
H,O(rs) {.089(2)
HzO(rO 027sQ)
HzO(rT 0.386(2)
HlO(tE) 029rQ)
H,O(rg) 0.600(2)
Hp(20) 0.473(3)
H,O(2t) -0.081(2)
H"o(n) 0.418(2)
H,O(23) 02'18(2)
H,O(24' {.081(2)
HrO(25) 0.768{2)
H,A(2O 0.029Q)
H"O(27) 0.6s4(2)
H2o(28) 0.4r l(2)
HzO(29) 0273Q)
H,o(30) 0.9sE(3)
H2q3D 0.54q2)
H,o(tz) 0.E89(2)
HA13) 4.0e1(2)
HAU) 0.M5(2)
H2o(3s) 0.4E1(3)
1110(36) {.351(2)
Ezo(37) 0.531(2)
HrOQs) 022q3)
H2o(39) 0.934Q)
H,O($) 4.42tQ)
HrO(4t) 4.1E5(2)

0.63q4) 0.889(3) 2ts(9)
0.486(3) 0.645(3) 2ts(9)
0.86s(4) 0.232(4) 2rs(9)
0.734(4) 0.213(4' 2t5(9)
0.642(4) 0.32t(4) 21s(e\
0.758(4) 0.306(4) 2ts(9)
0.369(4) 0220(s) 21s(9)
0.3e0(4) 0.314(4) 2rs(9)
0 3(4) 0.313(4) 21s(9\
0.5e4(4) 0215(4) 2rs(9',)
0.e0(4) 0313(4) 2rs(9')
0.097(4) 02lr(4) 2rs(9)
0.145(4) 0.329(4) 21s(9)
0.234{4) 0.19E(4) 215(9)
0.121(3) 0.71E(4) 215(9)
0.355(4) 0.708(4) 215(9)
0.%t(4) 0.803(4) 2ts(e)
0.868(4) 0.7nQ) 215(e)
o.7n@) 0.70E(4) 2ts(9)
0.131(4) 0.811(4) 215(9)
0.905(4) 0.834(4) 2ts(9)
0.631(4) 0.E03(5) 2ts(9)
o.77r(4) 0.8144) 2rs(9)
0.22t(4) 0.707(4) 2ls(9)
0.3e8(4) 0.818(4) 21s(9)
0.62r(4) 0.730(4) 21s(9\
0.3o2(s) 0.4n$) 201(lo
0.7@(3) 0.01q4) 201(to
0.120(3) 0.s1s(4) 20r(16)
o.1'7q, 0.s?43) 20r(16)
0.e5(3) 0.019(4) 201(lo
0.53r(4) 0.s244) 201(16)
0.323(3) 0.s2244) 201(lO
0.709(3) 0.s44<4) 201(16)
0.982(3) 0.49s(4) 201(tO
0.s2E(3) 0.519(4) 201(16)
0.840(4) 0.014{4) 201(10
0.269(3) 0.013(4) 201(lo
0.474(4) 0.s44) 201(lo
0.57r(3) 0.011(4) 201(ro
0.837(3) 0.035(4) 201(lo
0.410(3) 0.02qq 201(lo
0.332(3) 0.010(4) 20t(t6)
0.635(3) 0.003(4) 201(ro
0r3s(3) 0.s23(4) 201(to
0.171(4) 0.519(4) 201(16)
0.437(3) 0.49s(4) 20r(16)
0.025(3) 0.012(4) 20t0o
o.M7(4) 0.527(4) 20100
0.s?5(4) 0.025(4) 20106)
0.469(3) 0.014(4) mt(16)
0.325(3) 0.s08(4) 20100
0.il7(3) 0.s18(4) 20r(16)
4.038(4) 0513(4) 20r(16)
0.e4t(3) l.@7(4) 20106)
0.039(4) 0.s39(4) 20r(16)
0.157(4) 0.036(4) n\r6)
0.800(3) 0.4f,2(4) 20(16)
0.184(3) 0.514(4) 201(10
0.663(3) 1.036(4) 201(10
0.807(5) 0.000(t 20r0q
0.346(4) 0.020(4) Nr(r6)
0.840(3) 0.497(4) 201(lO
0.83E(3) 0.517(4) 201(lo
0.102(3) 0.021(4) 201(lo
0.534(5) 0.024(s) 20100
0.190(3) 0.032(4) 201(lO

2.81 <pt(2)-80> 2.68
2;13 <Pt(4)-80> 2.tO
2.69 <p,(6)-8o> 2.77
2;16 <p6(E)-80> 2.71
2.70 <pb(10!90> 2.83

t# 
<Pt02)-8F 2.76

2.07 <M@-6+> 2.1'1

TABLE4. MEANINTERATOMIGDISTANCFS (A)
FORRICSETTTE

<u(l)-2oP 1.80 4J(2>2W l.8l
<u0)-s0c- 2.37 <u(2)-5oe> 2.36
<u(3)-2oP r.79 <J(4)-2W 1.79
<{3)-s0q> 2.33 <u(4)-50a 2.38
<U(t-2q,i l.E8 <u(6),2oP t.74
<r(5)-50e> 2.35 <{O-50e> 2.41
<J(T2O!? t;ls <J(E)-2q,2 Lt4
<u(4-50; 2.4 <U(8)-s0e> 2.34
<J(9)-2qr: L79 <J00>2qr,> 1.79
<t(9)-5Oq> 236 <Joo)-soe> 2.37
<J(ll)-2q,> l.8l <J(12)-2o,i> 1.80
<u(11)-50q> 2.30 <t02)-5oa 2.4
<u(13)-2ou: l.Eo <u(14)-2op r.78
<u(13)-50q> 2.31 <t(14)-5oe> 2.38
<u(15)-2oP 1.80 <Joo-2oP t.79
<J(15!5Oq> 2.38 <U06)-s0q> 2.40
4J(17)-2oi t.77 <J(18)-2OP 1.81
<u(l}soi 2.35 <U(lE)-soe> 236
<r09)-2qjP L82 <U(20)-2OP l.Eo
<Jo9FsOc> 2.30 <U(20)-50q> 2.39
<r(21)-2qri l.Es <J(n>zo"? 1.81
<(2r)-5oe> 2.33 <J(D)-sq? 2.42
<v(23)-2O!? r.8l <J(24)-2O"? t.a2
<u(23)-504> 2.38 <t(24>504> 2.36
<(2t-2qr2 1.81 <tQq-2Ar. 1.80
<(25)-50a 2.36 <J(26!506> 2,34
<tQD-2Ou? 1.83 4J(8)-2o'r? L79
<u(27)-5oq> 2.45 <U(2EF50c- 2.36
<u(29)-2W r.76 <(30)-2oP r.76
<u(29)-soe 23s <u(30)-50c> 2.44
<u(31)-2qP 1.84 <r(32)-2of 1.81
<{3r)-50a 2.3s <(32)-so;> 2.38
<J(33)-2qP 1.84 <J(34\2Ar? 1.80
<{33}s0q> 2.35 <(34)-504> 2.41
<u(3t-2oP r.87 <r(3+2OP 1.79
<,(35)-5Oq> 2.32 <{3O-50e> 2.36

<Pro)-90>
<Pr(3)-90>
<Pr(s)-8s>
<Pr(7)-80>
<Pb(9)-80>
<Pr(ll)-7P
<Pr(13)-EO>

<M0)-6+>

alternating triangles and pentagons that share edges,
whereas the P chain is composed only of pentagons
that share edges (Fig. 3). The chains alternate in the
sequence PIlPtlPU... in the sheet anion-topology.

TABLE 5. REFINED SITE{CCIJPANC'IES OF TIIE Pb STTES FOR
R]CIIETTTB

PUD 0.e4(l) Pb(2') 0.71(l) Pr(3) 0.62(r) pu4) 0.620)
Pz(s' 0.e0(l) pu6) 0.810) p47) 0.63(r) pr(8) 0.76(l)
PUg) 0.6E(1) p6(10) 0.920) p{lr) 0.34(r) pqLD 0.3r(r)
P6(13) o.5o(1)

I nte rl ay e r c o ns ti tu e nt s

The sheets of uranyl polyhedra in the structure
of richetite are linked through a complex network of
bonds to interlayer constituents (Frg. 1). The interlayers
occur at z = 0 and z = rh and, contain Pbz*, M cations,
and H2O groups. The Pb2* and M cations bond to HrO
groups within the interlayer, as well as to Oy. anions
that extend outward from the sheets of uranyl polyhedra.
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u(l) 6.03 c(o r.76 0(62) 2.o3 oH(ro) r.2s
u(2) 6.13 AA t.72 0(63) 1.58 OH(tr) l.l3
r{3) 627 o(8) 2.14 0(64) 1.63 oH(tz) L.r2
u(4) 5.87 o(9) 1.88 0(6' 2.08 oH(r3) 1.36
u(s) s.90 o(10) r.60 0(66) 2.08 oH(r4) 127
u(6) 620 qrD 2.r2 0(67) l.9s oI{(Ls) r.32
u(7) s.76 o(r2) t.1r 0(68) r.6 ofi(r6) r.34
r48) 5.48 o03) t.n q69D l.s4 oH(17) t26
u(9) 6.10 o(r4) 2.r2 o\70) 2.o9 oI{18) 128
I(10) 5.9E O(15) 1.85 oQD 2.06 oH(19) 1.07
u(l l) 627 0(16) r.76 o(n) 2.0s oH(20) 1.30
u(tz) s.8t o{17) 2.0't o('13) t.82 oH(2r) 1.31
r(13) 6.s2 a(Jq 2 oQ4) l.E8 oHQ2) 123
rI(r4) 6.n o(r9) r.ss o(75) 2.0E oHQ3) r.r4
uot 6.18 o(20) 1.87 0176) r.70 oH(u) r.41
u(16) s.eo oQL) 2.03 o(77) 1.80 H,o(D 0.0e
u(r7) 6.39 o(22) 1.77 oQ8) r.69 H,42) 0.40
u(rE) 6.02 qn) Lsz q79) t;tr H"43) 0.19
u(19) 623 O(24) 2.0s C(80) l.es H,o(4) o.37
I\2O) s.94 o(2s) r.93 q8l) r.92 H2o(5) 0.20
u(zr) s.n oQ6) l.El o(8?) 2.03 H,o(a 0.18
u(22' 5.56 oQ1) r.1e o(83) r.77 H,o(1) 0.45
u(23) 5.82 q2q Le4 q8r'.) L72 H,48) 0.60
uQ4) 6.3t O(29) r.13 O(8s) 2.03 H,o(g) 0.34
u(2s) 6.08 o(30) 2.33 O(8O 1.56 H2O(|O) 021
It(26) 627 O(31) 1.92 O(87) r.76 H,O(rl) 0.07
u(27) s.34 q34 1.68 q88) r.69 H,o{r2) 0.58
uQ8) 627 O(13) l.8l O(89) 1.91 H,qr' 0.16
uQg) 6.30 oQ4) 2.0r O(e0) 1.60 Hp(r4) 0.36
r^30) 5.e1 o(3, 1.@ o(9r) 1.80 H,O(r' 0.02
r{3D s.1s o(3o 1.68 o(92) 2.03 H,o(lO 0.36
u(32) s.76 o(37) r.6 o(93) r.67 HQOT 0.18
uQ3) 5.92 O(38) 1.85 qglD r.99 Hrqtq 0.41
uQ4) 5.90 OQe) 2.09 o(e5) r.93 Hd(rg) 0.19
u(35) 622 o(40) 1.88 qgq L82 H,O(20) 0.00
r43O 6.21 O(4r) 1.60 O(97) 1.83 H,O(21) 0.t2
PUl) r.73 o(42' 2.t2 C(98) 1.43 H,q22t 0.00
Pb(2) l.Es o(43) 1.83 q99) 1.e8 H,q23) 0.00
Pb(3) 1.83 a@) 1.77 qr00) r.63 H,oQ4) 0.08
Pb(4) 2.01 o(4s) 2.@ o(r01) r.83 H,o(25) 0.10
Pb(s) 1.89 Ot46) r.s2 O(r02) r.49 HrO(26) 0.00
Pb(6) r.46 O(47) r.U 0(103) r.93 H"42T 0.00
Pba 1.s0 o(48) t.6 0(104) 1.68 HpQs) 0.00
Pr(8) r.77 o(49) r.63 0(105) 1.60 H,o(29' 0.02
Pb(g' 1.82 O(50) 1.89 O(l0O 1.53 HrO(30) 0.15
Pr(10) 1.50 O(sl) 1.93 q1o'.D t.?r H2O(3r) 0.1',"
pD(u) 1.83 a{sz) 1.90 0(108) 1.86 H,o(32) 0.55
pb(rz) r;13 o(s3) r.62 oa(t) r.32 H,oQ3) 0.00
P4r3) r.v2 o(s4) l.8l oE(2) r.l9 HAU) 0.04
M(1) 2.65 O(s5) 1.58 OHQ) 123 HrO(3s) 0.00
MQ) 2.r9 0(56) l.sl OI{(4) r.37 H,O(3O 0.00
o(l) 1,77 o(s7j 2.t3 oH(, r22 Hzo(37) 0.ll
q2, t.1r o(58) 1.98 OH(6) r.t1 H"OQ8) O23
o(3) 2.O2 o(sg) r.84 OHA r27 H\OQ9) 0.2r
ol4) 2.12 0(60) r.74 on(E) r2s H,o(40) 0.00
o(5) 1.8s O(6t) 2.09 OH(g) 129 H,O(41) 0.03

TABLE6. BoNDVALENCE* SUMS (w) ATATOMIC PosmONS FoR
RICIIETTTE

partially occupied MQu octahedra, and that involve
polymerization of polyhedra by the sharing of both
corners and faces.

An enlarged view of the heteropolyhedral cluster at
z = 0 is shown in Figure 6. The Pb(5)Q' and Pb(6)Q8
polyhedra, with refined site-occupancies 0.90(l) and
0.81(1), respectively, share a face to form a Pb2Q"r,
dimer, with the Pb2* cations separated by 3.828(7) A.
The Pb2Q,, dimer is linked by corner-sharing with the
M(Z)Quoctahedron to a group offour PbQ, polyhedra
(Fie. 6). The Pb(7)Qs, Pb(g)Qt, Pb(DM and Pb(r2)Qe
polyhedra have refined site-occupancies 0.63(1)'
0.68(1), 0.34(1) and 0.31(1), respectively. T\e Pb(l) to
Pb(12) and, Pb(9) to Pb(ll) interatomic distances are
3.36(2) and 3.38(l) A, respectively. These distances are
shorter than is usual for pairs of PFn cations, suggesting
that only one site of each pair is occupied on a local
scale. The sums of the refined site-occupancies we094
for the Pb(l) and Pb(12) pair, and 1.02 for tbe Pb(g)
and Pb(ll) pair, which is consistent with only one site
of each pair being occupied locally. The Pb(7) to Pb(9)
nd Pb(11) tD Pb(12) interatomic distances are 3.854(8)
and 3.88(2) A, respectively, long enough for both sites
of each pair to be occupied locally. However, on a local
scale, occupancy of Pb(7)-Pb(11) or Pb(9)-Pb(12)
pairs would maintain the Iinkage to M(l).T\e H2O(16)
anion bonds to the Pb(l l) and Pb(12) sites, and also
provides the atlachment point for the M(1)Q6 octahedron
(Fie. 6).

The interlayer at z = Vz contains seven symmetrically
distinct PbQ, polyhedra and an additional six symmetri-
cally distinct H2O groups that are not bonded to Pb2*
cations (Fig. 5). The Pb(l)Q, polyhedron, with refined
site-occupancy 0.94(I), and the Pb(2)08 polyhedron,
with refined site-occupancy 0.71(1), share a face with
the Pb2* cations separated by 4.210(7) A. The PD(8)Q'
polyhedron, with refined site-occupancy 0.76(1), and
the Pb(l0)Qq polyhedron, with refined site-occupancy
0.92(l), also share a face to form a dimer. The Pbzt
cations in the dimer are separated by 4.2a6Q) A.

The Pb(3)Qr, Pb(qqE and Pb(13)Qs polyhedra share
elements, and the refined site-occupancies are 0.62(1),
0.62(l) and 0.50(l), respectively. The Pb(3) to Pb(4)
and Pb(3) to Pb(13) interatomic distances are 4.508(5)
and 3.87(1) A, respectively, whereas the Pb(4) and
Pb(13) cations are separated by 2.77(l) A only. There-
fore, on a local scale, only a combination ofthe PD(3)
and Pb(4) or the Pb(3) and PD(13) sites are likely to be
occupied together, as significant Pb2+-Pb2+ repulsion
would occur if both the Pb(4) and Pb(13) sites were
occupied locally.

Fonvrwe non RTcHETITE

The structure solution indicates that all 36
symmetrically distinct U positions correspond to Ue*
(see above). The total Pb2+, obtained by summing

f,Ihe bord-valaw pmeters fqu*4 bonds rc from B|m etat (19974) dd
fq Pblo ed Fe$-o re frm Bre & o'Keffe (l 99 l). Bond-ralm frm
Pbl md M etiru upon mio positim hve bm mled by a &ctor equal to the
refinEd site{eupecy of the @ti@ sit€.

Projections of the interlayer polyhedra onto (001)
demonstrate that the arrangement at z = O is much
different rhan that at z = Vz (Figs. 4, 5).

The interlayer at z = 0 contains six unique PbQ,
polyhedra both MQ6 octahedra that occur in the structure,
as well as four symmetrically distinct H2O groups that
do not bond to either Pbz* or M catrons. The interlayer
contains discrete heteropolyhedral clusters that consist
of six partially occupied PbQ, polyhedra and two
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asrrY --1

FIc. 1. The structure of richetite projected along [010]. Uranyl polyhedra are shaded with crosses, MQ6 octahedra are shaded
with a hening-bone pattem, Pb2" cations are shown as black circles, O anions and HrO groups are shown as small and large
unshaded circles, respectively.

z :0 .75

Frc. 2. The sheets of uranyl polyhedra h the richetite structure projected onto (001). Legend as in Figure l; (a) sheet at z = 0.25,
(b) sheet at z = o;75.

r93

b - l
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Frc. 3. The richetite sheet anion-topology.

the refined site-occupancies, is 8.74. The polyhedral
geometries and electron densities of the two
octahedrally coordinated M sites are consistent with
partial occupancy by Fe2* and Mgz+ (see above), and
site-occupancy refinement using the atomic scattering-
factors for Fe and Mg gave 0.47 Fe2* and 0.83 Mgz*.
There are 173 symmetrically distinct anions in the
strucfure, and bond-valence sums (Table 6) indicate
these correspond to 108 OT,'24 (OHY ard 4l H2O. The
assignment of a few of the anion sites is somewhat
ambiguous for the present strucfure refinement, and
it is possible that (OHf * 02- substitution occurs at
some of the anion sites.

The formula of the crystal of richetite studied,
based upon the structure determination, is
MPb8.14l(UO) r8Or8(OH)r212(HzO)0,, where M may be
Fe2* and Mg2* and, if so, x = 1.30. However, the
formula has a net charge of -4.1. The chemical analysis
of a crystal from the same specimen (Table 2) indicates
that the U:Pb ratio is higher than obtained from the
structure refinement. The chemical analysis gives a
U:Pb ratio of l:0.282. For a formula with 36 U, the
chemical analysis indicates 10.15 Pb2*, which would
give a formula with a net charge of -1.2. Further work
is required to fully determine the formula of richetite.

Covpenrsow ro RELATED SPncms

Structures with the a-U jO6-type sheet

The c-UrOs-type sheets of uranyl polyhedra
contained in the structure of richetite (Fig. 2) are
topotogically identical to the sheets that occur in
the strucrures of protasite, Ba[(uor)3o3(oH)2](H2o)3
(Pagoaga et al. 1987), billietite, Ba[(UOr):Oz(OH)J
(HrO)o (Pagoaga et al. 1987), becquerelite, Ca[(UOz)

3O2(OH)312(H2O)g (Pagoaga et aI. 1987), and o-UrOt
(Loopstra 1977). The basic anion-topology of the
richetite sheet @g. 3) does not distinguish between 02-
and (OH)-. However, the distribution of Oz- and (OH)-
in the sheet is important, as it pertains to the valence
of the sheet. as well as to how the sheet connects to
interlayer constituents by H bonding. The anion
topologies of the sheets in the structure of richetite,
with the location of (OHl groups indicated as circles,
are compared to the anion topologies of the sheets in
the structures of protasite, becquerelite and billietite
in Figure 7. The distributions of 02- and (OHf over the
sites in the anion topologies for the richetite sheets at e
=0.25 andz= 0.75 in the structure are identical, and all
(OH)- groups are located at the corners of riangles
in the anion topology. There are two fypes of triangles
in the richetite sheet anion-topology: type-A triangles,
which have (OH| groups at all corners, and type-B
triangles, which contain only 02- anions, with twice as
many A triangles as B triangles. Going along any U
chain in the sheet anion-topology, triangles occur in the
sequence AABAAB...

In richetite, the sheets have the composition

[(UO2)r8O18(OH)rr],,-, with a ratio of Oz- to (OHl of
3:2. T\e sheets in the structure of protasite have the
composition [(UOt3O3(OtDrlz-, with the same ratio of
Oz- to (OH)- as in richetite. However, the distribution
of (OHl groups within the sheet anion-topology
of protasite is quite different (Fig. 7). In the sheet
anion-topology of protasite, all (OHI groups are located
at the corners oftriangles, such that all triangles in the
sheet anion-topology contain two (OH)- groups. The
sheets in the structures of becquerelite and billietite
(considering the c-UrOr-type sheet only in billietite)
have the composition [(UO)3Or(OH)3]r-, with a ratio
of 02- to (OHf of 2:3. In the becquerelite and billietite
sheet anion-topologies, all (OHl groups are located at
the corners offfiangles, and all triangles contain ttu'ee
(OHf groups (Fig. 7). Thus, although the structures
of richetite, protasite, becquereliteo and billietite all
contain topologically identical sheets, the distribution of
(OH)- groups in the richetite sheet appears to be unique.

Structures of lead uranyl oxide hydrates

Seven lead uranyl oxide hydrate minerals have been
described (Finch & Ewng1992), but the structures are
known only for curite, Pb3[(UOr)rOE(OH)6](HrO)3



(Taylor et al. 1981), sayrite, pbr[(UOr)5O6(OH)r](HrO)4
(Pnet et al. 1983), fourmarierite, Pb[(UOr)4O3(OH)4]
(HrO)o (Piret 1985), richetite (this study), and
vandendriesscheire, Pb I s7[(UO) 1oO6(OH)rr] (HzO),,
(Burns 1997). The structure of each of these minerals is
based upon sheets of uranyl polyhedr4 with PtF* cations
and HrO groups located in the interlayers. Richetite is
the only lead uranyl oxide hydrate tlat contains
octahedrally coordinated cations in the interlayer.
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Each of the lead wanyl oxide hydrate minerals for
which structures are known contain different sheets
of uranyl polyhedra; tle sheets, together with their
corresponding sheet anion-topologies, are shown in
Figure 8. Of these sheets, only the curite and
vandendriesscheite sheets are unique to lead uranyl
oxide hydrate structures. Burns (1997) discussed the
relationship between the structures and paragenesis of
the lead uranyl oxide hydrate minerals.

THE STRUCTIJRE OF RICIIETITE

Frc. 4. The interlayer constituents ar z = 0 projected onto (001). Legend as in Figure I
M cations are shown as circles shaded with oarallel lines.

r\



t96

I
I
a

HrO(33)

b______
FIc. 5. The interlayer constituents at z = 0.5 projected onto (001). Legend as in Figures

1 and 4.
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Flc. 6. The heteropolyhedral cluster that occurs in the interlayer at z - 0 projected onto (001). Legend as in Figures 1 and 4.



TFIE STRUCTURE OF RICHETITE

Protasite Becquerelite

Billietite

Ftc. 7. Sheet anion-topologies with the locations of (OHf groups shown by circles for (a)
richetite, sheet at z = 0.25, (b) richetite, sheet at z = 0.75, (c) protasite, (d) becquerelite
and billietite.
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