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AssrRAcr
Moctezumite,[PbUOr](TeOr)r,is monoclinic, P2,/c, with a : 7.813(5),b : 7.061(2),c
: 13.775(4) A, P : 93.7l(2)', and Z -- 4. Its structure has been refined to an unweighted
residual of 0.041 using 1440 reflections. Moctezumite possessesa layer structure parallel
to (001). In eachlayer, U-coordination pentagonalbipyramids formzigzag chains parallel
to b by sharing edges.The U chains alternate with chains of Pb edge-sharingmonocapped
trigonal-prism coordination polyhedra. The U-Pb layers stacked along c* are connected
by TezOeunits. Each TerOu unit is composedof TeO.ry'and TeOory'(f : lone pair), which
sharean O atom. The structure of moctezumite consistsof slightly modified schmitteritelike (UTeOr) winged U polyhedral chains separatedby Pb polyhedral chains.
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TABLE1. Crystal and experimentaldata of moctezumite
a (A)
b (A)
c (A)
Bf)
v(A')
FW
F(000)
Spacegroup

z

Formula
4o. (g/cm')
p (mm ')
Crystalsize (mm)
Diffractometer
Monochromator
Radiation

Crystal-celldata
7.813(5)
7.061(2)
13.775(41
e3.71(2)
758.3(6)
828 42
1368.00
P21lc
4
lPbUO,l(TeO3),
7 256
37 61
lntensity measurements
0.06x0.08x010
Enraf-NoniusCad4
Graphite
MoKa, (cell)(: 0 70926 A)
M o K a ( d a t a )( : 0 . 7 1 0 6 9 A )
0-20

Trer-e2. Atomicparameterc
x, y, z, andq". (4,)for moctezumite
p

U
Pb
Te1
fe2

o1
02
o3
o4
UJ

o6
07
o8

0.0s02(1
)
0.5642(1
)
0.3500(2)
0.8158(2)
0 161(2)
0.296(2)
0.739(2)
0 615(2)
0.485(2)
0.934(2)
0.925(2)
0.832(2)

0.1s64(1
)
0.1241(1)
0 1855(2)
0 1669(2)
0.856(3)
0.447(31
0.825(3)
0.346(3)
0 820(3)
0.s26(3)
0.166(3)
0 884(3)

0.80919(7)
0.32911(7)
0 0450(1)
0 5806(1)
0 146(1)
0.036(1)
0237(1)
0.143(1)
0 043(1)
0.155(1)
0.181(1)
0 042(1)

0.71(4)
1 23(41
0.79(s)
0.78(6)
1.4(3)'
1.4(3)1.6(3)1.5(3).
1.4(3)1.6(4).
1.5(3r
1.9(4)'

Note.' q* is the mean of the principal axes of the thermal ellipsoid.
Estimatedstandarddeviationsrefer to the last digit printed.
'These atoms were refinedisotropically

Scan type
20 'ange
u.c-cc.d'
Max. countingtime (s)
60
hkl ranges
1 0 - 1 0 ,0 - 9 , 0 - 1 8
No of refl. measured
3507
No. of uniquerefl
1832
No of refl. with F. > 3.0o(f) 1440
Absorptioncorrectionswere made usingp-scans.
Min and max. transmission
factors
0.21 and 0 99

dispersion. The final unweightedR factor was 0.041, and
the results of the refinement are shown in Table l Final
atomic coordinatesand isotropic thermal parametersare
given in Table 2. Anisotropic thermal parametersare given in Table 3.' The observed and calculated structure
factors are listed in Table 4.'
The structural formula for moctezumite deducedfrom
Refinementof the structure
the refinement is [PbUO,](TeOr),. The cell content and
Residuals:
density differ from the earlier reported chemical data
For significantreflections
RF 0 O41R* 0.049 coF 3.84
(Gaines, 1965). Instead of 3, Z is found to be 4. The
For all refections
8F0.059 R_ 0 064
wnere
RF: Sum(F. F")/Sum1r.1
density calculated from the data presentedhere is 7.256
F* : Sqrt{Sumlw(F"- F"),1/Sum(wF3)}
g,/cm3
as opposed to the value 5.73 g/cm3 measured by
GoF: Sqrt{Sumlw(4
F.),li(no.of
reflns. no of params.))
Gaines(1965).Given the difficultiesdescribedby Gaines
(1965)in completelyseparatingmoctezumitefor chemiNote.'The last least-squarescycle was calculatedwith 12 atoms,70
parameters,and 1440 reflections. Unit weights were used. The maximum cal analysis, it is possible that the measureddensity was
shift/o ratio was 0.000. In the last differencesvnthesis.the laroestminimum compromised
by the presenceof small quantities of other
was 3.890 e/A3,and the highestpeak wai 4.780 elA3.S6condaryext.
phases.
coeff.: 0.000265: o : 0.000601.
IJ, Pb, and Te atoms were located. A difference-Fourier
map, phasedwith the above mentioned atoms, revealed
positions of all O atoms in the asymmetric unit. Positional and thermal parameters (initiatly isotropic) were
refined using a block-diagonal least-squares program
(NRCVAX, Gabe et al., 1989).Attempts were made to
refine all the atoms with anisotropic displacementparameters using the full-matrix least-squaresmethod. All O
atoms showed some nonpositive displacement parameters, probably causedby high absorption ofX-rays by the
crystal. The shape of the crystal used for data measurement was such that analytical absorption correctionswere
not possible; hence ry' absorption corrections were applied. The final refinement was carried out with 70 vat'rables, including positional parameters and anisotropic
displacement factors for Pb, U, and Te atoms and positional parameters for O atoms. Isotropic displacement
factors were used for O atoms. Full-matrix least-squares
refinements were used during final cycles. The atomic
scatteringfactors for Pb, U, Te, and O were taken from
the International Tablesfor X-ray Crystallograpfty(Ibers
and Hamilton, 1974) and were corrected for anomalous

Srnucrunr DESCRTPTIoN
Moctezumite possesses
a layer structure. The U and Pb
polyhedra are located in layers parallel to (001) (Fie. l).
In eachlayer, U pentagonalbipyramids form zigzagchains
by sharing equatorial edges (06-07). In each chain U
atoms are 3.95 A apart, and the U-U-U angleis 126.89".
Similar chains have been reported in synthetic schmitterite, UTeO, (Meunier and Galy, 1973). The U polyhedral chains are parallel to the b axis and are connected
to other U chains on both sides by zigzag chains of Pb
polyhedra. The bladed nature of moctezumite crystals
elongatedparallelto b (Gaines,1965)is an expressionof
the polyhedral chains in the structure. The U pentagonal
bipyramid sharesits axial vertices (Ol and 03) with the
Pb coordination polyhedron. The Pb polyhedral chains
are formed of edge-sharingmonocapped trigonal prism
coordination polyhedra. The zigzag nature ofthe U and
Pb polyhedral chains is generatedby screw axes parallel
' Copiesof Tables3 and4 maybe orderedasDocumentAM93-533from theBusiness
Office,Mineralogical
Societyof America, 1130Seventeenth
StreetNW, Suite330,Washington,
DC
20036,U.S.A.Please
remit$5.00in advance
for themicrofiche.
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Fig. 1. The layerstructureof moctezumiteparallelto (001)
(projectedalongc*). The layersconsistofalternatingPb and U
polyhedralchainsparallelto b. All figureswere produced,in
part,with the Atomsprogram(ShapeSoftware,Kingston,Tennessee).
to b at x: 0 and 1/zandZ: t/t ar'd 3/+.NeighboringU or
Pb coordination polyhedra in a chain are rotated 180"
about b relative to one another.
U-Pb layers stackedalong c are connectedto eachother
by Te coordination units. Figure 2 showsthe U-Pb layers
viewed end on (down b) and the Te-O units interspersed
between the layers. Te1 and Te2 bridge the U and Pb
chains in a layer and also bridge neighboring U-Pb layers
along c. There are two U-Pb layers stackedalong c in the
unit cell, and they are related to each other by the inversion point at t/zt/zt/2.
Tel and Te2 form a TerOu unit by
sharing02. The lone pair of electronsof Tel and Te2
appearto be accommodatedin the relatively open spaces
between the U-Pb layers.
Table 5 shows bond valence sums for moctezumite.
The sum for U is rather high at 6.71vu. However, in
synthetic cliffordite (Brandstiitter, l98lb) the U sum is
6.60. Given that in moctezumitethe U ligands Ol and
03 are overbonded by about the same amount as IJ, we
feel that the r" and B values for U reported by Brown and
Altermatt (1985) may need reconsideration.The other
cation sums are satisfactory.
DnscnrprroN oF THE poLyHEDRA
U polyhedron
There is only one U atom in the asymmetric unit. It
forms an uranyl group with 01 and 03 in which O-U-O
: 179"and the averageU-O bond length is 1.80 A (Table
6). Uu* is bonded to five other O atoms, and altogether
the sevenligands form a distorted pentagonalbipyramid
coordination polyhedron. The distancesbetween U and
the equatorial O atoms (O6b, O6c, O7c, O7d, and 08)
rangefrom 2.20 to 2.59 A, the averagebeing 2.36 A. A
least-squaresplane through the equatorial atoms dem-

Fig. 2. The structureprojecteddown the b axis (half of the
b translation)showingtheU-Pb layersviewededge-onandtheir
are shownas
linkageby Tel and Te2.Pb and U coordinations
polyhedraand Te coordinations
areshownby spokes.
onstratesthat these atoms define a surfacethat is nearly
planar. The distancesof O6b, O6c, O7c, O7d, and 08
from this plane range from -0.04 to 0.08 A, whereas
atomsOl and 03 (the axial ligands)are l.8l and -1.83
A away from this plane. The U atom lies on the equatorial plane. Similar U6* coordinations have been reported in syntheticschmitterite(Meunier and Galy, 1973),
synthetic Pb,[UOr][TeO,]. (Brandstdtter,I 98 I a), other U
compounds (Pertlik, 1974; Brandenburgand Loopstra,
1973, 1978; Loopstra and Brandenburg,1978),and the
minerals kasolite, vandenbrandeite(Rosenzweigand
Ryan, 1977a, l9l7b), and sklodowskite(Ryan and Rosenzweig,1977).
Pb rnonocappedtrigonal prism
The one Pb atom in the asymmetric unit is in sevenfold
coordination with O atoms. The coordination polyhefor moctezumite
TABLE
5. Bondvalencecalculations
o1
o2
ne

u6*

Pbr*

2 09

0.20
0.42
0.13
0.13
0.39
0.08
o62

207

o4
o5
UO

07
o8
2

0.55
0.24
0.s6
051
0.69
6.71

1.97

Te14*

Te24+

124

0.34

2.29
2.O0
2.33

1.44

1.91

1.19

2.09
198

1.00

2.07

1.34
4 05

2.03
?q7

Nofej Calculationsby the method of Brown and Altermatt (1985).
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Trele 6. Bond distances(A) and angles(")of moctezumite
U pentagonaldipyramid

u-o1
-o3
-o8
-o7d
-o6b
-O7c
-O6c
Average

1.80(2)
1.80(2)
2.20(2)
2.28(2)
2.29(2)
2.32(2)
2.59(21
2.18

Tel TeO"pyramid
Te1-O5
-uo

-o2
Average

Pb monocappedtrigonalprism

Pb-os
-o2
-O4e

-ol
-o3f
-O3e
-o4g
Average

2.28(2)
2.43(2)
2.4s(2)
2.7012)
2.85(2)
2.86(2)
3.04(2)
266

Te2 TeO" tetrahedron

1.83(2)
1.86(2)
1.8e(2)

Te2-O4

1.86

Average

-o6
-o2

1.84(2)
1.91(2)
1.e7(2)
2.36(2)
2.02

Notei Standarddeviationsof the last digitare in parentheses.
Symmetry
c o d e sb: : 1 - x , 1 - y , 1 - z i c : - 1 + x , V z - y , V 2 + z i d : 1 x , - y , 1 - z ' ,e : - x , - 1 / 2+ y , V z - z ; I : - 1 + x , - 1 + y , z i g : - 1
+ x,y,z.

dron can be described best as a distorted monocapped
trigonal prism. Pb-O distancesrange from 2.28 to 3.04
A, ttre average being 2.66 A 6aUte 6). The two noncapped prism faces of the Pb coordination polyhedron
are nearly flat. The deviations from the least-squaressurfacesthrough O3e, O3l O4e, and O4g, and Ol, O3e,
O4g, and 05 range from -0.06 to 0.06 and -0.03 to
0.03 A, respectively.02 forms the capping vertex on the
third side of the prism. Pb in seven- and eightfold-coordination is present in Pb,[UOr][TeOr]. (Brandstdtter,
l98la). Brandst[tter (l98la) observedthat the O atoms
around Pb in Pbr[UOr][TeO.]. show a strong tendencyto
a one-sidedcoordination, owing to the presenceofa lone
pair of 6s electrons.Such interaction between lone pairs
and bond pairs is not evident around Pb in moctezumite.
Te polyhedra
There are two Te atoms in the asymmetric unit of moctezumite.Tel forms three bonds with O atoms, and Te2
forms three short bonds and one longer bond with O
atoms. Tel-O and Te2-O distancesrange from 1.83 to
1.89 and 1.84 to 2.36 A, respectively.We considerthat
Tel does not form bonds with 04 and O5h (distances
2.66 and2.78A),becausethe bond valencecontributions
would each be <3.50/oof the sum, and Tel is saturated
without them (Table 5). 05 is not consideredto bond to
Te2 becauseof its very small bond valence(0.05 vu, bond
distance3.02 A).
The dispositions of the Te atoms relative to their coordinating O atoms is interesting. In the caseof Tel, the
coordinating O atoms arc 02, 05, and 08, and they are
all locatedto one side of Tel. Te2 is coordinatedby 02,
04, 06, and 07 and is situated within the polyhedral
volume bounded by theseatoms but is located very nearly on one edgeclose to its midpoint. The one-sided disposition of the coordinating O atoms of each Te atom
reflects the interaction between bond pairs and the lone

parallelto (101).
Fig.3. A viewofa portionofthe structure
Darker shadedTel coordinatingO atom planesplungedown
into the page,whereas
unshaded
onesprojectup out ofthe page.
The locationsof the Tel atomsrelativeto their ligandsareindicatedby dots.In this orientation,the relationshipto theU-Te
chainstructureof schmitterite(UTeOr)is evident(seetext).
pair. If the Te lone pair of electrons is considered as a
member of the Te coordinationpolyhedron,then Tel is
tetrahedrally coordinated, and Te2 is in trigonal bipyramidal coordination. In effect,the lone pair of Te2 forms
one of the equatorial vertices of a trigonal bipyramid.
Thesecoordinationgeometriesfor Tea+have beennoted
in many other structures and are well discussedin the
literature (e.g.,Galy et aI., 1975).
Te-O coordinations like the ones in moctezumite have
been reported for synthetic cliffordite (Brandstiitter,
198lb), uranyl tellurite (Loopstraand Brandenburg,1978),
and several other structures.
Srnucrunp

coMPARrsoN

Moctezumite is the only mineral reported to date containing essentialPb, IJ, and Te. However, the structure
of moctezumite may be compared with those of synthetic
Pbr[UOr][TeOr]. and synthetic schmitterite. Synthetic
Pb,[UOr][TeO.]. (Brandstiitter, I 98 1a) contains three Te
atoms, two Pb atoms, and one U atom in the asymmetric
unit. The structure contains (l) one Pb in sevenfold and
the other in eightfold coordination with O atoms, (2) two
TeO. pyramids and the third Te in 3 * 1 coordination,
and (3) U in sevenfold coordination with O atoms. The
structure is described as having sheetsparallel to (010)
composed of U and Te polyhedra. The sheetlike
{[UOr][TeOr]]1'- units are held togetheralong b by Pb
polyhedral chains parallel to c. In moctezumite, U-Te
layersare found to occur parallel to (102). However, these
layers are made up of strips, each of which consists of a
U pentagonalbipyramidal chain bearing Te coordination
units on either side as wings. The strips are held together
by Pb polyhedral chains (parallel to b) sandwiched between the U-Te layers.
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Synthetic schmitterite (Meunier and Galy, 1973) contains no Pb, but the dispositions of U and Te in it may
be fruitfully compared with those in moctezumite. In
schmitterite, U pentagonal bipyramids form chains that
are very similar to the U polyhedral chains of moctezumite. The U chains are crosslinked in the (010) plane by
TeOo{uunits (where ry'is the lone pair of electrons).These
units are essentially the same as the Te2 coordination
environment in moctezumite. However, the U-Te equatorial edge-sharingtopologies are slightly different in the
two structures.Nevertheless,when projected on the (l0T)
plane (Fig. 3), the structure of moctezumite can be seen
to consist of schmitteritelike U-Te strips parallel to b,
separatedfrom one another by Pb chains.
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