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ABSTRACT

Zimbabweite, Na(PbNa, ;K ;)As,(Ta,Nb, ;Ti, ;)O,,, from Karoi District, Zimbabwe, is
orthorhombic, a = 12.245(2), b = 15.287(4), ¢ = 8.684(1) A, V = 1625.7(5) A?, space
group Ccmb, Z = 4. The crystal structure has been determined by direct methods and
refined by the method of least-squares to an R factor of 0.070, based on 1335 independent
reflections measured on an automated single-crystal X-ray diffractometer. The crystal
structure, structural formula M(3)M(2),As,M(1),0,,, has a novel bronze-type, corrugated,
corner-linked M(1),0,; octahedral sheet made up of four- and eight-membered octahedral
rings parallel to (100). Within the octahedral sheet, a large distorted seven-coordinated
site, M(3), is occupied by Na. The octahedral sheets are cross-linked by trigonal-pyramidal
arsenite groups and trigonal prisms around M(2), which is occupied by (PbNa, K, ;). The
perfect {010} cleavage breaks the least number of bonds perpendicular to the octahedral
sheet, leaving intact, densely packed (010) slabs with cross-linked four-membered octa-
hedral rings. Zimbabweite represents a new structure type.

INTRODUCTION

Zimbabweite is a newly described alkali metal-lead ar-
senite-tantalate from a kaolinized zone of a complex
F- and rare-metal-enriched granitic pegmatite at the St.
Anns mine, Karoi District, Zimbabwe (Foord et al., 1986).
Owing to a lack of any obvious structural relationship to
other alkali-metal tantalates or arsenites, a crystal-struc-
ture analysis by single-crystal X-ray diffraction was un-
dertaken.

EXPERIMENTAL DETAILS

The crystal used in this work is from the original specimen
described by Foord et al. (1986), who determined the chemical
formula to be (Na, 5,K;.45Ba0.04)22.05Pb1.01(AS4 03Bio 01)54.04-
(Ta, ,;Nbg 55 Ti026U0,025M001)240O1s. For the purpose of crystal-
structure determination, we have assumed an ideal composition
of Na(PbNa, Ky 5)52 0A84(Ta;N4b, s Tl 5)5s 0O15. Several cleavage
fragments were examined for imperfections using optical spindle-
stage techniques. The chosen crystal (0.069 x 0.115 x 0.161
mm in size) was mounted on a Syntex P3/F automated four-
circle diffractometer, and 25 intense reflections were centered
using graphite-monochromated MoK« radiation. Least-squares
refinement of the setting angles resulted in the cell dimensions
given in Table 1 and an orientation matrix relating the crystal
basis to the diffractometer axes. The cell dimensions are in fair
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agreement with those reported by Foord et al. (1986). To adhere
to the convention for orthorhombic crystals that ¢ < a < b, the
nonstandard space group form Ccmb (no. 64) was used. A small
data set (26 < 25°) was collected with no lattice restrictions to
test for C-centering. No C-centering violations were observed,
and the rest of the data were collected ignoring those absent owing
to C-centering. The data were collected using the §-26 scan tech-
nique. Scan widths ranged from 1.15° below 26(Ke,) to 1.25°
above 26(Ka;,), and the scan speeds ranged from 3° to 30°/min.
Three standard reflections were collected every 141 reflections.
Total background counting time per total scan time was 0.5. The
entire sphere of reflection to 62° 26 was collected and contained
10708 reflections, of which 1348 were unique and allowed by
the space group. Of these, 1335 were considered observed at the
3o level. Maximum and minimum transmission factors were 1.00
and 0.138. An empirical absorption correction based on 360
azimuthal psi scans was applied, along with corrections for Lor-
entz and polarization effects. A laminar absorption model was
used with (001) as the thin face. The agreement among symmetry-
equivalent reflections before the absorption correction was 17.37%
and after, 4.73%. Because of the high absorption, the intensity
data were less than satisfactory.

STRUCTURE SOLUTION AND REFINEMENT

Scattering curves for neutral atoms together with anom-
alous-dispersion corrections were taken from the Inter-
national Tables for X-ray Crystallography (Ibers and
Hamilton, 1974). The sHELXTL system of programs
(Sheldrick, 1981) was used for the computations. The R
indices are of the form given in Table 1.
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TasLE 1. Crystal and data collection summary for zimbabweite
a 12.245(2) A Crystal size (mm) 0.069 x 0.115 x 0.161
b 15.287(4) A X MoKu (A) 0.71069
c 8.684(1) A Total |F,| 1348
v 1625.6(5) A® |F.,| > 3¢ 1335
# (MoKa) 403.8 cm~ Final R{obs) 7.07%
Deae 5.97 glem® R=Z(F| - |FDZIF|
Final R, (obs) 7.22%

R, = [Zw(|F,| — |F|PIZFE™
w=1/[e¥F,) + |g|R]
g = 0.0045

Space group Ccmb (no. 64)

Origin at 0.25a + 0.25b with respect to the International Tables for Crystallography (Hahn, 1983).

Unit-cell contents: 4[Na(PbNa, sKq s)AS.(TagNbg s Tigs)O1e]

The structure was solved by direct methods. The best
E map gave trial positions for four heavy atoms. Refine-
ment based on these gave an R factor of 40%. A difference
map showed the positions for the other atoms. The ideal-
ized chemical composition was changed for several block
cascade, least-squares refinements, which successfully im-
proved the model. The final model included anisotropic
temperature factors for all atoms; M(1) sites are occupied
by 75% Ta, 12.5% Nb, and 12.5% Ti, and the M(2) sites
are occupied by 50% Pb, 25% K, and 25% Na. This model
(72 parameters) in space group Ccmb converged to an R
index of 7.0% (observed) and an R, index of 7.2% (ob-
served). Refinement of the model in the noncentric space
group Cc2a did not improve the agreement. The final
positional parameters are given in Table 2, anisotropic
temperature factors in Table 3, and selected interatomic
distances and angles in Tables 4 and 5. A bond valence
analysis is given in Table 6. Observed and calculated
structure factors are given in Table 7.

STRUCTURE DESCRIPTION

The M(1) site is coordinated by an octahedral arrange-
ment of oxygens and is occupied by 75% Ta, 12.5% Ti,
and 12.5% Nb. The M(1) octahedra are corner-linked into
infinite M;O,, sheets consisting of four- and eight-mem-

! To obtain a copy of Table 7, order Document AM-88-389
from the Business Office, Mineralogical Society of America, 1625
I Street, N.W., Suite 414, Washington, D.C. 20006, U.S.A. Please
remit $5.00 in advance for the microfiche.

bered octahedral rings (Fig. 1). The octahedral sheets are
corrugated and parallel to (100). Atoms O(4), O(5), and
O(6) are bridging oxygens within the octahedral sheet, and
their bond lengths to the M(1) cation are shorter (0.08 A
on average) than the nonbridging oxygen-M(1) bonds (Ta-
ble 4). The interoctahedral M(1)-O,~M(1) angles are
165.6(4)°, 171.1(2)°, and 163.5(4)°, involving O(4), O(5),
and O(6), respectively.

Within the octahedral sheet is a large metal site, M(3),
with a distorted cubic coordination centered within the
eight-membered ring. This site is occupied by Na. The
octahedral layers are cross-linked by As** in typical tri-
gonal-pyramidal coordination and by an additional large
metal site, M(2), with distorted trigonal-prismatic coor-
dination. The M(2) sites are occupied by 50% Pb, 25%
Na, and 25% K. The geometries of the M(2) and M(3)
coordination polyhedra are illustrated in Figure 2. The
M(3) site has eight oxygen neighbors within 2.75 A, form-
ing a highly distorted cubic arrangement. The coordina-
tion number of M(3) increases to 10 if the weak bond to
the O(4) oxygen at a distance of 2.91(2) A is included,
which adds two caps to the distorted, cubic, polyhedral
coordination. The geometery of the arsenite trigonal pyr-
amid is in fair agreement with the average structure of 27
arsenite groups in 12 minerals (Hawthorne, 1985; Ghose
etal., 1987). The lone pair of electrons on each As3* cation
is roughly directed along the a direction away from the
nearest M(3) site, and the plane defined by the oxygens
of the arsenite group roughly parallels (010) (Figs. 1a and
1c).

TaBLE 2. Atom coordinates and equivalent isotropic temperature factors* for zimbabweite

Atom** Positiort xla yib Zlc Uy (B2
M(1) 169 1 0.81379(4) 0.37712(4) 0.30173(7) 0.0100(2)
M(2) 8fm 0.4504(1) Ya 0.8793(2) 0.0202(3)
M(3) 4b2im % Ya 0 0.033(4)
As 16g 1 0.5855(1) 0.42180(8) 0.0686(2) 0.0132(3)
o) 16g 1 0.6669(9) 0.3660(8) 0.205(1) 0.020(3)
0(2) 16g 1 0.1188(9) 0.3535(7) 0.586(1) 0.020(3)
o) 16g 1 0.9639(8) 0.3642(7) 0.386(1) 0.019(3)
o) 8fm 0.805(1) ) 0.326(2) 0.020(4)
o(5) 8e2 0.826(1) s Va 0.019(4)
0(8) 8d2 % 0.395(1) % 0.016(3)

Note: Standard deviations of the last digit are in parentheses.

* Equivalent isotropic U defined as one-third of the trace of the orthogonalized U tensor.
** M(1) = 75% Ta, 12.5% Nb, 12.5% Ti. M(2) = 50% Pb, 25% K, 25% Na. M(3) = 100% Na.

+ Multiplicity, Wyckoff position, and point symmetry of site.
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TaBLE 3. Anisotropic-temperature-factor coefficients, U, (in Az
x 104 for zimbabweite

Atom Uy, Uy, Uss Uz Uss U
M(1) 105(3) 102(3) 92(4) 6(2) 3(2) 3(2)
M(2) 137(5) 224(6) 245(7) 76(5) 0(0) 0(0)
M(3) 24(6) 29(6) 47(9) 15(6) 0(0) 0(0)
As 118(5)  139(6)  138(6) 3(4) 1(4) 44)
O(1) 28(5) 21(4) 10(5) 5(4) 0(4) 2(4)
02 17(4) 32(5) 10(4) 14) -1(3) 0(4)
0(3) 22(5) 15(4) 20(5) 4(3) —1(4) 2(4)
0(4) 20(7) 12(6) 28(6) (V)] 0(0) 0(0)
0O(5) 15(6) 30(7) 13(6) 0(0) 1(5) 0(0)
0(6) 22(6) 21(6) 3(5) —1(4) 0(0) 0(0)

Note: Standard deviations of the last digit are in parentheses.

The bond-valence sums (in valence units, v.u.) to the
cation sites, 3.17 for As, 4.90 for M(1), 1.18 for M(2), and
1.16 for M(3), agree reasonably well with the mean formal
valences of the cations at those sites, 3.0, 4.875, 1.50, and
1.0, respectively (Table 6), with the exception of M(2).
The bridging oxygens, O(4), O(5), and O(6) within the
octahedral sheet, are all underbonded with respect to their
ideal bond-valence sums of 2.0 v.u., O(4) and O(5) being
notably deviant in this respect. Addition of the M(3)-O(4)
bonds and weak M(3) interactions at 3.11 A and 3.16 A
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TaBLE 4. Selected bond lengths (A) in zZimbabweite

As-0(1) 1.77(1) M(2)-O(1)e, f 2.73(1) x2
As-0(2) 1.75(1) M(2)-0(2)c, e 2.61(1) x2
As-0(3) 1.77(1) M{(2)-0(3)a, b 2.68(1) x2
Mean 1.76 Mean 2.67
M(1)-O(1) 1.99(1) M(3)-O(1)a, b, ¢, d 2.71(1) x4
M(1)-0(2) 2.07(1) M(3)-0(2)b, ¢, d, e 2.37(1) x4
M(1)-0(3) 1.99(1) Mean 2.54
M(1)-O(4) 1.958(2)
M(1)-O(5) 1.938(1)
M(1)-0O(6) 1.911(2)
Mean 1.97

Note: Standard deviations of the last digit are in parentheses. The letters
a-f appended to O(1) to O(3) refer to symmetry-equivalent atom labels.

increases the O(4) bond-valence sum to a reasonable 1.95
v.u. Small amounts of U may substitute at the M(1) site
[Foord et al. (1986) reported 0.3 wt% UOQO,], and this sub-
stitution would further improve the valence sums to O(4),
0O(5), and O(6). Thermogravimetric, F, and water analyses
(Foord et al., 1986) yielded only minor H,O (0.13 wt%)
and F (0.04 wt%), which might offer alternative expla-
nations had more been detected.

Despite the conspicuous octahedral sheet in zimbab-
weite, the perfect {010} cleavage of the mineral likely

Fig. 1. Projections (Fischer, 1985) of the crys-
tal structure of zimbabweite. The M(1) octahedra
are shown as shaded polyhedra, M(2) atoms as
large circles, M(3) atoms as stippled large circles,
As atoms as small circles, and AsO, trigonal pyr-
amids as black triangles. The cell is outlined in
each projection. (Upper left) A (001) projection
of the full contents of the unit cell. The coordi-
nation geometry of one M(2) site is illustrated.
(Lower left) A (100) projection of a single M(1)
octahedral sheet with the intralayer M(3) atoms
and their coordination geometry shown. The
unique oxygen atoms are labeled. (Right) A (010)
projection of one-half the cell contents showing
the cross-linking of the M(1) octahedral sheets by
pyramidal arsenite units [AsO,]*~ and M(2) tri-
gonal prisms.
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TABLE 5. Polyhedral edge lengths (A) and angles (°) in zimbab-

weite
Trigonal-pyramidal arsenite polyhedron

0O(1)~0(3)a 2.61(2) O(1)-As-0O(3)a 95.0(5)
O(1)-0(2)a 2.61(1) O(1)-As-0(2)a 95.7(5)
0@)a-0(2)a 2.57(2) 0O(3)a-As-0O(2)a 93.9(5)

Mean 2.60 Mean 94.8

Octahedral M(1) polyhedron

O(1)-0(4) 2.66(2) O(1)-M(1)-0(4) 84.9(5)
O(1)-0(5) 2.85(2) O(1)-M(1)-0(5) 93.4(5)
O(1)-0(6) 2.78(1) O(1)-M(1)-0(2)a 88.1(4)
O(1)-0(2)a 2.82(2) 0O(4)-M(1)-0(2)a 86.9(6)
0O(4)-0(3) 2.66(2) 0O(3)-M(1)-0(6) 93.3(6)
0O(4)-0(6) 2.76(2) O(5)-M(1)-0(6) 95.6(5)
0(4)-0(2)a 2.77(2) O(1)-M(1)-0(6) 91.2(3)
O(3)-0(5) 2.92(1) O(4)-M(1)-0(3) 84.9(5)
0O(3)-0(6) 2.83(1) O(4)-M(1)-0(6) 91.4(7)
0(3)-0(2)a 2.80(2) O(3)-M(1)-0(5) 96.2(5)
0O(5)-0(6) 2.85(1) O(3)-M(1)-0(2)a 87.1(4)
0O(5)-0(2)a 2.73(1) O(5)-M(1)-0(2)a 85.9(3)

Mean 279 Mean 89.9

Distorted trigonal-prismatic M(2) polyhedron
O@b-O(1)a  3.88(2) x2 O(3)b-M(2)~-O(1)a 91.6(3) x2
O(3)b-0(2b  2.57(2) x2 O(1)a-M(2)-0(2)b 94.8(3) x2
O(1)a-0(2)b  3.94(2) x2 O(3)b-M(2)-0(2)b 58.2(3) x2
O@Bb-0(3)a  3.49(2) O(3)b-M(2)-0(3)a 81.2(5)
O(1)a—O(1)b  3.54(2) O(1)a-M(2)-O(1)b 80.8(5)
O(2)b-0(2)a  3.16(2) O(2)b-M(2)-0(2)a 74.4(5)
Distorted cubic M(3) polyhedron

O(1)b-O(1)d  3.54(2) x2 O(1)b-M(3)-O(1)d 81.5(5) x2
O(2)b-0(2)d  3.16(2) x2 O(2)d-M(3)-0(2)b 83.5(5) x2
O(1)b-0(2b  2.82(2) x4 O(1)b-M(3)-0(2)b 67.0(4) x4
O(1)b-0(2c  2.61(1) x4 O(1)b-M(3)-0(2)c 61.4(3) x4

Mean 2.93 Mean 70.3

Note: Standard deviations of the last digit are in parentheses. The letters
a—f appended to O(1) to O(3) refer to symmetry-equivalent atom labels.

occurs along the planes defined by the O(5) oxygens per-
pendicular to the octahedral sheets, as the fewest number
of bonds are broken in this manner and densely packed
(010) slabs with cross-linked four-membered octahedral
rings remain intact (Fig. 1).

The octahedral layer in zimbabweite is a new member
of the class of corner-linked octahedral sheets character-
ized by the so-called bronzes (see Megaw, 1973). Figure
3 compares the zimbabweite sheet with three other im-
portant corner-linked octahedral sheets: perovskite, hex-
agonal tungstsen bronze (htb), and tetragonal tungsten
bronze (itb).

That the mean M(1)-O,, bond length is shorter than the
M(1)-O,,, bond length in zimbabweite is contrary to our
experience with Si-O bonds in polymerized silicate an-
ions. In silicates, Si-O,, bonds are, on average, 0.025 A
longer than Si-O,,, bonds (Liebau, 1985). What should
be expected for corner-sharing MO, octahedral anions?
First, we should restrict our attention to those structures
with octahedral anions with corner-sharing only and ex-
clude those that are infinite three-dimensional frame-
works (e.g., htb and ttb), which would lack M-O,,, bonds.
An exhaustive survey of these kinds of structures has not
been made, but the mineral groups alunite, beudantite,
and crandallite all possess a corner-linked octahedral sheet
based on three- and six-membered octahedral rings as in
the htb structure. For these three mineral groups, the oc-
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TaBLE 6. Empirical bond-valence table for zimbabweite

As M(1) M) M(3) z

o) 104 078 0.17 x2| 0.09 x4| 2.08
0@ 109 064 0.23 x2| 0.20 x4] 2.16
o@ 104 078 0.19 x2] 2.01
0(4) 0.85 x2— 1.70
0(5) 0.89 x2 178
0(6) 0.96 x2 1.92
z 317 490 1.18 116

Note: Weighted-average bond valences in valence units calculated from
the curves of Brown (1981).

tahedral-sheet cations are Al, Fe3*, or Cu?*, and for each
mineral whose structure has been refined, the M—O,, bonds
are shorter than the M-O,,, bonds. Note that in the oc-
tahedral sheet that characterizes these mineral groups, the
bridging oxygen is actually a hydroxyl, whereas the non-
bridging oxygens are not. Indeed, for a formal valence of
+3 or less on the metal cation, an additional bond to the
bridging oxygen is required to satisfy the electrostatic neu-
trality principle. Apparently, when pentavalent cations
occupy a corner-linked octahedral anion, as in zimbab-
weite, a slight amount of underbonding to the bridging
oxygens can be tolerated. Another exceptional compound,
Ba,Si, Ta,0,,, whose structure was determined by Shan-
non and Katz (1970), allows the comparison of bridging
versus nonbridging bonds in both a silicate anion and a
corner-linked TaO, octahedral anion. This structure con-
tains rings of three TaO, octahedra sharing corners, which
are stacked in columns by corner-linking, These columns
are cross-linked by disilicate groups. The Ba occupies
channelways between the columns of octahedra and is
mainly bonded to the nonbridging oxygens with weak
interactions to the bridging oxygens in the columns of
octahedra. In this structure, the mean Si-O,, bond [1.66(6)
A] is longer than the mean Si-O,,, bond [1.61(4) A], as
observed in other silicates, whereas the mean Ta-O,, bond
[1.94(3) Al is shorter than the mean Ta-O,,, bond [2.04(3)
A], as observed in the alunite-type sheet. We must con-
clude that corner-linked octahedral linkages are unlike
silicates in terms of their bridging versus nonbridging bond
lengths. Zimbabweite is apparently typical of other struc-
tures with corner-linked octahedral anions, but we hesitate
1o say that all M-O,, bonds are longer than M-O,,, bonds
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Fig. 2. Coordination polyhedra for (A) the distorted trigonal
prismatic M(2) site (n point symmetry) and (B) the distorted
cubic M(3) site (2/m point symmetry).
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Fig. 3. Comparison of corner-linked octahedral sheets. Unit cells are outlined for each sheet. (A) The perovskite (or more properly
K,NiF,) sheet, which consists of four-membered octahedral rings. (B) The hexagonal tungsten bronze (htb) sheet (the fundamental
building unit in the alunite group minerals), which consists of three- and six-membered octahedral rings. (C) The tetragonal tungsten
bronze (ttb) sheet, which consists of three-, four- and five-membered octahedral rings. (D) The zimbabweite octahedral sheet, which

consist of four- and eight-membered octahedral rings.

in corner-linked octahedral anions until more structures
are examined.
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