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ABSTRACT
Several minerals and inorganic compounds contain (XA4) tetrahedra, with anions, X (O2–, N3–,
and F–), as central atoms and cations, A (Cu2+, Zn2+, Pb2+, Bi3+, REE3+, etc.), as ligands. These tetrahedra are well defined in these crystal structures because the bond valences between A and X are
essentially higher than the bond valences between A and atoms from other structural units. According to their size, anion-centered tetrahedra may be subdivided into large and small tetrahedra, formed
from cations with ionic radii near to 1.0 Å (e.g., Pb2+, Bi3+, and REE3+) and 0.5–0.7 Å (e.g., Cu2+ and
Zn2+), respectively. The small anion-centered tetrahedra prefer to link through corners, whereas the
large tetrahedra prefer to link through edges. When the tetrahedra are built from both “small” and
“large” cations, “small” cations prefer to be corners shared between lesser numbers of tetrahedra and
not involved in linking tetrahedra via edges. The general crystal-chemical formula of minerals and
compounds containing anion-centered tetrahedra may be written as A'k[XnAm][ApXq]X'l, where [XnAm]
(usually n ≤ m) is a structural unit based on anion-centered tetrahedra (ACT) and [ApXq] (p < q) is a
structural unit based on cation-centered polyhedra (CCP). A' is a cation that does not belong to
anion- or cation-centered polyhedra; it is usually an interstitial cation such as an alkali metal; X' is an
interstitial anion such as halide or S2–. Structures containing both ACT and CCP units may be ordered according to the values of their dimensionality. In structures without CCP units, an important
role is played by large interstitial anions that link finite ACT units, chains, or layers into threedimensional structures or fill cavities in ACT frameworks.

INTRODUCTION
Minerals are commonly viewed in terms of cation polyhedra; yet, many simple important oxide mineral types are composed entirely of O-centered tetrahedra (alumina-hematite;
fluorite-related oxides such as cerianite, thorianite, and
bixbyite; copper oxides such as cuprite, tenorite, and
paramelaconite; lead oxides such as litharge and massicot;
wurtzite-structure oxides such as bromellite and zincite, etc.;
O’Keeffe and Bovin 1978; O’Keeffe and Hyde 1985, 1996;
Hyde and Andersson 1989; Krivovichev et al. 1998a). Structural units based on (XA4) anion-centered tetrahedra differ from
those based on (AX4) cation-centered ones (e.g., silicates) in
that they may link through edges as well as through corners.
This possibility gives rise to many polyions that may be classified on the basis of extended systematics of silicates proposed
by Liebau (1982, 1985). Using the arguments by Krivovichev
(1997) and Krivovichev et al. (1997), oxocentered tetrahedral
polyions were subdivided into 63 structurally distinct types
(Krivovichev et al. 1998a), at least one-half of which occur in
minerals. Schleid (1996) described seven structural units consisting of N-centered tetrahedra, and two additional units may
be added to this list from work of Lulei and Corbett (1995)
and Braun et al. (1996). However, these reviews focused on
*E-mail: sergey@cryst.geol.pu.ru
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only the linkage topology of anion-centered tetrahedral units,
and not on their relations with other units in a structure. A
description of crystal structures in terms of anion coordination
based on purely geometric aspects was developed by O’Keeffe
and Hyde (1985) with emphasis on the arrangement of cations
and by Brese and O’Keeffe (1995) for the description of inorganic nitrides. The primary motivation of the present paper is
to use bond-valence theory to examine the rules of construction of structures with (XA4) tetrahedra. The second motivation is that oxocentered metal polycations play a role in the
transport processes of metals in gases and aqueous solutions
(Hilpert 1990; Boldyrev et al. 1995; Henry et al. 1991; Rouse
and Peacor 1994; Grimes et al. 1995), and it is possible that
condensation of these polycations results in minerals with crystal structures containing well-defined oxocentered tetrahedra.

ANION-CENTERED TETRAHEDRA AS INDEPENDENT
STRUCTURAL SUBUNITS

Consideration from the viewpoint of bond-valence theory
The strength of X-A bonds in anion-centered (XA4) tetrahedra can be understood in terms of bond-valence theory
(Brown 1981; Brese and O’Keeffe 1991). Table 1 gives the
bond-length and bond-valence analysis of minerals containing
O atoms belonging to oxyanions (TOq) (T = Se, S, Cr, V, As; q
= 3, 4) and additional O atoms; these O atoms are designated
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TABLE 1. Selected bond lengths (Å) and bond valences (vu) for minerals containing oxocentered (OA4) tetrahedra (A = Cu, Pb).
Oa: additional oxygen atoms; OT: oxygen atoms involving in strong cation-centered complexes (T = Se, S, Cr, V, As).
Mineral

Formula

Oa–A characteristics
< Oa–A >
Dispersion
1.95
1.93–1.98
Georgbokiite*
Cu5O2(SeO3)2Cl2
1.92
1.86–1.98
Kamchatkite†
KCu3OCl(SO4)2
Dolerophanite‡
Cu2O(SO4)
1.92
1.88-2.00
1.93
1.91-1.94
Euchlorine§
NaKCu3O(SO4)3
1.93
1.92–1.96
Fedotovite#
K2Cu3O(SO4)3
Phoenicochroite||
Pb2O(CrO4)
2.30
2.28–2.31
2.32
2.18–2.59
Kombatite**
Pb19(VO4)2O9Cl4
2.30
2.27-2.33
Lanarkite§§
Pb2O(SO4)
Freedite††
Pb8Cu(AsO3)2O3Cl5
2.40
2.18-2.57
* Krivovichev et al. 1999b.
|| Williams et al. 1970.
† Varaksina et al. 1990.
** Cooper and Hawthorne 1994.
‡ Effenberger 1985.
§§ Sahl 1970.
§ Scordari and Stasi 1990.
†† Pertlik 1987.
# Starova et al. 1991.

as OT and Oa, respectively. The strength of Oa–A bonds is usually higher than that of OT–A bonds. The difference in these
values is particularly great when A = Pb2+.
Hawthorne (1983, 1986, 1994) proposed to order crystal
structures hierarchically according to the polymerization of
coordination polyhedra with higher bond valences. The application of this principle to structures under consideration allows us to treat anion-centered tetrahedra as independent
structural subunits.
We define an anion-centered tetrahedral unit as one based
on tetrahedra having anions, X, as centers, and metal atoms, A,
as ligands, such that X-A bond valences are higher than bond
valences between A and atoms from other structural units. We
use “CCP unit” here to indicate structural units based on strong
cation-centered polyhedra defined in a similar way (e.g.,
oxyanions).
Size classification
Cations forming (XA4) anion-centered tetrahedra may be
subdivided into two classes according to their ionic radii, rA
(Shannon 1976): (1) small cations with rA = 0.5–0.7 Å: e.g.,
Cu2+, Zn2+, rarely Co2+, Ni2+, Fe2+, Fe3+, and Al3+ in octahedral
coordination and (2) large cations with rA ≥ 1.0 Å: e.g., Pb2+,
Sn2+, REE3+, and Bi3+. Tetrahedra formed by cations from both
classes simultaneously are designated as mixed.
Small and large tetrahedra are characterized by the X-A distances, which are listed in Table 2 for X = O2– and N3–. The XX separations are given for the corner, edge, and face sharing
between undistorted (XA 4) tetrahedra. Owing to the greater
distances, repulsive forces between the centers of large tetrahedra are considerably lower than those between small tetrahedra. Face-sharing of two tetrahedra leads to very close contact
between the central anions, and therefore is next to impossible

TABLE 2. Geometrical characteristics for linkage of undistorted anion-centered (XA4) tetrahedra via corner, edge and face
X
O2–
O2–
N3–

A

X – A (Å)

Cu2+, Zn2+
1.90–2.00
Pb2+, Sn2+, REE3+ 2.20–2.40
3+
REE
2.20–2.50

X–X (Å) for two (XA4)
tetrahedra sharing
corner
edge
face
3.80–4.00 2.20–2.32 1.27–1.34
4.40–4.80 2.55–2.78 1.47–1.61
4.40–5.00 2.55–2.90 1.47–1.68

bv
0.48
0.52
0.52
0.51
0.51
0.60
0.57
0.60
0.46

< A–OT >
2.00
2.01
1.99
1.97
1.97
2.78
2.77
2.66
2.57

OT–A characteristics
Dispersion
1.94–2.05
1.93–2.08
1.91-2.07
1.92-2.03
1.93-2.03
2.46-2.93
2.36-3.10
2.46-2.85
2.34-2.89

bv
0.42
0.41
0.43
0.45
0.45
0.16
0.17
0.23
0.29

where X is N3– or O2–; however, it can occur in fluorine-centered tetrahedra (Krivovichev et al. 1998b).
Linkage topology
Analysis of the topology of oxocentered tetrahedral units
leads to some empirical rules (Krivovichev et al. 1998a) that
may be complemented by the proposed size classification of
anion-centered tetrahedra. (1) Anion-centered (XA4) tetrahedra may link with each other via edges (preferable for large
tetrahedra) and via corners (preferable for small tetrahedra).
(2) The maximum number of tetrahedra sharing a common corner is eight. (3) The maximum number of tetrahedra sharing a
common edge is three, but usually is one (no linkage) or two.
As a consequence of the first rule, the following statement
is valid: if a structural unit is composed of mixed (XA4) tetrahedra, small cations prefer to link (a few) tetrahedra via corners than via edges. This statement is illustrated by Figure 1.
The large Bi atoms participate only in linkage of tetrahedra via
edges, whereas the small Cu atoms link tetrahedra via corners
rather than via edges. As both edge and corner sharing increase
the repulsive forces between the central anions, large cations
are always preferred to the small ones anytime a linkage occurs, especially in the case of edge sharing (cf. Table 2).
Structural units in minerals and compounds with anioncentered tetrahedra
In accord with Lima-de-Faria et al. (1990) and Smith et al.
(1998), the following crystal-chemical formula may be proposed for compounds with anion-centered tetrahedra:
A'k[XnAm][ApXq]X'l, where A' is a cation that does not belong
either to anion- or to cation-centered polyhedra; usually an
interstitial cation such as an alkali metal; [XnAm] (usually n ≤
m) is an ACT unit and [ApXq] (p < q) is a CCP unit; X' is an
interstitial anion such as halide or S2–. To classify such minerals and compounds, we consider structures with and without
CCP units separately.

STRUCTURES WITH CCP UNITS
Systematics
This group is classified via the dimensionality (D) of the
ACT and CCP units. Because D takes values from 0 to 3, there
exist only 4 × 4 = 16 possible groups. Examples of the miner-
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FIGURE 1. Structural units based on the
mixed (OA4) oxocentered tetrahedra (A = Bi and
Cu, shown as filled and unfilled circles,
respectively): (a) 1∞[O2BiCu2] double chain from
[BiCu 2O2 ](PO 4) (Abraham et al. 1994); (b)
2
∞ [O 6 Bi 4 Cu 3 ] layer from [Cu 3 Bi 4 O 6 ](VO 4 ) 2
(Deacon et al. 1994); (c) 2∞[O2BiCu3] layer from
the structure of francisite, [Cu3BiO2](SeO3)2Cl
(Pring et al. 1990); (d) 2∞[O4Bi2Cu3] layer from
A'2[Bi2Cu3O4](AsO4)2.nH2O (A' = Na, K; n = 1, 2)
(Effenberger and Miletich 1995).

FIGURE 2. “Face-to-face” relationships between cation-centered groups (dark) and anion-centered tetrahedral units (light) in crystal structures:
(a) double [O2Cu6] tetrahedra and (SO4) groups in fedotovite, K2[Cu3O](SO4)3 (Starova et al. 1991) and euchlorine, NaK[Cu3O](SO4)3 (Scordari
and Stasi 1990); (b) single 1∞[O2Cu6] chains and tetrahedral groups in kamchatkite, K[Cu3O](SO4)2Cl (Varaksina et al. 1990) and chloromenite,
Cu3[Cu6O2](SeO3)4Cl6 (Krivovichev et al. 1998c); (c) double ∞1 [O2Cu5] chains and (VO4) groups in stoiberite, [Cu5O2](VO4)2 (Shannon and Calvo
1973; Birnie and Hughes 1979); (d) single ∞1 [O2Cu5] chains and (SeO3) groups in georgbokiite, [Cu5O2](SeO3)2Cl2 (Galy et al. 1979; Krivovichev
et al. 1999b); (e) 2∞[O2Cu5] layers and (VO4) groups in averievite, Cu5O2(VO4)2.MCl (M = K, Rb, Cs) (Starova et al. 1997).

als and/or inorganic compounds are given in Table 3. Some
groups have not been observed.
The ACT and CCP units adapt to attain energetically advantageous structural configurations. We now describe the main
principles of adaptation mechanisms for the various groups.
DCCPU < DACTU and DCCPU = DACTU = 0
The “face-to-face” principle. This principle involves structures with single (AOq) cation-centered polyhedra with triangular O-O-O faces (q = 3 or 4) and ACT units based on small
(XA4) tetrahedra. It was firstly recognized by Starova et al.
(1997) for averievite, Cu5O2(VO4)2.MCl (M = K, Rb, and Cs),
and is based on the approximate commensurability between
the O-O distances in the (AOq) groups (2.4–2.8 Å) and A-A

distances in small (XA4) tetrahedra (2.9–3.2 Å). This commensurability allows (AOq) polyhedra to attach to faces of (XA4)
tetrahedra (Fig. 2). In such minerals, tetrahedral or trigonal
pyramidal oxyanions [(SO4), (VO4), (SeO3)] are attached to the
bases of (OCu4) tetrahedra in agreement with the “face-to-face”
principle (for details see Krivovichev et al. 1999a).
CCP units as “guest molecules” in ACT units. ACT layers and frameworks usually have large holes or channels that
are occupied either by CCP finite units and chains, or interstitial ions. Figure 3a shows an oxocentered tetrahedral layer
formed by continuous linking of (OA4) tetrahedra via edges.
Litharge, PbO, consists solely of such a layer of (OPb4) tetrahedra. This layer was observed also in several oxychloride minerals, e.g., in asisite, Pb8O7Cl (Rouse et al. 1988). Figure 3b
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TABLE 3. Structural systematics of minerals and inorganic compounds containing anion-centered tetrahedral units and cation-centered
polyhedral units of different dimensionality
DCCPU
DACTU
0
0

0
1
[Pb3O][UO5]
fedotovite K2[Cu3O](SO4)3,
euchlorine NaK[Cu3O](SO4)3, (Cu4O)(PO4)2

0
0
1
1

[Sn2O](SO4), (Ca4O)(PO4)2
[Sr2Bi3O2](VO4)3
kamchatkite K[Cu3O](SO4)2Cl
chloromenite Cu3[Cu6O2](SeO3)4Cl6

1
1
1
1
1
1
2
2
2
2
2
2
2
2
3
3
3

stoiberite [Cu5O2](VO4)2
georgbokiite [Cu5O2](SeO3)2Cl2
lanarkite [Pb2O](SO4)
[Yb2O](SiO4)
freedite [Pb8O3]Cu(AsO3)2Cl5
[Pb2O](SiO3)
averievite [Cu5O2](VO4)2.MCl
ilinskite Na[Cu5O2](SeO3)2Cl3
dolerophanite [Cu2O](SO4)
francisite [Cu3BiO2](SeO3)2Cl
kombatite [Pb14O9](VO4)2Cl4
[Gd2O](SiO4)
[Pb5O3](GeO4)
bismuthite [Bi2O2](CO3)
[Cu2O](SeO3)-I,II
[Cu5SnO4](BO3)2
[Hg3O2](CrO4)

[PbGeO][Ge2O6]
chloroxiphite
[Pb3O2][Cu(OH)2]Cl2

2

3
(Pb4+)14(Pb2+)18(Pb4O4)8Si100Al92O384
maricopaite
Pb7Ca2Al12Si36(O,OH)100.m(H2O,OH)
[Zn4O][BO2]6

Pb[Pb2MnAl2O4][Al8O18]

[NdO][ZnAs], [NdO][ZnP]

[Pb12O12][Ta9O8F29]

[La3O2][Ir3O9]
[LuPb2O2][Al3O6]

➔
FIGURE 3. The adaptation of
ACT layers (light) to cationcentered tetrahedra (dark) (see

➔

F IGURE 4. Chains of cationcentered octahedra (dark) in the
channels of ACT frameworks (light)
(see text).
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shows the layer ∞2 [O9Pb14] from kombatite, Pb14O9(VO4)2Cl4
(Cooper and Hawthorne 1994), which may be obtained by replacing blocks of seven (OPb4) tetrahedra by two (VO4) tetrahedra. In Pb5O3(GeO4) (Kato 1979), six oxocentered tetrahedra
are replaced by two (GeO4) groups (Fig. 3c). Other examples
of high-dimensional ACT units with CCP guests are shown in
Figure 4. The structures of the rare earth niobates with general
formula [A3O2][NbO5] (Klimenko et al. 1992; Vente et al. 1994)
consist of ∞3 [O2A3] oxocentered tetrahedral frameworks with
large hexagonal channels occupied by single chains of cornersharing (NbO6) octahedra (Fig. 4a). Sixfold corner-sharing
chains of (TaX6) octahedra (X = O, F) occupy large square channels in ∞3 [XPb] ACT framework built by cross-condensation of
chains of (XPb4) tetrahedra (X = O, F) in Pb12Ta9O20F29 (Sävborg
1985a) (Fig. 4b). The shape of these ACT units may be dictated by the presence of cation-centered octahedra that need
suitable channels.
Whereas the “face-to-face” principle works in structures
with small anion-centered tetrahedra, the second principle of
“guest molecules” is more appropriate for ACT units built from
large tetrahedra.
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DCCPU = 2. Figure 5 shows two examples of structures consisting of CCP layers and ACT chains. The structure of
Pb3Ta5O9F13 (Sävborg 1985b) based on the ∞2 [Ta5X19] layers built

from corner-sharing (TaX6) octahedra (X = O, F) and 1∞[FPb3]
single chains of corner-sharing (FPb4) tetrahedra (Fig. 5a). The
structure of Pb[Pb2MnAl2O2][Al8O18] (Teichert and MüllerBuschbaum 1991) contains ∞2 [Al4O9] aluminate tetrahedral layers and ∞1 [O2Pb2MnAl2] oxocentered tetrahedral chains (Fig. 5b).
In both cases, the flexible CCP layers form appropriate hollows to accommodate large ACT chains.
DCCPU = 3. In this case, the ACT units occur in cavities of
the cation-centered polyhedral frameworks. This is clearly the
reverse situation to that described in the previous section. Here,
large anion-centered polycations can be considered as guest
molecules that control the type of CCP framework, as illustrated by maricopaite (Rouse and Peacor 1994). Maricopaite is
a zeolite-like mineral with an unusual mordenite-like interrupted
tetrahedral framework (Fig. 6). Its cavities contain large
polycations [Pb4(OH)4]4+ that may be described as Pb4 tetrahedra with O atoms capping all their faces. The O atoms have
tetrahedral coordination, consisting of three O-Pb and one OH bonds. Rouse and Peacor (1994) suggested that maricopaite
crystallized around the [Pb4(OH)4] complexes that are already
existed in the formative solutions and that the framework
discontinuities result from the necessity to accommodate these
large structural units. Such anion-centered clusters may be introduced into the framework cavities after it has formed. An
example is the structure of Pb2+-exchanged and dehydrated zeolite X, the synthetic counterpart of faujasite (Yeom et al. 1997);

FIGURE 5. Accommodation of CCP layers (dark) to ACT chains
(light) (see text).

F IGURE 6. Undistorted (a) and interrupted (b) tetrahedral
frameworks in mordenite and maricopaite, respectively. Framework
discontinuities in maricopaite result from the necessity to accommodate
[Pb4(OH)4] clusters (b).

DCCPU > DACTU
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the [Pb4(OH)4] complexes are exchangeable polycations that
balance the negative charge of the framework. Dehydration of
these complexes leads to the formation of [Pb8O4] polycations
by replacing H by Pb. These complexes have a geometry of
stella quandrangula, a common metal-cluster arrangement in
complex-alloy structures (Nyman and Andersson 1979;
Andersson 1981; Häussermann et al. 1998).
DCCPU = DACTU > 1
The main principles for constructing crystal structures containing ACT and CCP units with the same dimensionality are
parallel juxtaposition for D = 1, 2 and interpenetration for D = 3.
D = 1, 2. This case is illustrated by the structure of
chloroxiphite, [Pb3O2][Cu(OH)2]Cl2 (Finney et al. 1977), which
is based on the double 1•[O2Pb3] chains of edge-sharing (OPb4)
tetrahedra (like that shown in Fig. 1a) and 1•[Cu(OH)2] column
s of edge-sharing [Cu(OH)4] squares extending parallel to the
b axis. The structure of compounds with alternating anion- and
cation-centered tetrahedral layers were described recently by
Nientiedt and Jeitschko (1998).

D = 3. When the anion- and cation-centered polyhedral units
are three-dimensional, they interpenetrate in the structure (Fig.
7). The anion-centered tetrahedral unit is built by corner sharing of stellae quadrangulae, [O4A8]. This type of interpenetration between ACT and CCP units occurs in [Bi3O2][Ru3O9]
(Abraham and Thomas 1975; see also: Sleight and Bouchard
1973). The interpenetration of ACT- and CCP-three-dimensional units implies that each framework has large cavities for
location of fundamental blocks of another unit.

STRUCTURES WITHOUT CCP UNITS
The general crystal-chemical formula of minerals and compounds with ACT but without CCP units may be written as
A'k[XnAm]X'l, where A' represents a cation that does not belong
to anion-centered tetrahedra, and X' is a large anion (usually
halide or S2–). These structures are controlled by adjustment between ACT units and large anions. Two structural groups may
be distinguished by the dimensionality of their tetrahedral units:
D < 3 (finite groups, chains and layers) and D = 3 (frameworks).
When A' and X' are missing, we have simple [XnAm] compounds,

FIGURE 7. The scheme of interpenetration between anion-centered tetrahedral ∞3 [O2Bi3] (a) and cation-centered ∞3 [Ru3O9] octahedral (c)
frameworks in [Bi3O2][Ru3O9] (b).

FIGURE 8. Oxocentered tetrahedral frameworks built by condensation of (OBi4) tetrahedra: (a) ∞3 [O9Bi8] framework from (Cu5Cl)Bi48O59Cl30
(Aurivillius 1990) built from ninefold chains; (b) ∞3 [(O6F)Bi6] framework from Bi6O7FCl3 (Hopfgarten 1975) built from tenfold and fourfold
chains; (c) ∞3 [O7Bi6] framework from Bi12O15Cl6 (Hopfgarten 1976) built from 16-fold and fourfold chains.
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such as oxides and fluorides considered by O’Keeffe and Hyde
(1985, 1996) and Hyde and Andersson (1989).
Structures with ACT finite groups, chains, and layers.
The main function of large anions in structures of this type
is to surround tetrahedral units and/or to link them into the complex units incorporating tetrahedra as a core. The structure of
ponomarevite, K4Cu4OCl10 (Semenova et al. 1989) consists of
[(OCu4)Cl10]4– clusters which represent (OCu4) oxocentered
tetrahedra surrounded by ten chlorine ions. Potassium ions, K +,
unite these clusters into a three-dimensional structure. In the
structure of mendipite, Pb3O2Cl2 (Gabrielson 1958), double
1
∞[O2Pb3] chains like that shown in Figure 1a are linked by chlorine atoms into a framework. Thorikosite, (Pb3Sb0.6As0.4)
(O3OH)Cl2 (Rouse and Dunn 1985), consists of Cl anions sandwiched between litharge-like layers of oxocentered tetrahedra
(Fig. 3a).
Structures with ACT frameworks
Large X' anions fill the cavities of anion-centered tetrahedral frameworks (Fig. 8). These frameworks have large onedimensional channels suitable for the occurence of large anions.
Conformation of single chains of edge sharing (XA4)
tetrahedra
In some structures containing ∞1 [XA2] chains of edge-sharing (XA4) tetrahedra and large halide ions (X'), tetrahedral
chains accommodate large anions by rotation of anion-centered
tetrahedra about axes normal to the extension of the chain.
Rotation of this kind is reminiscent of that observed in cornersharing (SiO4) tetrahedra in silicates (Liebau 1985). The effect
of such a rotation is to transform the zweier single chain (i.e.,
having two tetrahedra within the identity period) toward the
vierer chain (with four tetrahedra in the identity period) and
has been observed, for example, in coparsite, [Cu 4 O 2 ]
[(As,V)O4]Cl (Starova et al. 1998). The detailed description of
the conformation of ∞1 [XA2] chains in the presence of large halide ions is given by Krivovichev and Filatov (1998).

ACKNOWLEDGMENTS
The clarity and quality of this manuscript were considerably improved following the reviews of F.C. Hawthorne and anonymous referee, and the editorial
comments of associate editor R. Oberti. Financial support by the Russian Fund
for Basic Research (RFBR, grant no. 99-05-65197) is gratefully acknowledged.

REFERENCES CITED
Abraham, F. and Thomas, D. (1975) Structure cristalline de Bi3Ru3O11. Bulletin de
la Société Chimique de France, 1975, 25–29.
Abraham, F., Ketatni M., Mairesse G., and Mernari B. (1994) Crystal structure of a
new bismuth copper oxyphosphate: BiCu2PO6. European Journal of Solid State
and Inorganic Chemistry, 31, 313–323.
Andersson, S. (1981) The description of complex alloy structures. In Structure and
Bonding in Crystals, Vol. 2, edited by M. O’Keeffe and A. Navrotsky, p. 233–
258. Academic Press, New York.
Aurivillius, B. (1990) Crystal structures of (MI5Cl)(Bi48O59Cl30), MI=Cu, Ag. Acta
Chemica Scandinavica, 44, 111–122.
Birnie, R.V. and Hughes, J.M. (1979) Stoiberite, Cu5V2O10, a new copper vanadate
from Izalco volcano, El Salvador, Central America. American Mineralogist, 64,
941–944.
Boldyrev, A.I., Simons, J., and von Schleyer, P.R. (1995) Ab initio study of the
hypermagnesium Mg2O+ and Mg3O+ cations. Chemical Physics Letters, 233,
266–272.
Braun, T.P., Simon, A., Ueno, F., and Böttcher, F. (1996) The [Th12N6X41]13– cluster:
an extension of rare earth metal cluster chemistry. European Journal of Solid

1105

State and Inorganic Chemistry, 33, 251–264.
Brese, N.E. and O’Keeffe, M. (1991) Bond-valence parameters for solids. Acta
Crystallographica, B47, 192–197.
———(1995) Crystal chemistry of inorganic nitrides. Structure and Bonding, 79,
307–378.
Brown, I.D. (1981) The bond-valence method: an empirical approach to chemical
structure and bonding. In M. O’Keeffe and A. Navrotsky, Eds., Structure and
Bonding in Crystals, Vol. 2, p. 49–72. Academic Press, New York.
Cooper, M. and Hawthorne, F.C. (1994) The crystal structure of kombatite,
Pb14(VO4)2O9Cl4, a complex heteropolyhedral sheet mineral. American Mineralogist, 79, 550–554.
Deacon, G.B., Gatehouse, B.M., and Ward, G.N. (1994) Cu3Bi4V2O12, a new compound. Acta Crystallographica, C50, 1178–1180.
Effenberger, H. (1985) Cu2O(SO4), dolerophanite: refinement of the crystal structure with a comparison of OCu(II)4 tetrahedra in inorganic compounds.
Monatshefte Chemie, 116, 927–931.
Effenberger, H. and Miletich, R. (1995) Na 2[Bi 2Cu 3O 4(AsO 4) 2 ] .H 2O and
K2[Bi2Cu3O4(AsO4)2].2H2O: two related crystal structures with topologically
identical layers. Zeitschrift für Kristallographie, 210, 421–426.
Finney, J.J., Graeber, E.J., Rosenzweig, A., and Hamilton, R.D. (1977) The structure of chloroxiphite, Pb3CuO2(OH)2Cl2. Mineralogical Magazine, 41, 357–361.
Gabrielson, O. (1958) The crystal structure of mendipite, Pb3O2Cl2. Arkiv foer
Mineralogi och Geologi, 2, 299–304.
Galy, J., Bonnet, J.J., and Andersson, S. (1979) The crystal structure of a new oxide
chloride of copper(II) and selenium(IV). Cu5 Se2O 8Cl 2 . Acta Chemica
Scandinavica, A33, 383–389.
Grimes, S.M., Jonston, S.R., and Abrahams, I. (1995) Characterization of the predominant low-pH lead(II)-hydroxo cation, (Pb4(OH)4)(4+); crystal structure of
(Pb4(OH)4)(NO3)4 and the implications of basic salt formation on the transport
of lead in the aqueous environment. Dalton Transactions, Inorganic Chemistry,
1995, 2081–2086.
Hawthorne, F.C. (1983) Graphical enumeration of polyhedral clusters. Acta
Crystallographica, A39, 724–736.
———(1986) Structural hierarchy in VIMXIIITYFZ minerals. Canadian Mineralogist,
24, 625–642.
——— (1994) Structural aspects of oxide and oxysalt crystals. Acta Crystallographica,
B50, 481–510.
Häussermann, U., Svensson, C., and Lidin, S. (1998) Tetrahedral stars as flexible
basis clusters in sp-bonded intermetallic frameworks and the compound BaLi7Al6
with the NaZn13 structure. Journal of American Chemical Society, 120, 3867–
3880.
Henry, M., Jolivet, J.P., and Livage, J. (1991) Aqueous chemistry of metal cations:
hydrolysis, condensation and complexation. Structure and Bonding, 77, 153–
206.
Hilpert, K. (1990) Chemistry of inorganic vapors. Structure and Bonding, 73, 97–
198.
Hopfgarten, F. (1975) Crystal structure of Bi6O7FCl3. Acta Crystallographica, B31,
1087–1092.
———(1976) Crystal structure of Bi12O15Cl6. Acta Crystallographica, B32, 2570–
2573.
Hyde, B.G. and Andersson, S. (1989) Inorganic crystal structures, 430 p. Wiley,
New York.
Kato, K. (1979) Die Kristallstruktur von Pentablei(II)-germanat-trioxid. Acta
Crystallographica, B35, 795–797.
Klimenko, A.N., Kozlov, Yu.S., Sergeev V.S., and Pastukhov, E.A. (1992) High Temperature phase transitions in rare-earth element niobates R3NbO7. Thermochimica
Acta, 209, 331–338.
Krivovichev, S.V. (1997) On the using of Schlegel diagrams for description and
classification of crystal structure of minerals. Proceedings of Russian Mineralogical Society, 126, 37–46 (in Russian).
Krivovichev, S.V. and Filatov, S.K. (1998) Conformation of single chains of anioncentred edge-sharing tetrahedra. Zeitschrift für Kristallographie, 213, 316–318.
Krivovichev, S.V., Filatov, S.K., and Semenova, T.F. (1997) On the systematics of
polyions of linked polyhedra. Zeitschrift für Kristallographie, 212, 411–417.
———(1998a) Types of cationic complexes on the base of oxocentred tetrahedra
[OM4] in crystal structures of inorganic compounds. Russian Chemical Reviews, 67, 137–155.
Krivovichev, S.V., Filatov, S.K., and Zaitsev, A.N. (1998b) The crystal structure of
kukharenkoite-(Ce), Ba2REE(CO3)3F, and an interpretation based on cationcoordinated F tetrahedra. Canadian Mineralogist, 36, 809–815.
Krivovichev, S.V., Filatov, S.K., Semenova, T.F., and Rozhdestvenskaya, I.V. (1998c)
Crystal chemistry of inorganic compounds based on chains of oxocentered tetrahedra. I. Crystal structure of chloromenite, Cu9O2(SeO3)4Cl6. Zeitschrift für
Kristallographie, 213, 645–649.
Krivovichev, S.V., Starova, G.L., and Filatov, S.K. (1999a) “Face-to-face” relationships between oxocentered tetrahedra and cation-centered tetrahedral oxyanions
in crystal structures of minerals and inorganic compounds. Mineralogical Magazine, 63, 263–266.
Krivovichev, S.V., Shuvalov, R.R., Semenova, T.F., and Filatov, S.K. (1999b) Crystal chemistry of inorganic compounds based on chains of oxocentered tetrahe-

1106

KRIVOVICHEV AND FILATOV: STRUCTURE OF ANION-CENTERED TETRAHEDRA

dra. III. Crystal structure of georgbokiite, Cu5O2(SeO3)2Cl2. Zeitschrift für
Kristallographie, 214, 135–138.
Liebau, F. (1982) Classification of silicates. In Mineralogical Society of America
Reviews in Mineralogy, 5, 1–24.
———(1985) Structural Chemistry of Silicates, 347 p. Springer, Berlin.
Lima-de-Faria, J., Hellner, E., Liebau, F., Mackovicky, E., and Parthé, E. (1990)
Nomenclature of inorganic structure types. Acta Crystallographica, A46, 1–11.
Nientiedt, A.T. and Jeitschko, W. (1998) Equiatomic quaternary rare earth element
zinc pnictide oxides RZnPO and RZnAsO. Inorganic Chemistry, 37, 386–389.
Nyman, H. and Andersson, S. (1979) The stella quadrangula as a structure building
unit. Acta Crystallographica, A35, 934–936.
O’Keeffe, M. and Bovin, J.O. (1978) The crystal structure of paramelaconite, Cu4O3.
American Mineralogist, 63, 180–185.
O’Keeffe, M. and Hyde, B.G. (1985) An alternative approach to non-molecular crystal
structures with emphasis on the arrangements of cations. Structure and Bonding, 61, 77–144.
——— (1996) Crystal Structures. I. Patterns and Symmetry, 453 p. Mineralogical
Society of America Monograph, Washington, D.C..
Pertlik, F. (1987) The structure of freedite, Pb8Cu(AsO3)2O3Cl5. Mineralogy and
Petrology, 36, 85–92.
Pring, A., Gatehouse, B.M., and Birch, W.D. (1990) Francisite, Cu3Bi(SeO3)2O2Cl,
a new mineral from Iron Monarch, South Australia: description and crystal structure. American Mineralogist, 75, 1421–1425.
Rouse, R.C. and Dunn, P.J. (1985) The structure of thorikosite, a naturally occurring
member of the bismuth oxyhalide group. Journal of Solid State Chemistry, 57,
389–395.
Rouse, R.C. and Peacor, D.R. (1994) Maricopaite, an unusual lead calcium zeolite
with an interrupted mordenite-like framework and intrachannel Pb4 tetrahedral
clusters. American Mineralogist, 79, 175–184.
Rouse, R.C., Peacor, D.R., Dunn, P.J., Criddle, A.J., Stanley, C.J., and Innes, J.
(1988) Asisite, a silicon-bearing lead oxychloride from the Kombat mine, South
West Africa (Namibia). American Mineralogist, 73, 643–650.
Sahl, K. (1970) Zur Kristallstruktur von Lanarkit, Pb2O(SO4). Zeitschrift für
Kristallographie, 132, 99–117.
Sävborg, O. (1985a) Structures of niobium and tantalum oxide fluorides containing
lone-pair ions IV.Pb12Ta9O20F29: a “block” structure related to the Aurivillius
phases. Journal of Solid State Chemistry, 57, 154–159.
———(1985b) Structures of niobium and tantalum oxide fluorides containing lone
pair-ions III.Pb3Ta5O9F13: a layer structure comprising unidimensional infinite
PbX (X = O or F) elements. Journal of Solid State Chemistry, 57, 148–153.
Schleid, T. (1996) [NM4] tetrahedra in nitride sulfides and chlorides of the trivalent
lanthanides. European Journal of Solid State and Inorganic Chemistry, 33, 227–
240.

Scordari, F. and Stasi, F. (1990) The crystal structure of euchlorine, NaKCu3O(SO4)3.
Neues Jahrbuch für Mineralogie, Abhandlungen, 161, 241–253.
Semenova, T.F., Rozhdestvenskaya, I.V., Filatov, S.K., and Fundamensky, V.S. (1989)
Crystal structure of ponomarevite, K4Cu4OCl10, a new mineral. Doklady
Akademii Nauk SSSR, 304, 427–430 (in Russian).
Shannon, R.D. (1976) Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides. Acta Crystallographica, A32,
751–767.
Shannon, R.D. and Calvo, C. (1973) Crystal structure of Cu 5 V 2O 10. Acta
Crystallographica, B29, 1338–1345.
Sleight, A.W. and Bouchard, R.J. (1973) A new cubic KSbO3 derivative structure
with interpenetrating networks. Crystal structure of Bi3GaSb2O11. Inorganic
Chemistry, 12, 2314–2316.
Smith, D.K., Roberts, A.C., Bayliss, P., and Liebau, F. (1998) A systematic approach to general and structure-type formulas for minerals and other inorganic
phases. American Mineralogist, 83, 126–132.
Starova, G.L., Filatov, S.K., Fundamensky, V.S., and Vergasova, L.P. (1991) The
crystal structure of fedotovite, K2Cu3O(SO4)3. Mineralogical Magazine, 55, 613–
616.
Starova, G.L., Krivovichev, S.V., Fundamensky, V.S., and Filatov, S.K. (1997) The
crystal structure of averievite, Cu5O2(VO4)2.nMX: comparison with related compounds. Mineralogical Magazine, 61, 441–446.
Starova, G.L., Krivovichev, S.V., and Filatov, S.K. (1998) Crystal chemistry of inorganic compounds based on chains of oxocentered tetrahedra. II. Crystal structure of Cu4O2[(As,V)O4]Cl. Zeitschrift für Kristallographie, 213, 650–653.
Teichert, A. and Müller-Buschbaum, H. (1991) Pb3MnAl10O20, eine neue Verbindung
mit Pb3GeAl10O20-Struktur. Journal of the Less-Common Metals, 170, 315–
320.
Varaksina, T.V., Fundamensky, V.S., Filatov, S.K., and Vergasova, L.P. (1990) The
crystal structure of kamchatkite, a new naturally occuring oxychloride sulphate
of potassium and copper. Mineralogical Magazine, 54, 613–616.
Vente, J.F., Helmholdt R.B., and Ijdo D.J.W. (1994) The structure and magnetic
properties of Pr3MO7 with M = Nb, Ta, and Sb. Journal of Solid State Chemistry, 108, 18–23.
Williams, S.A., McLean, W.J., and Anthony, J.W. (1970) A study of phoenicochroite–
its structure and properties. American Mineralogist, 55, 784–792.
Yeom, Y.H., Kim, Y., and Seff, K. (1997) Crystal structure of zeolite X exchanged
with Pb(II) at pH 6.0 and dehydrated: (Pb4+)14(Pb2+)18(Pb4O4)8Si100Al92O384. Journal of Physical Chemistry, B101, 5314–5318.
MANUSCRIPT RECEIVED JULY 13, 1998
MANUSCRIPT ACCEPTED JANUARY 29, 1999
PAPER HANDLED BY ROBERTA OBERTI

