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AND THE CRYSTAL CHEMISTRY OF [[6]M2 [4]T2 �12] SHEETS
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ABSTRACT

The crystal structure of paranatisite, ideally Na4 [Ti O Ti O (SiO4)2], from the Khibina–Lovozero alkaline complex, Kola
Peninsula, Russia, a 9.181(2), b 4.800(1), c 9.811(2) Å, V 432.37(1) Å3 has been refined in the space group Pmc21 (Z = 2) to a
residual R value of 5.1% using 651 observed (| Fo | > 4�F) reflections collected with a single-crystal diffractometer, a serial
detector and MoK� X-radiation. The empirical formula, space group and crystal chemistry of paranatisite are revised. There is
one unique Si tetrahedron, three unique Na octahedra and two unique Ti square pyramids with <Si–O> = 1.629, <Na–O> = 2.430
and <Ti–O> = 1.971 Å. The crystal structure of paranatisite is described in terms of seven polyhedral layers, with emphasis on the
role of three types of sheets. Two sheets consist of (TiO5) square pyramids, (SiO4) tetrahedra and (NaO6) octahedra; the third
sheet consists of (NaO6) octahedra and (SiO4) tetrahedra. These sheets are based on the 44 plane net in which the vertices are
colored to represent occupancy by different cations and vacancies (�). A sheet can be characterized by the unit [[6]M2 [4]T2 �12],
where M generally represents [6]- or [5]-coordinated cations, T represents [4]-coordinated cations, � stands for an anion (O, F, Cl,
OH, H2O), and (M�n) and (TO4) polyhedra share common vertices. This sheet occurs as a component in the structures of several
minerals: sulphohalite, Na6 [(SO4)2] F Cl; natisite, Na2 [Ti O (SiO4)]; garnet, [[8]M3 [6]M2 T3 O12]; griphite, (Mn2+,Ca,Na,Li)24 Ca4
Fe2+

4 Al8 (PO4)24 F8; girvasite, Na Ca2 [Mg3 (OH)2 (PO4)2 {PO2 (OH)2} (CO3)] (H2O)4; olmsteadite, K2 [Fe2+
4 Nb2 O4 (H2O)4

(PO4)4]; gainesite, Na2 [Zr2 Be (PO4)4]; rhomboclase, (H5O2) [Fe (SO4)2 (H2O)2]; and several uranium minerals related to meta-
autunite, Ca [(UO2) (PO4)]2 (H2O)6.

Keywords: paranatisite, crystal structure, Khibina–Lovozero complex, crystal chemistry, 44 net, mixed M–T sheet.

SOMMAIRE

Nous avons affiné la structure cristalline de la paranatisite, de formule idéale Na4 [Ti O Ti O (SiO4)2], provenant du complexe
alcalin de Khibina–Lovozero, péninsule de Kola, en Russie, a 9.181(2), b 4.800(1), c 9.811(2) Å, V 432.37(1) Å3, groupe spatial
Pmc21 (Z = 2) jusqu’à un résidu R de 5.1% en utilisant 651 réflexions observées (| Fo | > 4�F) prélevées sur cristal unique avec
un diffractomètre muni d’un détecteur en série et un rayonnement MoK�. La formule empirique, le groupe spatial et la
cristallochimie de la paranatisite sont révisés. Il y a un tétraèdre Si unique, trois octaèdres Na uniques, et deux pyramides carrées
Ti, avec <Si–O> = 1.629, <Na–O> = 2.430 et <Ti–O> = 1.971 Å. Nous décrivons la structure de la paranatisite en termes de sept
feuillets de polyèdres, avec emphase sur le rôle de trois sortes de feuillets. Deux de ces feuillets sont faits de pyramides carrées
(TiO5), des tétraèdres (SiO4) et des octaèdres (NaO6); le troisième feuillet contient des octaèdres (NaO6) et des tétraèdres (SiO4).
Ces feuillets sont fondés sur un réseau 44 en plan dans lequel les noeuds sont colorés pour représenter l’occupation des divers
cations et des lacunes (�). Un feuillet peut se caractériser par l’expression [[6]M2 [4]T2 �12], dans laquelle M représenterait en
général des cations à coordinence [6] ou [5], T représente des cations à coordinence [4], � représente un anion (O, F, Cl, OH,
H2O), et les polyèdres (M�n) et (TO4) partagent des coins communs. Un tel feuillet se trouve aussi dans la structure de plusieurs
minéraux: sulphohalite, Na6 [(SO4)2] F Cl; natisite, Na2 [Ti O (SiO4)]; grenat, [[8]M3 [6]M2 T3 O12]; griphite, (Mn2+,Ca,Na,Li)24
Ca4 Fe2+

4 Al8 (PO4)24 F8; girvasite, Na Ca2 [Mg3 (OH)2 (PO4)2 {PO2 (OH)2} (CO3)] (H2O)4; olmsteadite, K2 [Fe2+
4 Nb2 O4

(H2O)4 (PO4)4]; gainesite, Na2 [Zr2 Be (PO4)4]; rhomboclase, (H5O2) [Fe (SO4)2 (H2O)2]; et plusieurs minéraux d’uranium
apparentés à la méta-autunite, Ca [(UO2) (PO4)]2 (H2O)6.

Mots-clés: paranatisite, structure cristalline, complexe de Khibina–Lovozero, cristallochimie, réseau 44, feuillet M–T mixte.
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INTRODUCTION

Paranatisite, ideally Na2 [Ti O (SiO4)], has been de-
scribed from hyperagpaitic pegmatitic rocks of the
Khibina–Lovozero alkaline complex, Kola Peninsula,
Russia (Khomyakov et al. 1992). Sokolova et al. (1985)
showed that paranatisite is a low-temperature ortho-
rhombic modification of natisite, Na2 [Ti O (SiO4)], tet-
ragonal (Nyman et al. 1978). Polymorphism is typical
of zirconosilicates occurring in hyperalkaline rocks, e.g.,
catapleiite, Na2 Zr Si3 O9 (H2O)2 (Ilyushin et al. 1981b)
and gaidonnayite, Na2 Zr Si3 O9 (H2O)2 (Chao 1985);
umbite, K2 Zr Si3 O9 (H2O) (Ilyushin 1993) and
kostylevite, K4 Zr2 Si6 O18 (H2O)2 (Ilyushin et al.
1981a). When describing the crystal structure of
paranatisite, Sokolova et al. (1985) used an average-
structure model, neglecting disorder of oxygen atoms;
the resulting configuration of anions is rather unsatis-
factory. Consequently, we have re-examined the struc-
ture of paranatisite. Here, we present results of our
refinement of the paranatisite structure and describe it
in terms of seven layers of polyhedra, including three
types of [[6]M2 [4]T2 �12] sheets. We also examine some

topologically related structures: sulphohalite, Na6
[(SO4)2] F Cl; natisite, Na2 [Ti O (SiO4)]; garnet, [[8]M3
[6]M2 T3 O12]; griphite, (Mn2+,Ca,Na,Li)24 Ca4 Fe2+

4 Al8
(PO4)24 F8; girvasite, Na Ca2 [Mg3 (OH)2 (PO4)2 {PO2
(OH)2} (CO3)] (H2O)4; olmsteadite, K2 [Fe2+

4 Nb2 O4
(H2O)4 (PO4)4]; rhomboclase, (H5O2) [Fe (SO4)2
(H2O)2]; gainesite, Na2 [Zr2 Be (PO4)4], and several
uranium minerals related to meta-autunite, Ca [(UO2)
(PO4)]2 (H2O)6, that contain the topologically identical
sheet [[6]M2 [4]T2 �12].

EXPERIMENTAL

Crystals of paranatisite are yellow to orange-yellow,
and transparent; they show mottled extinction in cross-
polarized light. A relatively optically homogeneous
crystal of paranatisite from the holotype specimen was
attached to a glass fiber and mounted on a Siemens P4
automated four-circle diffractometer. Reflections over
the range 9.4 ≤ 2� ≤ 29.4° were centered, and the unit-
cell dimensions were refined by least squares from the
resultant setting angles. A small number of those reflec-
tions that were centered did not fit the refined cell very
well, and the standard deviations of this refined cell were
large. When these reflections were omitted from the
refinement, the remainder of the data fit the cell given
in Table 2. It should be noted that the crystal quality is
poor, and there were problems centering on some re-
flections. Intensity data were collected in �–2� scan
mode at a fixed scan-rate of 2.0°2�/min; a total of 1402
intensities was measured. Psi-scan data were measured
on 15 reflections to 60°2� at increments of 5°, and an
absorption correction, modeling the crystal as a triaxial
ellipsoid, reduced R(azimuthal) from 9.1 to 3.9%. The
data were corrected for Lorentz, polarization and back-
ground effects, averaged and reduced to structure fac-
tors; of the 705 unique reflections, 651 were considered
as observed (| Fo | > 4�F).
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STRUCTURE REFINEMENT

The crystal structure of paranatisite, Na2 [Ti O
(SiO4)], was refined with the SHELXTL 5.1 software
(Sheldrick 1997). Scattering factors for neutral atoms
were taken from the International Tables for X-Ray
Crystallography (Ibers & Hamilton 1974). The present
X-ray-diffraction data are consistent with space groups
Pmcm and Pmc21. Note that the refined structure is not
consistent with the presence of a mirror plane orthogo-
nal to the c axis (Fig. 1c). Details of the X-ray data col-
lection and structure refinement are given in Table 1.
The crystal structure of paranatisite was refined to an R
index of 5.1% in the space group Pmc21. Two maxima
of about 15e were found ~0.65 Å apart in the differ-
ence-Fourier map, and included in the refinement as the
sites Ti(2A) and Ti(2B) with the scattering curve of Ti.
Final atom parameters are given in Table 2, selected
interatomic distances are presented in Table 3, and a
bond-valence analysis is shown in Table 4. A table of
structure factors may be obtained from The Depository
of Unpublished Data, CISTI, National Research Coun-
cil, Ottawa, Ontario K1A 0S2, Canada.

ELECTRON-MICROPROBE ANALYSIS

The same crystal used for collection of the single-
crystal X-ray intensity data was mounted in a perspex
disc, ground, polished and coated with carbon for
chemical analysis using a Cameca SX–50 electron mi-

FIG. 1. Three (100) sheets in the crystal structure of
paranatisite: (a) a sheet of [5]-coordinated Ti(1) polyhedra
and Na(2) octahedra at x ≈ 0; (b) a sheet of Na(1) octahedra
and Si tetrahedra at x ≈ 0.25; (c) a sheet of Na(3) octahedra
and Ti(2) polyhedra at x ≈ 0.5. The [5]-coordinated Ti
polyhedra are yellow, Na octahedra are yellow (hachured),
and Si tetrahedra are blue.
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For all Fe3+, we presume that Fe3+ substitutes for
Ti4+. There are no other significant substitutions involv-
ing cations in natisite that can maintain electroneutrality,
and hence there must be an accompanying anion-sub-
stitution of the form

Fe3+ + (OH)– → Ti4+ + O2–

Note that this type of substitution is in accord with the
low incident bond-valence sum at the O(6) site, which
would be partly occupied by O2– and (OH)–, and may
be the cause of the cation disorder at the Ti(2A) and
Ti(2B) sites.

For all Fe2+, we presume that half the Fe2+ substi-
tutes for Ti4+ and the other half of the Fe2+ substitutes
for Na at one or more of the Na sites. Again, there must
be an accompanying anion substitution of the form

Fe2+ + Fe2+ + (OH)– → Ti4+ + Na + O2–

This substitution is also in accord with the low incident
bond-valence sum at the O(6) site, and also may be the
cause of cation disorder at the Ti(2A) and Ti(2B) sites.

Do the structural data allow us to decide between
these two different models? No. Using the sum of the
constituent cation and anion radii, the predicted
<Ti(2B)–O> distances are 1.99 and 2.01 Å for Fe3+ and
Fe2+, respectively, whereas the observed <Ti(2B)–O>
is 2.07 Å; the difference is too large to be indicative of
valence state, and is probably the result of the extreme
disorder in this part of the structure. The unit formula
(Table 5) agrees somewhat better with the all-Fe2+ al-
ternative, but we do not regard this evidence as defini-
tive, and the question of the valence state of Fe remains
open.

The currently accepted structural formula of parana-
tisite, Na2 [Ti O (SiO4)], is not very convenient, as there
are two distinct Ti sites that can be occupied in the unit
cell, Ti(1) and either Ti(2A) or Ti(2B), and these two
sites behave differently. As shown below, Ti(1) is occu-
pied by Ti4+ and Ti(2A,B) is occupied by Ti4+ + Fe3+,
and hence it is desirable to identify these two different
sites in the structure formula. Moreover, there are six
distinct O sites, five of which [O(1)–O(5)] are always
occupied by O2–, and the other of which [O(6)] is occu-
pied by O2– and (OH). We may identify these features
by considering Z as 2 and writing the end-member for-
mula as

Na4 Ti O Ti O (SiO4)2

The corresponding end-members for substitution of Fe3+

and Fe2+ at the Ti(2B) site are Na4 Ti O Fe3+ (OH)
(SiO4)2 and (Na3Fe2+) Ti O Fe2+ (OH) (SiO4)2, respec-
tively.

croprobe. The crystal was analyzed for Si, Ti, Zr, Nb,
Ta, Fe, Ca, Na and F in wavelength-dispersion mode.
Ten points were analyzed with the following conditions:
excitation voltage: 15 kV, specimen current: 20 nA,
beam size: 10 �m, peak count-time: 20 s, background
count-time: 10 s. The standards and crystals used for
K� X-ray lines of the elements sought were: Si: diop-
side; Mn: spessartine; Ti: titanite; Nb: MnNb2O6; Fe:
fayalite; Ca: diopside; Na: jadeite. The resulting chemi-
cal composition is given in Table 5; the unit formula
was calculated on the basis of 10 O atoms, and is listed
in Table 5.

CHEMICAL COMPOSITION

The chemical composition (Table 5) shows that
paranatisite has significant Fe incorporated in the struc-
ture. Unfortunately, a combination of low Fe content
and paucity of sample did not allow determination of
the valence state of the Fe by milliprobe Mössbauer
spectroscopy, and hence we must consider the possibil-
ity of both Fe3+ and Fe2+ in the structure of paranatisite.
Again, the small amount of Fe present does not allow
determination of valence state from differences in mean
bond-lengths. We will thus consider two different pos-
sibilities: (1) all Fe3+, and (2) all Fe2+.

947 40#3-juin-02-2368-15 6/26/02, 10:58950



THE CRYSTAL STRUCTURE OF PARANATISITE 951

STRUCTURE DESCRIPTION

Coordination of the cations

In the crystal structure of paranatisite, there is one
unique Si site surrounded by four O atoms in a tetrahe-
dral arrangement, with <Si–O> = 1.629 Å. There are
two unique [5]-coordinated Ti sites. The Ti(1) site has a
<Ti(1)–O> of 1.910 Å and is fully occupied by Ti. The
other Ti site involves positional disorder and was split
into two sites, Ti(2A) and Ti(2B), with unconstrained
occupancies of 0.54(4) and 0.46(4), respectively. The
Ti(2A)–Ti(2B) distance is 0.667(4) Å, indicating that
only one of these sites can be occupied in any local ar-
rangement. In accord with this, the (unconstrained) sum
of the refined occupancies of the two sites is 1.00(5).
The Ti(1) and Ti(2A) polyhedra can be described as
square pyramids with four long bonds and one short
bond: <Ti(1,2A)–O> = 1.922, Ti(1)–O(3) = 1.701,
Ti(2A)–O(6) = 1.74 Å, similar to [5]-coordinated Ti in
the crystal structure of natisite, Na2 [Ti O (SiO4)] (Table
6): <Ti–O> = 1.931, Ti–O(2) = 1.695 Å (Nyman et al.
1978). The coordination of Ti(2B) in paranatisite is very
different: <Ti(2B)–O> = 2.071, Ti(2B)–O(6) = 2.407 Å.
For the Ti sites, we did not find evidence of the pres-
ence of any cation with higher scattering, in accord with
the chemical composition of the crystal (Table 5).

Bond-valence calculations for paranatisite (Table 4)
show that O(6) receives only 1.60 valence units (vu) in
incident bond-valence (for the average structure). In-
spection of Table 4 shows that O(6) bonds to Ti(2A),
Ti(2B), Na(1) � 2 and two Na(3). Because of the posi-
tional disorder of cations over the Ti(2A) and Ti(2B)
sites, O(6) bonds only to a cation at one of these two
sites in any local configuration. Table 6 shows the dis-
tribution of local bond-valences around both the Ti(2A)
and Ti(2B) sites. For occupancy of both sites by Ti4+,
the incident bond-valence sums are 4.00 and 2.34 vu,
respectively. This finding suggests that the Ti(2A) site
is occupied by Ti, and that the Ti(2B) site is occupied
by other cations. Consider the bond-valence incident at
O(6) where Ti(2A) is occupied by Ti4+: �O(6) = 1.32
[Ti(2A)] + 0.19 � 2 [Na(1)] + 0.30 + 0.12 [both from
Na(3)] = 2.12 vu, indicating that O(6) is occupied by
O2– in this local arrangement. With an incident bond-
valence sum of 2.44 vu, Ti(2B) cannot be occupied by

Ti4+. However, the unit formula calculated from the
electron-microprobe data (Table 5) indicates that there
is significant substitution of Fe3+ and Mn for Ti4+ in this
crystal. Is Ti(2B) completely occupied by Fe3+ and Mn?
The structure was refined with the Ti(2B) site-occu-
pancy fixed at the amount of substituent Fe3+ indicated
by the unit formula. The refinement converged to an R
index of 6.6% (compared to 5.1%, Table 1), and there
were significant residuals in the electron density around
these sites. Thus we may conclude that Ti(2B) is not
occupied exclusively by Fe3+. A second cycle of refine-
ment was run with all Fe3+ assigned to Ti(2B), along
with a variable amount of Ti. The refinement converged
to an R index of 5.1% and a Ti(2B) occupancy of 0.24
Fe + 0.18(2) Ti. If Ti(2B) is considered as being occu-
pied by Fe3+, the incident bond-valence sum (Table 6)
at the cation is 2.34 vu, and the bond valence incident at
O(6) is 0.99 vu. The incident bond-valence sum at
Ti(2B) is still lower than expected, but is more in ac-
cord with major occupancy of this site by Fe3+ rather
than by Ti4+. The incident bond-valence sum at O(6) is
in accord with local occupancy of O(6) by (OH).Thus
the O(6) site is occupied by both O and (OH), depend-
ing on the local occupancy of the Ti(2A) and Ti(2B)
sites.

Structure topology

In the crystal structure of paranatisite, six distinct
polyhedra are linked to form a rather dense framework.
It is convenient to describe this structure in terms of
sheets of polyhedra perpendicular to the three axes of
the orthogonal coordinate system; in paranatisite, there
are seven distinct types of sheets of polyhedra.

The [100] direction: Four sheets stack along the a
axis, and three of them are distinct. The first sheet (at x
≈ 0) consists of {Na(2)O6} octahedra and {Ti(1)O5}
polyhedra (Fig. 1a). In this sheet, {Na(2)O6} polyhedra
share trans vertices to form a chain along [001]. Each
{Na(2)O6} octahedron shares two edges with {Ti(1)O5}
polyhedra, and each {Ti(1)O5} polyhedron links to four
{Na(2)O6} octahedra through a pair of common edges
and through a pair of common vertices. The second
sheet (at x ≈ 0.25 and 0.75) consists of {Na(1)O6} octa-
hedra and (SiO4) tetrahedra linked through common
vertices (Fig. 1b). The third sheet (at x ≈ 0.50) is com-
posed of {Ti(2)O5} and {Na(3)O6} polyhedra (Fig. 1c);
{Na(3)O6} octahedra link through common vertices to
form a chain along [010]. Each {Na(3)O6} octahedron
has a face, an edge and a vertex in common with three
{Ti(2)O5} polyhedra.

The [010] direction: This direction has a short re-
peat-distance (b = 4.800 Å), and there are only two
sheets per repeat. The first sheet (at y ≈ 0) consists of
{Ti(1)O5} square pyramids, {Na(3)O6} octahedra and
(SiO4) tetrahedra (Fig. 2a) linked through common ver-
tices. The {Ti(1)O5} polyhedra point both up and down.
The second sheet (at y ≈ 0.5) consists of {Na(1)O6},
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{Na(2)O6} and {Ti(2)O5} polyhedra (Fig. 2b). Chains
of {Na(1)O6} octahedra connect through common edges
along [100], and {Na(2)O6} octahedra connect via com-
mon vertices along [001]. These chains intersect to form
four-member clusters. In a cluster, each {Na(1)O6} oc-
tahedron shares two edges with two {Na(2)O6} octahe-
dra. The {Ti(2)O5} square pyramids are attached to two
{Na(1)O6} octahedra through common edges and to two
{Na(1)O6} octahedra through common vertices.

The [001] direction: There are four sheets for each c
unit-cell repeat. The first sheet (at z ≈ 0.2 and 0.7) con-
sists of {Ti(2)O5}, {Na(2)O6} and (SiO4) polyhedra
(Fig. 2c) and appears similar to the first sheet perpen-
dicular to [010] (Fig. 2a). It differs from the latter in the
polar orientation of {Ti(2)O5} square pyramids. Figure
2d shows a sheet of {Ti(1)O5}, {Na(1)O6} and
{Na(3)O6} polyhedra (at z ≈ 0.46 and 0.96) in which
{Ti(1)O5} pyramids share two edges and two vertices
with four {Na(1)O6} octahedra. In this sheet, there are

also two chains of (NaO6) octahedra: {Na(1)O6} octa-
hedra connect via common vertices along [100], and
{Na(3)O6} octahedra connect through common edges
along [010]. A trimeric cluster of (NaO6) octahedra
forms at the intersection of these two chains, and in this
cluster, a central {Na(3)O6} octahedron shares two com-
mon faces with adjacent {Na(1)O6} octahedra.

THE 44 PLANE NET

In the crystal structure of paranatisite, there are three
sheets of octahedra or square pyramids and tetrahedra
(Figs. 1b, 2a, 2c); such sheets occur as structural frag-
ments in several minerals. Their topology is related to
the 44 plane net, an array of vertices of valence four,
connected by edges (Fig. 3a). Such nets (or graphs) have
been used extensively to describe connectivity (or bond
topology) in crystal structures (e.g., Wells 1977, Smith
1977, 1978, 1979, Hawthorne 1983, Schindler et al.

FIG. 2. Four sheets [(010) (a)–(b); (001) (c)–(d)] in the crystal structure of paranatisite: (a)
a sheet of Ti(1), Na(3) and Si polyhedra at y ≈ 0; (b) a sheet of Na(1), Na(2) and Ti(2)
polyhedra at y ≈ 0.5; (c) a sheet of Ti(2), Na(2) and Si polyhedra at z ≈ 0.2; (d) a sheet
of Ti(1), Na(1) and Na(3) polyhedra at z ≈0.46. Legend as in Figure 1.
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1999). The vertices of the graph may represent polyhe-
dra, and the edges of the graph represent the connectiv-
ity of the constituent polyhedra. The approach to the
topology of crystal structures has concentrated prima-
rily on linkages of tetrahedra. However, one may color
the vertices of a graph to represent different types of
polyhedra (including vacancies), giving rise to one-col-
ored (Fig. 3a), two-colored (Fig. 3b), three-colored
(Figs. 3c, d) and four-colored (Fig. 3e) graphs. In this
way, one may examine the topology of crystal struc-
tures in which linkage of different types of polyhedra
(e.g., tetrahedra and octahedra) is involved. The impor-
tance of heteropolyhedral sheets based on the 44 net in
the structure of paranatisite encouraged us to look for

similar sheets in other heteropolyhedral structures. The
graphs shown in Figure 3 all have fairly high plane-
group symmetry. Many other lower-symmetry graphs
are possible, but here we examine only a few high-sym-
metry representatives, as these describe some of the
structures in which we are currently interested.

THE CRYSTAL CHEMISTRY

OF THE [[6]M2 [4]T2 �12] SHEET

Minerals with a [[6]M2 [4]T2 �12] sheet

Sulphohalite, Na6 [(SO4)2] F Cl, is a Na sulfate of
cubic symmetry (Sakamoto 1968). Its crystal structure

FIG. 3. The 44 net: (a) the square 44 net; (b) a two-colored 44

net; (c) a three-colored 44 net; (d) a three-colored 44 net in
which vertices of one color are replaced by vacancies; (e) a
four-colored 44 net with equal amounts of vacancies and
vertices of the third color.
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was recently described by Sokolova & Hawthorne
(2001) in terms of trimeric clusters of octahedra. This
structure can also be described as a combination of two
parallel sheets: (1) a sheet of (NaO6) octahedra at z =
0.0 and 0.5, sharing common vertices, edges and faces,
and (2) a sheet of (NaO6) octahedra at z = 0.25 and 0.75,
linked to (SO4) tetrahedra through common vertices. As
sulphohalite is cubic, these two sheets form two types
of framework in the structure. A sheet of (Na O4 F Cl)
octahedra and (SO4) tetrahedra is shown in Figure 4a.
This sheet is based on the two-colored 44 net (Fig. 3b)
and can be characterized by a cluster of two octahedra
and two tetrahedra: [[6]M2 [4]T2 �12], where [6]M is a [6]-
coordinated cation (i.e., Na), [4]T is a [4]-coordinated
cation (i.e., S), and � are anions, (i.e., O, F and Cl). In
sulphohalite, this cluster has the composition [Na2 S2
O10 F Cl]8– (Table 7).

Natisite, Na2 [Ti O (SiO4)], is a (Na–Ti) orthosilicate
and a high-temperature polymorph of Na2 Ti O (SiO4)
(Nyman et al. 1978). In the crystal structure of natisite,

there is one type of [[6]M2 [4]T2 �12] sheet of (TiO5)
square pyramids and (SiO4) tetrahedra (Fig. 4b), and the
pyramids point alternately up and down relative to the
plane of the sheet. In the natisite structure, Ti is [5]-
coordinated, in contrast to [6]-coordinated Na in
sulphohalite, and thus there are two anion vacancies per
sheet unit: [Ti2 Si2 O10 �2]4–. There are several syn-
thetic compounds of the same structure type as natisite;
these are listed in Table 7.

Paranatisite, Na4 [Ti O (Ti,Fe3+) (O,OH) (SiO4)2],
is characterized by three types of [[6]M2 [4]T2 �12] sheet.
The sheets in Figures 2a and 2c differ from the analo-
gous sheet in natisite (Fig. 4b) in the composition of the
M sites. In natisite, [5]-coordinated Ti occupies the only
one M site. In paranatisite, [5]-coordinated Ti and [6]-
coordinated Na occupy two M sites, and the sheets have
the composition [Ti Na Si2 O10 �2]10–. The third sheet
in the paranatisite structure (Fig. 1b) is similar to the
sulphohalite sheet (Fig. 4a), as it contains [6]-coordi-
nated Na and has the composition [Na2 Si2 O10 �2]7–

FIG. 4. The [[6]M2 [4]T2 �12] sheet in the crystal structure of: (a) sulphohalite; red lines
indicate the unit [Na2 S2 O10 F Cl]8–; (b) natisite, and (c) meta-autunite. The [[6]M2 [4]T2
�12] sheet viewed parallel to the sheet: (d) sulphohalite, (e) natisite, and (f) meta-
autunite. Na octahedra (sulphohalite), Ti [5]-coordinated polyhedra (natisite) and U
octahedra (meta-autunite) are yellow; S, Si and P tetrahedra are blue.
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(Table 7); this sheet is more distorted than the
sulphohalite sheet.

Uranium minerals related to meta-autunite, Ca
[(UO2) (PO4)]2 (H2O)6 (Makarov & Ivanov 1960), have
been described by Burns et al. (1996) and Burns (1999),
who showed that the main structural fragment of these
structures is a sheet of (U6+O6) square bipyramids and
(PO4) or (AsO4) tetrahedra. These minerals are meta-
uranocircite, Ba [(UO2) (PO4)]2 (H2O)6, threadgoldite,
Al [(UO2) (PO4)]2 (OH) (H2O)8, metatorbernite, Cu
[(UO2) (PO4)]2 (H2O)8, saléeite, Mg [(UO2) (PO4)]2
(H2O)10, abernathyite, K [(UO2) (AsO4)] (H2O)3, and
metazeunerite, Cu [(UO2) (AsO4)]2 (H2O)8 (Table 1).
Note that meta-autunite has the same space group (P4/
nmm) as natisite. The U–P sheet in meta-autunite (Fig.
4c) is similar to the Na–S sheet in sulphohalite (Fig. 4a).
However, projections in the plane of sheets (Figs. 4d, e,
f) show differences in the linkage of octahedra and tet-
rahedra for sulphohalite and meta-autunite. They also
show similar linkage for natisite and meta-autunite. Note
that the sulphohalite and natisite sheets are components
of frameworks, whereas the meta-autunite sheet is the
structural unit in the seven uranium minerals listed
above.

Structures with a [M [6]� [4]T2 �10 �2] sheet

We noted above that a three-colored net (Fig. 3c)
corresponds to a sheet with three types of cations. If
vacancies (�) are regarded as a type of cation, the net is
also a three-colored 44 net (Fig. 3d) (or a two-colored 84

net). A hypothetical sulphohalite-derived sheet based on
such a vacancy-containing 44 net is shown in Figure 5.
Each second octahedron is missing, and the sheet unit is
transformed into [M [6]� [4]T2 �10 �2]. There are sev-
eral minerals with this type of sheet as a structural frag-
ment: minerals of the garnet group, griphite, girvasite,
olmsteadite, johnwalkite, rhomboclase, and gainesite.

Garnet group: There are 16 minerals in the garnet
group with the general formula A3 B2 (SiO4)3, [8]A = Ca,
Fe2+, Mg and Mn2+; [6]B = Al, Cr3+, Fe3+, Mn3+, Si, Ti,
V3+ and Zr. Spessartine, Mn3 Al2 (SiO4)3, represents this
group in Table 7 (Sawada 1999). In the garnet structure,
B octahedra and (SiO4) tetrahedra form the sheet shown
in Figure 6a. The presence of the vacancy in the corre-
sponding 44 net allows two of the four (SiO4) tetrahedra
to rotate around a line connecting the two nearest octa-
hedra. Thus the garnet [M [6]� [4]T2 �10 �2] sheet is
more distorted (i.e., has lower plane-group symmetry)
than the [[6]M2 [4]T2 �12] sheets in Figures 4a, b and c. In
the cubic structure of garnet, three [B [6]� [4]Si2 �10 �2]
sheets intersect each other at right angles to form a
framework.

Griphite, (Mn2+,Ca,Na,Li)24 Ca4 Fe2+
4 Al8 (PO4)24

F8 (Rinaldi 1978), has two types of framework: (1) one
formed of (AlO6) octahedra and (PO4) tetrahedra, and
(2) one formed of (FeO6) octahedra, (CaO6F2) cubes and
(PO4) tetrahedra. Here, the first framework is of special

interest as it is formed by three [Al [6]� [4]P2 �10 �2]
sheets similar to the [B [6]� [4]Si2 �10 �2] sheet in the
garnet structure. The [Al [6]� [4]P2 �10 �2] sheet (Fig.
6b) is topologically identical to the garnet sheet, and
differs only in minor rotations of the polyhedra.

Girvasite, Na Ca2 [Mg3 (OH)2 (PO4)2 {PO2 (OH)2}
(CO3)] (H2O)4, is a good example of an exception to
Pauling’s (fifth) rule of parsimony (Pauling 1960). The
structure of girvasite consists of heteropolyhedral lay-
ers parallel to (001) and joined by hydrogen bonds
(Sokolova & Egorov-Tismenko 1990). The [Mg [6]�
[4]P2 �10 �2] sheet (Fig. 6c) is the central part of the
layer, and is topologically identical to the sheets in gar-
net and griphite.

Olmsteadite, K2 [Fe2+
4 Nb2 O4 (H2O)4 (PO4)4]

(Moore et al. 1976) and johnwalkite, K2 [Mn2+ Nb O4
(H2O)4 (PO4)4] (Dunn et al. 1986) were described as
phosphates with [M 2+

2 Nb2 O4 (H2O)4 (PO4)4]6– chains.
One can also describe these structures in terms of the
[M [6]� [4]T2 �10 �2] sheet: [Nb � P2 O10 �2}5– (Fig.
6d), in which an (NbO6) octahedron shares cis vertices
with (PO4) tetrahedra, in contrast to trans vertices in the
sheets discussed above. This pattern of sharing results
in a pronounced buckling of the sheet in the (001) plane.

Rhomboclase, (H5O2) [Fe (SO4)2 (H2O)2] (Mereiter
1974), is of special interest here. In its structure, the [Fe
� S2 O8 (H2O)2 �2]2– sheet consists of (Fe2+O6) octa-
hedra and (SO4) tetrahedra (Fig. 7a); each (FeO6) octa-
hedron shares cis vertices with two (SO4) tetrahedra,
with the latter above or below the plane of the sheet
(Fig. 7b). The rhomboclase sheet is the most contorted
of all the sheets discussed here (Fig. 7c). The synthetic

FIG. 5. Hypothetical sheet derived from sulphohalite with a
[[6]M � [4]T2 �10 �2] unit.
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compound K4 [(UO2) (PO4)2] has a similar sheet (Linde
et al. 1980).

Gainesite, end-member Na2 [Zr2 Be (PO4)4] (Moore
et al. 1983), is based on an open framework of compo-
sition [Zr2 Be P4 O16]2–

. Within this framework, Be and
P show major long-range positional disorder. However,
the framework must show short-range order if local
bond-valence requirements are to be satisfied. The re-
sultant ordered arrangement of a slice through the struc-
ture is shown in Figure 8. The corresponding net (Fig.
8a) is intermediate between the nets of Figures 3b and
3d, and the sheet involves alternating (BeO4) tetrahedra
and vacancies (Fig. 8b), the tetrahedra forming [Be
(PO4)4] clusters. According to our scheme, this sheet is
of the form [(Zr2 Be �) P4 O20 �4]10– or [(Zr Be½ �½)
P2 O10 �2]5–. Note that M now involves a tetrahedrally
coordinated cation, Be, and also note that the bond va-
lence of the Be–O bonds, ~0.50 vu, is more similar to
that of most octahedrally coordinated cations (Na–O to

Al–O are in the range 0.17–0.50 vu) than to that of most
tetrahedrally coordinated cations (Si–O to S–O are in
the range 1.00–1.50 vu).

SUMMARY

Two- and three-dimensional nets are widely used to
describe and systematize crystal structures based solely
on tetrahedral oxyanions. This approach may also be
used to advantage for crystal structures based on poly-
merization of tetrahedra and octahedra. Thus the [[6]M2
[4]T2 �12] sheet occurs as a fragment in a wide variety of
structures, including silicate, phosphate and sulfate min-
erals. The recognition of these topological similarities
between chemically and paragenetically diverse mineral
structures is an important step in the eventual develop-
ment of structural hierarchies that are based on bond
topology (rather than chemical composition).

FIG. 6. The [[6]M � [4]T2 �10 �2] sheet in the crystal structure of: (a) spessartine, (b)
griphite, (c) girvasite, (d) olmsteadite. The Al (spessartine and griphite), Mg (girvasite),
and Nb (olmsteadite) octahedra are yellow; Si (spessartine), P (griphite, girvasite,
olmsteadite) tetrahedra are blue.
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