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ABSTRACT

The crystal structures of polyphite, Na5 (Na4Ca2) Ti2 [Si2O7] (PO4)3 O2 F2, triclinic, space group P1̄, Z = 2, a 5.3933(2), b 
7.0553(3), c 26.451(1) Å, � 95.216(1), � 93.490(1), � 90.101(1)°, V 1000.44(8) Å3, and sobolevite, Na12 Ca (NaCaMn) Ti2 (Ti 
Mn) [Si2O7]2 (PO4)4 O3 F3, monoclinic, space group Pc, Z = 2, a 7.0755(5), b 5.4106(4), c 40.623(3) Å, � 94.42(1)°, V 1552.8(3) 
Å3, from the Khibina–Lovozero alkaline complex, Kola Peninsula, Russia, have been refi ned (for the holotype single crystal of 
polyphite) to residual R values of 3.7 and 4.3%, respectively, using 5849 and 9030 observed (|Fo| > 4�F) refl ections collected 
with a single-crystal diffractometer fi tted with a CCD detector and MoK� X-radiation. The single crystals were subsequently 
analyzed with an electron microprobe, resulting in signifi cant revision of both chemical formulae. There is a close relation among 
the structures of polyphite, sobolevite and quadruphite, Na14 Ca2 Ti4 [Si2O7]2 (PO4)4 O4 F2. This type of structure consists of two 
structural blocks, Ti-silicate (TS) and alkali-cation (AC), stacked along [001]. There is also a close relation among the silicophos-
phate minerals polyphite, sobolevite, quadruphite and nacaphite, Na (Na,Ca)2 (PO4) F. The TS block has a three-layered structure 
consisting of a central sheet of octahedra and two adjacent heteropolyhedral sheets. The AC block consists of nacaphite-like 
trimeric clusters that link along [100] to form an infi nite chain. The TS and AC blocks link together through an intermediate (I) 
layer of Na polyhedra and P tetrahedra. In polyphite, sobolevite and quadruphite, all cations are arranged as close-packed layers 
parallel to (001) and characterized by a plane unit-cell approximately 5.4 � 7 Å with � ≈ 90°.

Keywords: polyphite, sobolevite, crystal structure, Khibina–Lovozero, Kola Peninsula, Russia.

SOMMAIRE

Nous avons affi né les structures cristallines de la polyphite, Na5 (Na4Ca2) Ti2 [Si2O7] (PO4)3 O2 F2, triclinique, groupe d’es-
pace P1̄, Z = 2, a 5.3933(2), b 7.0553(3), c 26.451(1) Å, � 95.216(1), � 93.490(1), � 90.101(1)°, V 1000.44(8) Å3 (monocristal 
holotypique), et de la sobolevite, Na12 Ca (NaCaMn) Ti2 (Ti Mn) [Si2O7]2 (PO4)4 O3 F3, monoclinique, groupe d’espace Pc, Z = 
2, a 7.0755(5), b 5.4106(4), c 40.623(3) Å, � 94.42(1)°, V 1552.8(3) Å3, provenant du complexe alcalin de Khibina–Lovozero, 
péninsule de Kola, en Russie, jusqu’aux résidus R de 3.7 et 4.3%, respectivement, en utilisant 5849 et 9030 réfl exions observées 
(|Fo| > 4�F) prélevées avec un diffractomètre et un rayonnement MoK�, muni d’un détecteur CCD. Les monocristaux ont par 
la suite été analysés avec une microsonde électronique, ce qui a mené à une révision importante des deux formules. Il y a une 
étroite relation parmi les structures de la polyphite, la sobolevite et la quadruphite, Na14 Ca2 Ti4 [Si2O7]2 (PO4)4 O4 F2. De telles 
structures contiennent deux modules structuraux, un contenant le Ti et le silicate (TS) et l’autre, le cation alcalin (AC), empilés le 
long de [001]. Il y a aussi une étroite relation parmi les minéraux silicophosphatés polyphite, sobolevite, quadruphite et nacaphite, 
Na (Na,Ca)2 (PO4) F. Le module TS a une structure à trois couches contenant un feuillet central d’octaèdres avec deux feuillets 
hétéropolyédriques adjacents. Le bloc AC contient des groupes trimériques semblables à la nacaphite liés le long de [100] pour 
former une chaîne infi nie. Les modules TS et AC sont liés l’un à l’autre par l’intermédiaire d’une couche I de polyèdres Na et de 
tétraèdres P. Dans la polyphite, la sobolevite et la quadruphite, tous les cations sont agencés en couches à empilement compact 
parallèles à (001) et possédant une maille planaire d’environ 5.4 � 7 Å, avec � ≈ 90°.

 (Traduit par la Rédaction)
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INTRODUCTION

Polyphite and sobolevite are alkali titanium silicate 
minerals from hyperagpaitic pegmatitic rocks of the 
Khibina–Lovozero alkaline complex, Kola Peninsula, 
Russia (Khomyakov 1995, Khomyakov et al. 1983, 
1992). Khomyakov and co-investigators reported the 
following chemical formulae: for sobolevite, Na14 Ca2 
Mn Ti3 [Si2O7]2 (PO4)4 O4, and for polyphite, Na17 
Ca3 Mg (Ti,Mn)4 [Si2O7]2 (PO4)6 O2 F6, on the basis 
of electron-microprobe data, together with results of a 
semiquantitative analysis for fl uorine. Thus there was 
no possibility to calculate empirical formulae on an 
anion basis. Sokolova et al. (1987b, 1988) reported 
crystal structures and general structural formulae of 
polyphite, Na17 Ca3 Mg (Ti,Mn)4 [Si2O7]2 (PO4)6 O2 
F6, a 5.412(2), b 7.079(3), c 26.56(1) Å, � 95.21(4), � 
93.51(2), � 90.10(3)°, V 1111.4 Å3, Z = 1, space group 
P1, R 5.0%, and sobolevite, Na11 (Na,Ca) (Mg,Mn) 
Ti4 [Si2O7]2 (PO4)4 O3 F3, a 7.078(1), b 5.4115(7), c 
40.618(10) Å, � 90.01(2), � 93.19(2), � 90.00(1)°, 
V 1553.5(5) Å3, Z = 2, space group P1, R 7.8%. The 
crystal structures of polyphite, sobolevite and the related 
mineral quadruphite, Na14 Ca2 Ti4 [Si2O7]2 (PO4)4 O4 F2 
(Sokolova et al. 1987a, Sokolova & Hawthorne 2001), 
consist of two types of block that differ both in chemical 
composition and bond topology: (1) a Ti-silicate (TS) 
block, and (2) a (Na,Ca)-phosphate or alkali-cation (AC) 
block. Structural relations of Ti-silicate minerals with 
a three-layered TS block (consisting of a close-packed 
sheet of octahedra and two adjacent heteropolyhedral 
sheets of tetrahedra and octahedra) have been discussed 
extensively in recent years (Egorov-Tismenko & Soko-
lova 1990, Ferraris 1997, Sokolova 1998, Christiansen 
et al. 1999). Egorov-Tismenko & Sokolova (1990) 
showed that the TS block corresponds to the structure of 
seidozerite, Na4 Mn Ti (Zr1.5Ti0.5) [Si2O7]2 O2 (F,OH)2 
(Simonov & Belov 1960, Christiansen et al. 2003). In 
the structures of quadruphite, polyphite and sobolevite, 
the AC block corresponds to a fragment of the structure 
of nacaphite, Na (NaCa) (PO4) F (Sokolova et al. 1989, 
Sokolova & Hawthorne 2001). Quadruphite, polyphite 
and sobolevite commonly form intergrowths with 
lomonosovite, Na10 Ti4 [Si2O7]2 [PO4]2 O4 (Belov et 
al. 1977); from a structural perspective, they also can 
be regarded as derivatives of lomonosovite.

The original crystal-structure determinations of 
polyphite and sobolevite are not completely satisfactory, 
fi rst of all because they relied on formulae calculated 
on a cation basis, Si = 4 apfu (atoms per formula unit), 
with unknown contents of F. In the original work, no 
absorption correction was done, and there was some 
ambiguity as to the degree of order of Mn and Mg at 
the junction of the TS and AC blocks. We have refi ned 
the structures of polyphite and sobolevite, and discuss 
the refi ned chemical formulae and details of cation and 
anion order in their structures.

ELECTRON-MICROPROBE ANALYSIS

Chemical analyses of polyphite (holotype crystal) 
and sobolevite single crystals were done with a Cameca 
SX–50 electron microprobe operating in wavelength-
dispersion mode with an accelerating voltage of 15 
kV, a specimen current of 20 nA and a beam size of 20 
�m. Standards were as follows: fl uorapatite: Ca, P, F; 
tugtupite: Na, Si, Cl; forsterite: Mg; titanite: Ti; spes-
sartine: Mn; strontianite: Sr; zircon: Zr; MnNb2O6: Nb; 
witherite: Ba; fayalite: Fe; manganotantalite: Ta. Data 
were reduced using the �(�z) procedure of Pouchou & 
Pichoir (1985). The chemical compositions of polyphite 
(holotype) and sobolevite crystals are given in Table 1 
(mean of ten determinations for each fragment), and the 
unit formulae were calculated on the basis of 23 (21O 
+ 2F) and 36 (33O + 3F) anions pfu (per formula unit), 
respectively: Na8.72 Ca1.40 Sr0.03 Mg0.30 Mn0.68 Fe0.07 
Ti1.41 Nb0.19 Zr0.19 P2.96 Si2.04 O20.94 F2.06 and Na13.62 
Ca1.63 Sr0.03 Mg0.39 Mn1.02 Fe0.10 Ti2.42 Nb0.51 Zr0.09 P4.01 
Si4.13 O33.08 F2.92. The formulae differ (see constituents 
shown in bold) from the following empirical formulae 
on which the fi rst structure-determinations of polyphite 
and sobolevite were based (Khomyakov et al. 1992, 
1983): Na8.23 Ca1.35 Sr0.03 Ba0.06 Mg0.30 Mn0.72 Fe0.03 
Ti1.36 Nb0.19 Zr0.12 P2.99 Si2.00 O20.29 F2.45 and Na13.47 
Ca1.60 Mg0.21 Mn0.79 Fe0.11 Ti2.67 Nb0.46 P3.94 Si4.00 O33.19 
F0.52, and with corresponding generalized structural 
formulae for polyphite, Na17 Ca3 Mg (Ti,Mn)4 [Si2O7]2 
(PO4)6 O2 F6, and sobolevite, Na11 (Na,Ca) (Mg,Mn) Ti4 
[Si2O7]2 (PO4)4 O3 F3 (Sokolova et al. 1987b, 1988).
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COLLECTION OF X-RAY DATA 
AND STRUCTURE REFINEMENT

Single-crystal X-ray-diffraction data for polyphite 
(holotype) and sobolevite were collected with a Siemens 
P4 diffractometer fi tted with a 4K CCD detector, using 
MoK� X-radiation. An empirical absorption-correction 
(SADABS, Sheldrick 1998) was applied. The Bruker 
SHELXTL Version 5.1 system of programs (Sheldrick 
1997) was used for refi nement of the structures. Scat-
tering factors for neutral atoms were taken from the 
International Tables for X-ray Crystallography (Ibers 
& Hamilton 1992).

Polyphite

The intensities of 11684 refl ections with 7̄ < h < 7, 9̄ 
< k < 9, 3

—
7 < l < 37 were collected using 15 s per 0.2° 

frame. The refi ned unit-cell parameters were obtained 
from 6707 reflections (I > 10�I) and are given in 
Table 2. The crystal structure of polyphite was refi ned 
in space groups P1 and P1̄ using atom coordinates from 
Sokolova et al. (1987b), with corresponding R1 values 
of 3.4 and 3.7%, respectively. Analysis of the cation 
polyhedra confi rmed the presence of an inversion center 
in the crystal structure of polyphite, and the space group 
P1̄ was adopted. Final atom-parameters for polyphite 
are given in Table 3, selected interatomic distances are 
listed in Table 4, assigned site-occupancies are given in 
Table 5, and bond valences are presented in Table 6.

Sobolevite

The intensities of 17784 refl ections with 9̄ < h < 9, 7̄ 
< k < 7, 5

—
7 < l < 57 were collected using 15 s per 0.2° 

frame. The refi ned unit-cell parameters were obtained 
from 6594 reflections (I > 10�I) and are given in 
Table 2. For sobolevite, we used triclinic [a 7.0753(5), 
b 5.4104(4), c 40.622(3) Å, � 90.015(1), � 93.159(1), 
� 90.006(1)°, V 1552.7(3) Å3] and monoclinic (see 
Table 2) versions of the unit cell for integration of inten-
sities of refl ections. The crystal structure of sobolevite 
was refi ned in fi ve space groups: P1 and P1̄ (triclinic 
system) and P21/c, P21 and Pc (monoclinic system). 
Corresponding final R1/Rint indices are as follows: 
4.6/0.0 (P1), 6.8/1.1 (P1̄), 7.4/2.0 (P21/c), 5.3/1.9 (P21) 
and 4.3/2.0 (Pc). On the basis of the lowest R indices, 
the latter space-group, Pc, was chosen for the crystal 
structure of sobolevite. Note that the space group 
Pc allows the most complete degree of Ca–Na order 
possible within the AC block, whereas other three space 
groups (excluding P1, with the lowest symmetry) give 
averaged scattering over the sites in the AC block. The 
details of X-ray data collection and structure refi nement 
are given in Table 2. Final atom-parameters for sobole-
vite are given in Table 7, selected interatomic distances 
are listed in Table 8, assigned site-occupancies are given 
in Table 9, and bond valences are presented in Table 10. 
Final observed and calculated structure-factors for poly-
phite and sobolevite may be obtained from The Depo-
sitory of Unpublished Data, CISTI, National Research 
Council, Ottawa, Ontario K1A 0S2, Canada.

POLYPHITE

Coordination of the cations

The structure of polyphite consists of two blocks (TS 
and AC) stacked along [001] with an intermediate layer 
between them, denoted as I in Figure 1.

The T (= Si + P) sites: There are two unique Si 
sites in the crystal structure of polyphite, with <Si–O> 
1.605 and 1.624 Å, respectively. The Si(1) and Si(2) 
tetrahedra link through O(10), forming an [Si2O7] group 
with an Si–O–Si angle of 137.0°, and the Si tetrahedra 
are confi ned to the heteropolyhedral sheet of the TS 
block. There are three unique P sites within the AC 
block, each of which is surrounded by a tetrahedral 
arrangement of O atoms, with <P–O> distances in the 
range 1.534–1.538 Å.

The octahedral sites of the TS block: There are two 
unique M sites, each of which is coordinated by six 
anions in an octahedral arrangement. The M(1) octahe-
dron occurs within the heteropolyhedral (H) sheet (of 
tetrahedra and octahedra); the M(2) site belongs to the 
(O) sheet of octahedra in the central part of the block. 
The M(1) site is involved in shorter <M–O> bonds than 
the M(2) site: 1.973 Å compared to 2.031 Å (Table 4). 
The higher refi ned site-scattering value of 25.65 epfu 
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FIG. 1. The crystal structure of polyphite viewed down [100]. TS: Ti-silicate block, AC: alkaline-cation block, I: intermediate 
layer. Vertical lines 1–5 show the positions of “close-packed” cation layers for a symmetrically unique part of the structure. 
M octahedra are yellowish, Na octahedra are light navy-blue, Si tetrahedra are orange, P tetrahedra are purple, [4]- and [5]-
coordinated Na polyhedra are greenish blue, Na-dominant A octahedra are greyish blue, Ca-dominant A octahedra are pink, 
F atoms are shown as yellow circles.

FIG. 2. The crystal structure of polyphite: (a) the octahedron 
O-sheet in the TS block; (b) a close-packed layer of Na 
and M cations corresponding to the O sheet shown in (a); 
(c) the heteropolyhedral H-sheet in the TS block; (d) a 
close-packed layer of Na, Si and M cations corresponding 
to the H sheet shown in (c); (e) linkage of O and H sheets, 
Na atoms of the H sheet are shown as circles; (f) |AB| 
sequence of close-packed layers of cations corresponding 
to the O sheet (black) and H sheet. All cations of the O 
sheet are shown as black circles. Legend as in Figure 1; 
Na, M and Si sites are shown as blue, yellowish and orange 
circles in (b), (d) and (e); t1 and t2 translations correspond 
to unit-cell axes of about 5.4 and 7.1 Å.

for M(1) indicates that most of the stronger-scattering 
species (Nb and Zr) occur at this site, together with the 
dominant Ti4+. However, <M(2)–O> is signifi cantly 
larger than <M(1)–O>, indicating that the larger scat-
tering species occur at M(2), i.e., Fe2+, Mg and Mn2+, 
possibly with some Zr. This results in the site popula-
tions given in Table 5. There is good agreement between 
the observed and calculated site-scattering values, and 
the observed and predicted mean bond-lengths order in 
the correct sequence. 

Within the O sheet, there is one unique Na(4) site, 
octahedrally coordinated by O atoms, with <Na(4)–O> 
= 2.444 Å. Within the H sheet, there is one unique 
Na(3) site, octahedrally coordinated by six O-atoms 
with <Na(3)–O> = 2.549 Å.

The octahedrally coordinated sites of the AC block: 
There are six unique A sites within this block, each 
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coordinated by four O-atoms and two F-atoms. The 
following cations occur at the A sites: Na, Ca, Mn2+, Mg 
and Sr, ordered in terms of decreasing content in the AC 
block. The <A(1–4)–O> distances (2.335, 2.246, 2.359 
and 2.387 Å, respectively) are signifi cantly shorter 
than the <A(5)–O> and <A(6)–O> distances (2.413 and 
2.407 Å, respectively), and hence the smaller available 
cations, Mg and Mn2+, must occur at the A(1–4) sites. 
Thus the A(5) and A(6) sites are occupied by Na and 
Ca. We assign the minor amount of Sr to the A(1) 
site, which has the highest site-scattering value (17.6 
epfu). The resultant site-populations (Table 5) show 
reasonable agreement between observed and calcu-
lated <A–O> distances. Calcium is dominant only at 
one site, A(1), as indicated by the high site-scattering. 
The A(2–6) sites are Na-dominant. Substitution of Na 
and Mn2+ at a site is fairly common in these minerals: 
previously, it has been described for vuonnemite, Na10 
(Na,Mn) Ti Nb2 [Si2O7]2 (PO4)2 O3 (F,O) (Ercit et al. 
1998) and quadruphite, Na14 Ca2 Ti4 [Si2O7]2 (PO4)4 

O4 F2 (Sokolova & Hawthorne 2001). Bond-valence 
calculations for O and F atoms are in accord with this 
distribution of cations (Table 6).

The Na sites of the I layer: There are two unique 
Na sites, Na(1) and Na(2), tetrahedrally coordinated 
by O atoms with a range of <Na–O> distances from 
2.227 to 2.452 Å. There is one Na(5) site coordinated 
by fi ve O-atoms with a <Na(5)–O> distance of 2.429 
Å. The bond valences (Table 6) were calculated with 
the universal curves of Brown (1981). It is pertinent 
to this work that Na and Mg are represented by the 
same universal bond-valence curve. Calculation of the 
bond-valence sums incident at the Na sites of the I layer 
results in values of 0.87–1.09 vu (Table 6), indicating 
occupancy by Na and not by (Mg,Mn) as reported by 
Sokolova et al. (1987b).

Based on the SREF (Structure REFinement) results 
and bond-valence calculations, the end-member formula 
of polyphite is Na5 (Na4Ca2) Ti2 [Si2O7] (PO4)3 O2 F2, 
P1̄, Z = 2.
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Topology of the structure

The structure of polyphite consists of TS and AC 
blocks stacked along [001] with an I layer between 
them (Fig. 1). The TS block has a three-layered struc-
ture consisting of a central sheet of octahedra and two 
adjacent heteropolyhedral sheets. The central sheet of 
octahedra at z ≈ 0 is a local close-packing of M(2) and 
Na(4) octahedra (Figs. 2a, b). There are two symmetri-

cally distinct zig-zag chains of edge-sharing octahedra 
within the sheet; Sokolova & Hawthorne (2004) desi-
gnated this type of edge-sharing chain of octahedra as 
a brookite chain, as it occurs in the crystal structure 
of brookite, TiO2. In the TS block, Na(4) octahedra 
form the fi rst brookite-type chain, and M(2) octahedra 
form the second chain. The size of the regular M(2) 
octahedron is less than the size of the irregular Na(4) 
octahedron, and substitution of Mg and Mn2+ (r [[6]Mg] 
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FIG. 3. The crystal structure of polyphite: (a) the AC block viewed down [100]; (b) the 
infi nite chain of octahedron clusters rotated ~60° relative to each other; (c) and (d) 
close-packed layer of A and P atoms at z ≈ 0.65 and 0.56. Legend as in Figure 1; 
Na- and M 2+-dominant A sites and P sites are shown as blue, pink and purple circles 
in (c) and (d).

= 0.72 and r [[6]Mn2+] = 0.83 Å) (Table 5) for Na ([6]r 
= 1.02 Å) (Shannon 1976) promotes linkage between 
the two compositionally different types of brookite 
chains. Within the O sheet, the M and Na octahedra 
each share three common edges. The Na(4) octahedron 
is also elongate along the b axis in order to promote 
this linkage. In each of the two H sheets (located at z ≈ 
–0.12 and 0.12), [Si2O7] groups share common edges 
with M(1) octahedra, giving rise to large hexagonal 
voids that incorporate the Na(3) octahedra (Fig. 2c) 
[which share edges with M(1) octahedra in the plane 
of the sheet]. The central O-sheet links to the adjacent 
H-sheets through common vertices of (SiO4) tetrahedra, 
M(1) and Na(3) octahedra of the H sheet, and M(2) and 
Na(4) octahedra of the O sheet (Fig. 2e). An array of 
inversion centers extends along the O sheet, making the 
two H sheets symmetrically equivalent (Fig. 2f).

The AC block (Fig. 3a) can be described in terms of 
nacaphite-like trimeric clusters of octahedra (Sokolova 
& Hawthorne 2001). The key motif in the structure of 
the AC block is the trimer of octahedra [as in nacaphite, 
Na (Na,Ca)2 (PO4) F]. Three A octahedra share a single 
edge, and also each shares a face with two adjacent 
octahedra; the central axis of each cluster is an edge 
(formed by two F atoms) that is common to all three 
constituent octahedra (Fig. 3a). These trimeric clusters 
link to form a convoluted chain of octahedra (Fig. 3b) 
that extends in the a direction. Clusters adjacent in 
the chain are rotated ~60° relative to each other and 
connect by sharing both faces and edges. Two octahedra 
of the cluster are connected to the next trimer through 
two common faces, and the remaining octahedra link 
through common edges. The chain shows pseudo-
hexagonal symmetry described by a 63 axis along the 
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FIG. 4. The I layer: (a) a close-packed layer of Na and P atoms within the intermediate 
layer; (b) in polyphite, z ≈ 0.21; (c) and (d) in sobolevite; z ≈ 0.43 and 0.70; (e) and 
(f) in quadruphite, z ≈ 0.20 and 0.75. The [4]- and [5]-coordinated Na polyhedra are 
greenish blue, [6]-coordinated Na polyhedra are light navy-blue, and the P tetrahedra 
are purple. In (a), Na and P atoms are greenish blue and purple circles.

sequence of common [F(1)–F(2)] edges that defi nes the 
central axis of the chain. Combination of two clusters 
corresponds to a sequence of two [F(1)–F(2)] edges of 
2.700 and 2.731 Å with an � F–F–F = 166.5° (sum = 
5.431 Å), defi ning the a repeat and giving an a unit-cell 
parameter of 5.3933(2) Å. There are six A sites within 
the AC block, corresponding to two unique trimeric 
clusters. The ratio of divalent to monovalent cations is 
0.60. The thickness of the AC block along the c axis 
is about 12 Å, corresponding to two infi nite chains of 
octahedron clusters.

In polyphite, the I layer is characterized by Na sites 
with coordination numbers of [4] and [5] (Table 4). 
The Na polyhedra link to P(2) tetrahedra to form a 
rather irregular layer (Fig. 4b). This layer is situated 

at the junction of the TS and AC blocks, and can be 
regarded as a derivative of the AC block (Figs. 1, 5a). 
The thickness of this layer is approximately that of one 
Na polyhedron.

SOBOLEVITE

Coordination of the cations

The structure of sobolevite also consists of TS and 
AC blocks stacked along [001] with an intermediate 
layer between them (Fig. 5b).

The T (= Si + P) sites: There are four unique Si sites 
in the crystal structure of sobolevite, with a grand <Si–
O> distance of 1.621 Å. The Si(1) and Si(3) tetrahedra 



1536 THE CANADIAN MINERALOGIST

link through O(16), and the Si(2) and Si(4) tetrahedra 
link through O(15), forming [Si2O7] groups with a mean 
Si–O–Si angle of 137.2°. There are four unique P sites 
within the alkali-cation block, all of which are coordi-
nated by tetrahedra of O atoms with <P–O> distances 
in the range 1.526–1.549 Å.

The octahedral sites of the TS block: There are four 
unique M sites, each coordinated by an octahedral arran-
gement of O atoms. The M(1) and M(2) octahedra occur 
within the H sheets, and the M(3) and M(4) sites belong 
to the O sheet of octahedra in the central part of the 
block. Two pairs of sites, [M(1) and M(2)], and [M(3) 
and M(4)], are related by pseudo-inversion centers 
located in the O sheet: both refi ned site-scattering values 
and mean bond-lengths are very similar (Table 9). The 
M(1,2) sites are characterized by shorter <M–O> bonds 
than the M(3,4) sites: 1.980 and 1.965 Å versus 2.056 
and 2.043 Å (Table 8). The higher refi ned site-scattering 
values of 25.80 and 24.90 epfu for M(1) and M(2) indi-
cate that the dominant Ti4+ occurs at these sites, together 
with the more strongly scattering species (Nb, Zr and 
Fe3+). The <M(3,4)–O> distances are significantly 
greater than the <M(1,2)–O> distances, indicating that 
the larger scattering species, i.e., Mg and Mn2+, occur 
at M(3,4). This results in the site populations given in 
Table 9; note the good agreement between the observed 
and calculated site-scattering values and the observed 
and predicted mean bond-lengths.

Within the O sheet, there are two unique Na sites, 
Na(4) and Na(12), with a grand <Na–O> equal to 2.444 
Å. Bond-valence calculations show that two anion 

sites of the O sheet, OF(2) and OF(23), are occupied 
by O and F atoms in the ratio 1 : 1; together with F at 
the F(1) and F(2) sites, this gives a total of 3 F apfu, 
in accord with the F content determined by electron-
microprobe analysis (Table 1). Within the H sheets, 
there are two unique Na sites, [6]-coordinated Na(8) 
and [5]-coordinated Na(10), with <Na(8)–O> = 2.482 
and <Na(10)–O> = 2.481 Å. 

The octahedrally coordinated sites of the AC block: 
There are six unique sites within this block, each 
coordinated by four O atoms and two F atoms. The 
following cations occur at these sites: Na, Ca, Mn2+ 
and Sr, ordered in terms of decreasing content in the 
AC block. There is complete order of Ca at the Ca 
site, with <Ca–O> = 2.383 Å, and Na at two sites, 
Na(1) and Na(11), with <Na–O> = 2.415 and 2.435 
Å, respectively. The <A(1–3)–O> distances are 2.346, 
2.278 and 2.309 Å, respectively. The highest scattering, 
16 epfu, occurs at the A(3) site, and the longest mean 
distance involves the A(1) site, and so we assign the 
maximal amount of Na and 0.06 apfu Sr to the A(1) site. 
The A(1) and A(2) sites are dominated by Na, whereas 
the A(3) site is dominated by divalent cations, Ca and 
Mn2+. The resultant site-populations (Table 9) show 
reasonable agreement between observed and calculated 
<A–O> distances. Bond-valence calculations for O and 
F atoms are in accord with this distribution of cations 
(Table 10).

The Na sites of the I layer: There are two unique I 
layers in the crystal structure of sobolevite. One layer 
has two distinct Na sites, Na(3) and Na(7), tetrahedrally 
coordinated by O atoms, with <Na–O> equal to 2.300 
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and 2.400 Å, respectively, and one Na(6) site coordi-
nated by fi ve O atoms with an <Na(6)–O> distance of 
2.447 Å. The other layer also has two distinct Na sites, 
Na(2) and Na(5), tetrahedrally coordinated by O atoms 

with <Na–O> 2.281 and 2.352 Å, respectively, and one 
Na(9) site octahedrally coordinated by six O atoms with 
an <Na(9)–O> distance of 2.471 Å. As with polyphite, 
the bond-valence sums incident at the Na sites of the I 
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layer (Table 10) indicate occupancy by Na rather than 
(Mg,Mn) as assigned in previous work.

On the basis of the SREF results and bond-valence 
calculations, the end-member formula of sobolevite is 
Na12 Ca (NaCaMn2+) Ti4+

2 (Ti4+Mn) [Si2O7]2 (PO4)4 O3 
F3, space group Pc, Z = 2.

Structure topology

The TS block occurs at z ≈ 0.06 and 0.56 (Fig. 5b). 
The O sheet at z ≈ 0.06 is a local close-packing of 
M(3,4) and Na(4,12) octahedra identical to the O 

sheet in polyphite (Figs. 2a, b). The Na octahedra and 
M(3,4) octahedra form two types of brookite chains 
within the O sheet. As we have shown for polyphite 
and quadruphite (Sokolova & Hawthorne 2001), the 
size of a regular M octahedron is less than the size of 
an irregular Na octahedron, and in sobolevite, substitu-
tion of Mg and Mn2+ (r [[6]Mg] = 0.72 and r [[6]Mn2+] = 
0.83 Å) (Table 9) for Na ([6]r = 1.02 Å) (Shannon 1976) 
promotes linkage between the two compositionally 
different types of brookite chains. In sobolevite, the total 
content of (Mg + Mn2+) at the M(3) and M(4) sites of 
the O sheet is 1.68 apfu. In polyphite, it is 0.30 apfu at 

FIG. 5. The crystal structures of (a) polyphite projected along [100]; (b) sobolevite pro-
jected along [010], and (c) quadruphite projected along [100]. The Na-dominant and 
M 2+-dominant A-octahedra of the AC block are blue and pink, the [6–8]-coordinated Na 
polyhedra of the TS and AC blocks and intermediate layers are light navy-blue, the Ca 
octahedra of the AC block are dark pink, the [4–5]-coordinated Na polyhedra of I layers 
and TS block are greenish blue, the P tetrahedra are purple, the Si tetrahedra are orange, 
F atoms are shown as yellow circles, OF sites are shown as orange circles.
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the M(2) site, about 2.5 times less in terms of an M site 
of the O sheet. In sobolevite, increase in M 2+ at the M 
sites results in partial substitution of O2– for F– in the 
O sheet. In accord with the bond-valence requirements 
of the two sites, OF(2) and OF(23) are occupied by O 
and F atoms: (O0.5F0.5) (Table 10). Each site receives 
bond valence from two M sites and one Na site of the O 
sheet and one Na site of the adjacent H sheet. These two 
OF sites form a common edge in a brookite chain of M 
octahedra. In each of the two unique H sheets (located 
at z ≈ 0 and 0.14), [Si2O7] groups share common edges 
with M(1) and M(2) octahedra, giving rise to the voids 
that incorporate the [5]-coordinated Na(10) polyhedra 
or Na(8) octahedra (Fig. 5b). The central O sheet and 
adjacent H sheets link to each other through common 

vertices of (SiO4) tetrahedra, M(1,2) octahedra and 
Na(8,10) polyhedra of an H sheet and M(1,2) and 
Na(4,12) octahedra of an O sheet.

The thickness of the AC block in sobolevite is 
about 6 Å along the c axis, i.e., twice as small as in 
polyphite (Figs. 3a, 6a). The topologies of the AC block 
in sobolevite, polyphite and quadruphite (Sokolova & 
Hawthorne 2001) are identical (Figs. 5a–c). There are 
three A sites, two Na sites and one Ca site within the AC 
block, corresponding to two unique trimeric clusters. 
These trimeric clusters link to form a convoluted chain 
of octahedra (Fig. 6b) that extends in the b direction. 
Combination of two clusters corresponds to a sequence 
of two [F(1)–F(2)] edges of 2.722 and 2.729 Å, with an 
�F–F–F = 165.9° (sum = 5.451 Å), defi ning the b repeat 

FIG. 6. The crystal structure of sobolevite: (a) the AC block viewed down [010]; (b) the 
infi nite chain of trimeric clusters; (c) and (d) close-packed layers of P, Ca, Na and A 
cations at z ≈ 0.28 and 0.35. Legend as in Figure 5.
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and giving a b unit-cell parameter of 5.4106(4) Å. The 
ratio of divalent to monovalent cations is 0.61, close to 
the corresponding value of 0.60 in polyphite.

In sobolevite, the I layer is characterized by Na sites 
with coordination numbers [4], [5] and [6] (Table 8, 
Figs. 4c, d). In spite of irregularity of the I layer, its 
topology is identical in polyphite (Fig. 4b), sobolevite 
and quadruphite (Figs. 4e, f). Its composition is also 
very simple, and the only cations involved are Na and 
P, the only difference being the coordination numbers 

of the Na atoms. In accord with bond-valence require-
ments, they change from structure to structure for better 
articulation of the TS and AC blocks.

COMPARISON WITH PREVIOUS RESULTS

Polyphite

(1) The space group has been changed from P1 to 
P1̄.
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(2) The chemical formula has been changed from 
Na17 Ca3 Mg (Ti4+,Mn)4 [Si2O7]2 (PO4)6 O2 F6 and Z 
= 1 to Na5 (Na4Ca2) Ti4+

2 [Si2O7] (PO4)3 O2 F2 and 
Z = 2. There are differences in the content of Na (17 
versus 18), Ca (3 versus 4), O (2 versus 4) and F (6 
versus 4 apfu).

(3) The [4]-coordinated cation sites of the interme-
diate layer were originally assigned as partly occupied 
by Mg and Mn; here, they are assigned as completely 
occupied by Na, as indicated by the bond-valence inci-
dent at these sites (Table 6).

Sobolovite

(1) The space group has been changed from P1 to 
Pc.

(2) The chemical formula has been rearranged from 
Na11 (Na, Ca) (Mg, Mn) Ti4+

4 [Si2O7]2 (PO4)4 O3 F3 and 
Z = 2 to Na12 Ca (Na Ca Mn) Ti4+

2 (Ti4+ Mn) [Si2O7]2 
(PO4)4 O3 F3 and Z = 2, with changes in Na (12 versus 
13), Ca (1 versus 2) and Ti (4 versus 3 apfu).

(3) The [4]-coordinated cation sites of the interme-
diate layer were originally assigned as partly occupied 
by Mg and Mn; here, they are assigned as completely 
occupied by Na, as indicated by the bond-valences 
incident at these sites (Table 10).

CLOSE PACKING OF CATION LAYERS 
IN POLYPHITE AND SOBOLEVITE

The O sheet in both polyphite and sobolovite has the 
form [MO2] (Fig. 2a); this sheet is close packed in the 
plane, and hence the layer of cations (designated 1 in 
Fig. 1) (Na and Ti4+) are close packed in that they occur 
at the vertices of a 36 net (Fig. 2b). The next layer of 
cations in the H sheet (layer 2 in Fig. 1) lies at the Si(1), 
Si(2), M(1) and Na(3) sites, and these are also arranged 
in accord with a 36 net (Fig. 2d). Next is the I layer 
(Figs.1, 4), which contain phosphate tetrahedra and Na 
in [4]-, [5]- and [6]-coordination. Despite the unusual 
appearance of the polyhedron sheets in this layer (Figs. 
4b–f), the P and Na cations are at the vertices of a 36 net 

(Fig. 4a). Adjacent to the I layer is the AC block with 
two symmetrically distinct cation-layers (Fig. 1, layers 
4 and 5). The AC block in sobolovite is shown in Figure 
6a. There are two layers of cations within this block 
(compare Fig.1 and Figs. 5a, b), and these are shown 
in Figures 6c, d. Again, the cations, (Na,Ca) and P, lie 
at the vertices of a 36 net, even though the coordination 
numbers of the Na cations here are very different from 
the coordination numbers of Na in the I layer.

All these cation layers in polyphite are shown in 
Figure 7, and all are characterized by a plane unit-cell of 
approximately 5.4 � 7 Å with � ≈ 90o. Although each 
layer of cations is close-packed (that is, they lie at the 
vertices of a 36 net), inspection of the cation confi gu-
rations in layers adjacent in the c direction (orthogonal 
to the plane of the fi gure) relative to the plane unit-cell 
shows that adjacent layers are not close packed, that is, 
they do not stack in a cubic or hexagonal close-packed 
arrangement. The reason for this involves the interlea-
ving anion-layers. The anions within the O sheet form 
close-packed layers. However, the fi rst layer of anions 
within the heteropolyhedral sheet deviates signifi cantly 
from plane close-packing (i.e., they do not lie at the 
vertices of a 36 net), and the ensuing anion-layers 
deviate further and further from close packing. These 
deviations are suffi cient to prevent three-dimensional 
close-packing of all ions within the structure.

This type of relation between close packing of 
cations and non-close-packing of anions is characteristic 
also of sobolovite and quadruphite, and inspection of a 
few of the thirty or so related structures containing the 
TS block suggests that planar close-packing of cations 
is a common feature in these minerals. It seems likely 
that this feature plays an important role in the crystal 
chemistry of these structures, and a detailed examina-
tion of these minerals is currently in progress.

SUMMARY

(1) Based on the SREF results and bond-valence 
calculations, the end-member formulae of polyphite 
and sobolevite are as follows:
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polyphite Na5 (Na4Ca2) Ti2 [Si2O7] (PO4)3 O2 F2

sobolevite Na12 Ca (Na Ca Mn) Ti2 (Ti Mn) 
[Si2O7]2 (PO4)4 O3 F3.

(2) Polyphite is triclinic, P1̄, Z = 2. Sobolevite is 
monoclinic, Pc, Z = 2.

(3) There is a close relation among the structures 
of polyphite, sobolevite and quadruphite, Na14 Ca2 Ti4 

[Si2O7]2 (PO4)4 O4 F2. This type of structure consists of 
two structural blocks, Ti-silicate (TS) and alkali-cation 
(AC), stacked along [001]. The TS block has a three-
layered structure consisting of a central sheet of octa-
hedra (the O sheet) and two adjacent heteropolyhedral 
sheets (the H sheets). The AC block can be described 
in terms of nacaphite-like trimeric clusters; as in naca-
phite, these trimeric clusters link along [100] to form 
an infi nite chain. The TS and AC blocks join together 

FIG. 7. “Close-packed” cation layers in the crystal structure of polyphite formed by (a) 
M(2) and Na(4) at z ≈ 1.0, line labeled 1 in Figure 1; (b) M(1), Na(3), Si(1) and Si(2) at 
z ≈ 0.90, line labeled 2 in Figure 1; (c) Na(1), Na(2), Na(5) and P(2) at z ≈ 0.78, line 
labeled 3 in Figure 1; (d) A(1), A(2), A(5) and P(3) at z ≈ 0.67, line labeled 4 in Figure 
1; (e) A(3), A(4), A(6) and P(1) at z ≈ 0.56, line labeled 5 in Figure 1.
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with an intermediate layer, the I layer, of Na polyhedra 
and P tetrahedra between them.

(4) Sobolevite and quadruphite are topologically 
identical, but the unit cell of sobolevite is twice that of 
quadruphite. The doubling of the c unit-cell parameter 
in sobolevite results from Ca–Na order within the AC 
block.

(5) Despite the gross differences in structure 
between the TS and AC blocks, a prominent feature of 
the structures of polyphite, sobolovite and quadruphite 
is that all cations are arranged as close-packed layers 
parallel to (001) and characterized by a plane unit-cell 
approximately 5.4 � 7 Å with � ≈ 90°.
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