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ABSTRACT

The structural hierarchy and stereochemistry have been considered for 24 titanium disilicate minerals that contain the TS 
(Titanium Silicate) block, a central trioctahedral (O) sheet, and two adjacent (H) sheets of [5]- and [6]-coordinated polyhedra 
and (Si2O7) groups. The TS block is characterized by a planar cell based on translation vectors t1 and t2, with t1 ≈ 5.5 and t2 
≈ 7 Å, and t1 � t2 close to 90°. The general formula of the TS block is AP

2 BP
2 MH

2 MO
4 (Si2O7)2 X4+n, where MH

2 and MO
4 

are cations of the H and O sheets; MH represents Ti (= Ti + Nb), Zr, Mn2+, Ca; MO represents Ti, Zr, Mn2+, Ca, Na; AP and BP 
represent cations at the peripheral (P) sites, i.e., Na, Ca, Ba; X represents the anions O, OH, F and H2O; n = 0, 2, 4. Cations in 
each sheet of the TS block form a close-packed layer, and the three layers are cubic close-packed. There are three topologically 
distinct TS blocks, depending on the type of linkage of two H sheets and the central O sheet. The H sheets of one TS block are 
invariably identical and attach to the O sheet in the same way. All structures consist of a TS block and an I (intermediate) block 
that comprises atoms between two TS blocks. Usually, the I block consists of alkali and alkaline-earth cations, (H2O) groups and 
oxyanions (PO4)3–, (SO4)2– and (CO3)2–. These structures naturally fall into four groups, based on differences in topology and 
stereochemistry of the TS block. In Group I, Ti = 1 apfu, Ti occurs in the O sheet, and (Si2O7) groups link to a Na polyhedron 
of the O sheet (linkage 1). In Group II, Ti = 2 apfu, Ti occurs in the H sheet, and (Si2O7) groups link to two M2+ octahedra of 
the O sheet adjacent along t2 (linkage 2). In Group III, Ti = 3 apfu, Ti occurs in the O and H sheets, and (Si2O7) groups link to 
the Ti octahedron of the O sheet (linkage 1). In Group IV, Ti = 4 apfu (the maximum possible content of Ti in the TS block), 
Ti occurs in the O and H sheets, and (Si2O7) groups link to two Ti octahedra of the O sheet adjacent along t1 (linkage 3). The 
stability of the TS block is due to an extremely wide range in Ti(Nb)–O bond lengths, 1.68–2.30 Å, which allows the chemical 
composition of the TS block to vary widely. In a specifi c structure, only one type of TS block and only one type of I block occur. 
The TS block propagates close-packing of cations into the I block. General structural principles have been developed for these 
24 titanium disilicates, and the relation between structure topology and chemical composition has been established for minerals 
based on the TS block.

Keywords: titanium disilicate mineral, TS block, structure topology, stereochemistry, chemical composition, end-member for-
mula, structural hierarchy.

SOMMAIRE

La hiérarchie structurale et les relations stéréochimiques ont été évaluées pour 24 minéraux disilicatés de titane contenant 
le bloc TS (silicate de titanium), un feuillet central trioctaédrique (O), et deux feuillets adjacents (H) contenant des polyèdres à 
coordinence [5] et [6] et des groupes (Si2O7). Le bloc TS contient une maille planaire fondée sur les vecteurs de translation t1 
et t2, avec t1 ≈ 5.5 et t2 ≈ 7 Å, et t1 � t2 près de 90°. La formule générale du bloc TS est AP

2 BP
2 MH

2 MO
4 (Si2O7)2 X4+n, dans 
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laquelle MH
2 et MO

4 sont des cations des feuillets H et O; MH représente Ti (= Ti + Nb), Zr, Mn2+, Ca; MO représente Ti, Zr, Mn2+, 
Ca, Na; AP et BP représentent les cations aux sites périphériques (P), i.e., Na, Ca, Ba; X représente les anions O, OH, F et H2O; 
n = 0, 2, 4. Les cations de chaque feuillet d’un bloc TS défi nissent un agencement à empilement compact, et les trois niveaux 
ont un empilement compact cubique. Il existe trois blocs TS topologiquement distincts, dependant du type d’agencement des 
deux feuillets H et du feuillet central O. Les feuillets H d’un bloc TS sont dans tous les cas identiques, et se rattachent au feuillet 
O de la même façon. Toutes les structures contiennent un bloc TS et un bloc I (intermédiaire) contenant des atomes entre deux 
blocs TS. En général, le bloc I contient des cations alcalins et alcalino-terreux, des groupes (H2O), et des oxyanions (PO4)3–, 
(SO4)2– et (CO3)2–. Ces structures se regroupent naturellement en quatre catégories qui se distinguent par des différences en 
topologie et en stéréochimie du bloc TS. Dans le groupe I, Ti = 1 apfu, le Ti se trouve dans le feuillet O, et des groupes (Si2O7) 
sont liés à un polyèedre de Na faisant partie du feuillet O (agencement 1). Dans le groupe II, Ti = 2 apfu, le Ti se trouve dans 
le feuillet H, et les groupes (Si2O7) sont liés à deux octaèdres M2+ du feuillet O adjacent le long de t2 (agencement 2). Dans 
le groupe III, Ti = 3 apfu, le Ti se trouve dans les feuillets O et H, et les groupes (Si2O7) sont liés à l’octaèdre Ti du feuillet O 
(agencement 1). Dans le groupe IV, Ti = 4 apfu (le contenu maximum en Ti dans le bloc TS), le Ti est présent dans les feuillets 
O et H, groupes (Si2O7) sont liés à deux octaèdres Ti du feuillet O adjacent le long de t1 (agencement 3). La stabilité du bloc TS 
serait due à la grande variabilité de la distance Ti(Nb)–O, 1.68–2.30 Å, ce qui permet à la composition chimique du bloc TS de 
varier largement. Dans une structure donnée, il y a une seule sorte de bloc TS et une seule sorte de bloc I. Le bloc TS propage 
le motif d’empilement compact des cations parmi les cations du bloc I. Les principes structuraux généralisés ont été développés 
pour ces 24 disilicates de titane, et la relation entre la topologie de la structure et la composition chimique a été établie pour les 
minéraux fondés sur le bloc TS.

 (Traduit par la Rédaction)

Mots-clés: minéraux disilicate de titane, bloc TS, topologie de la structure, stéréochimie, composition chimique, formule des 
pôles, hiérarchie structurale.

INTRODUCTION

In a group of minerals whose structure has a fi xed 
topology, the relation between structure and chemical 
composition is straightforward: the sum of the sites in 
the structure gives the stoichiometry of all minerals in 
that group. However, in a group of minerals of reason-
able complexity in which the structure topology is 
related but not identical, the general relation between 
structure topology and chemical composition is not 
known. This problem is of major significance in 
terms of the relation between structure and chemical 
composition. It is simple to go from structure topology 
to chemical composition. However, what one wants 
to do is to go in the reverse direction: from chemical 
composition to structure topology. Here, I consider fi rst 
the relation between structure topology and chemical 
composition for a group of structurally related but 
topologically distinct titanium disilicate minerals with 
the view of developing a general relation between 
structure topology and chemical composition. Once 
this is established, I will consider the inverse problem: 
to establish a distinct structure-topology for a specifi c 
chemical composition.

In this paper, I consider the structure topology and 
stereochemistry of 24 titanium disilicate minerals with 
the TS (titanium silicate) block, which has a three-
layered structure: the central part is a sheet of octahedra 
(i.e., trioctahedral sheet that is common in micas), and 
there are two adjacent sheets containing different poly-
hedra, including (Si2O7) groups. The TS block is a major 
structural unit in the crystal structures of 24 minerals. 
In a structure, the TS block can alternate with another 
block, which I call an intermediate (I) block, as it is 

intercalated between two TS blocks. The TS block can 
have different topologies, and its chemical composition 
changes, but the Si–O radical is always the same, the 
[Si2O7] group. In minerals, Ti4+ is generally [6]-coor-
dinated, and less commonly [5]-coordinated. In many 
Ti-silicate minerals, Ti  Nb substitution is common (r 
[[6]Ti4+] = 0.605, r [[6]Nb5+] = 0.64 Å; Shannon 1976). 
Hence, where I refer to (TiO6) octahedra, I include 
({Ti,Nb}O6) and ({Nb,Ti}O6) octahedra.

I consider only minerals of known structure. I do 
not take into account minerals for which data on the 
crystal structure are not available. The structure data 
and references for 24 minerals are summarized in Table 
1. I will establish a structure hierarchy, consider the 
stereochemistry of these structures, and develop the 
general structural principles characteristic for titanium 
disilicate minerals. I will use these principles to (1) test 
whether or not all aspects of the structure and chemical 
formula of a mineral are correct, and (2) eliminate any 
contradictions between structure and chemical composi-
tion for specifi c minerals.

PRELIMINARY CONSIDERATIONS

Inspection of the formulae of the alkali titanium 
disilicate minerals (Table 1) shows that the ratio of Si to 
other cations is unusually low, about 1 : 2. Furthermore, 
inspection of the localities in which these minerals occur 
shows them to be very defi cient in Si relative to most 
igneous rocks; alkali and alkaline-earth phosphates and 
alkali fl uorides are common minerals in these paragen-
eses. Thus crystallization of disilicate minerals proceeds 
with the minimum of Si available for incorporation into 
the crystallizing mineral. The octahedral (O) sheet of 
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the TS block forms from what common octahedrally 
coordinated cations are available, primarily Na, Ca and 
Ti4+. Following this mica analogy, the adjacent sheet 
will form from silicate tetrahedra. However, there is a 
paucity of Si in this environment, and there is also no Al 
to form aluminosilicate polymerizations. This problem 
is overcome by incorporation of [5]- or [6]-coordinated 
cations to form a heteropolyhedral (H) sheet. This being 
the case, a sheet must be formed from octahedra and 
tetrahedra with the minimum amount of Si in the sheet, 
refl ecting the low activity of Si in this environment. If 
I write the formula of the sheet as M[N](SixOy), where 
M is an [5]- or [6]-coordinated cation, the coordination 
number of the M polyhedron in the plane of the H sheet 
is [4], and the coordination number of the (SixOy) unit 

in the plane of the H sheet is [N]. The simplest solu-
tion for complete linkage in this sheet is N = 4. So, one 
is looking for a silicate cluster with four free vertices 
in the plane of the H sheet; this is the case for both 
(Si2O7)6– and (Si4O12)8–. However, one is also looking 
for the arrangement with the minimum amount of Si: 
(Si2O7)6–. Hence the H sheet in these minerals will have 
the stoichiometry M(Si2O7).

The titanium disilicate minerals have very interesting 
structures with complicated chemical compositions. 
Besides (Si2O7) groups, three other complex anions, 
(PO4), (SO4) and (CO3), occur outside the TS block in 
the crystal structure of these minerals. The alternation 
of chemically different blocks in a signifi cant number 
of these structures was originally described by Egorov-
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Tismenko & Sokolova (1987, 1990); they considered 15 
minerals: seidozerite, rinkite, götzenite, rosenbuschite, 
lamprophyllite, murmanite, epistolite, bafertisite, hejt-
manite, innelite, lomonosovite, vuonnemite, quadru-
phite, polyphite and sobolevite, as a unique series of 
structures based on the TS block, and they emphasized 
the importance of the TS block as a basic structural 
unit. Later, this particular series was considered in 
numerous publications; it was enlarged by the addition 
of structurally related mineral species, but the TS block 
is the basis for considering these minerals as a coherent 
series. Related work, which includes description of new 
minerals, structure solution and refi nement, and descrip-
tive crystal chemistry of various types, is summarized 
in Appendix A: Previous work. Related minerals that do 
not contain the TS block as it is defi ned in the Introduc-
tion are listed in Appendix B.

The TS block has been always considered as a stable 
unit, but it has been assigned different types of formula 
by different authors. The I block is always considered 
of variable chemical composition and topology. When 
a general formula of the mineral is written as a sum of 
the formulae of two types of blocks, it is usually long 
and contains a large number of commas and brackets. 
These formulae can be very complicated, and it is very 
diffi cult to understand the chemical composition of each 
mineral and its relation to other minerals where there 
is such a degree of ambiguity in the formulae of most 
of these minerals. Indeed, this ambiguity is the reason, 
in spite of all the work done on this series of minerals, 
that a quantitative understanding of the structures and 
chemical compositions of these minerals has remained 
elusive.

THE TOPOLOGY OF THE TS (TITANIUM SILICATE) 
BLOCK. I. GENERAL FEATURES

The structures of all minerals considered in this 
paper have one common fundamental building block or 
structure unit, a Ti silicate (TS) block. For a description 
of its components, I will use the (HOH) notation of 
Ferraris et al. (1997).

The O sheet

The O sheet is commonly an array of close-packed 
octahedra with the formula MOXO

2, where MO and XO 
are cations and anions of the O sheet (Fig. 1a). In all 
minerals with the TS block, all cation sites of the O 
sheet are fully occupied, i.e., the O sheet is a trioc-
tahedral sheet analogous to that in micas. Delindeite, 
Ba2{(Na,K,�)3(Ti,Fe)[Ti2(O,OH)4Si4O14](H2O,OH)2}, 
is the only known mineral where all Na sites of the O 
sheet are statistically occupied by Na (Ferraris et al. 
2001b, Appleman et al. 1987). Thus delindeite does not 
have a trioctahedral O sheet, and I do not consider its 
structure in this paper.

The H sheet

The H sheet consists of various polyhedra:  silicate 
tetrahedra joined into (Si2O7) groups and [6]- or [5]-
coordinated MH polyhedra in the ratio 1:1. Each (Si2O7) 
group links to four MH polyhedra, and each MH polyhe-
dron links to four (Si2O7) groups (Fig. 1b). The topology 
of the H sheet dictates two translation vectors, t1 and t2, 
with lengths of these vectors being t1 ≈ 5.5 and t2 ≈ 7 Å, 
and t1 ^ t2 close to 90°. In the H sheet in all structures, 
(Si2O7) groups are invariably oriented with their Si–Si 
distance parallel to t2.

The TS block

The TS block has a three-layered structure consisting 
of a central sheet of octahedra (O sheet) and two adja-
cent heteropolyhedral sheets (H sheets). The O and 
H sheets link together through common vertices of 
constituent polyhedra (Figs. 2a, b). As the topology of 

FIG. 1. Titanium silicate (TS) block; general view of (a) the 
sheet of octahedra (O sheet), and (b) the heteropolyhedral 
sheet (H sheet). The MO and MH octahedra are white and 
yellow, (SiO4) tetrahedra are orange, t1 ≈ 5.5 Å and t2 ≈ 
7 Å.
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the H sheet dictates two translation vectors, t1 and t2, 
then the O sheet has the same periodicity, and thus the 
TS block is invariably characterized by two minimal 
lengths of translation vectors, as was noted by Egorov-
Tismenko & Sokolova (1987). The t1 and t2 lengths of 
these translation vectors for each mineral are given in 
Table 2, as well as several geometrical characteristics 
of the (Si2O7) group, including <�Si–O–Si> and mean 
O–O distances along t2 in the O and H sheets.

The peripheral (P) cation sites

Linkage of O and H sheets results in two types of 
voids, which host the AP and BP sites (Fig. 3a). In the 
plane of the H sheet, the AP void is formed by two 
(Si2O7) groups and two MH polyhedra and is hexagonal 
in outline, whereas the BP void is formed by two (SiO4) 
tetrahedra and two MH polyhedra and is tetragonal in 
outline. The AP site can occur in the plane of the H sheet 
where its constituent cation is bonded to an anion of the 
O sheet (XO

A). In this case, two bonds, AP–XP
A and 

AP–XO
A, are oriented perpendicular to the plane of the 

H sheet (Fig. 3b); the number of bonds in the plane of 
the H sheet varies from 6 to 3 (Fig. 3c), resulting most 
commonly in coordination numbers from [8] to [5]. In 
one structure (rinkite), there are two AP–XP

A bonds, 
and the AP site is [7]-coordinated. The BP site is too 

small to accommodate any cation in the plane of the H 
sheet. The cations occupying the P site can move into 
the intermediate space (out of the H sheet), and their 
coordination numbers become [9] to [12]. In this case, I 
consider them as part of the I block. In Table 2, I report 
AP–XO

A bond lengths in all structures.

FIG. 2. The TS block. Linkage of O and H sheets viewed (a) 
down the t1 translation, and (b) down the t2 translation. 
Legend as in Figure 1.
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THE TOPOLOGY OF THE TS BLOCK. 
II. ITS GENERAL FORMULA

I will write the general formula of the TS block as 
a combination of O and two H sheets, plus P sites. As 
all structures with a TS block are characterized by two 
minimal translations, their formula should be based on 
a planar cell with t1 ≈ 5.5 and t2 ≈ 7 Å (shown in red 
in Fig. 4).

Labeling of the anion sites

In the O sheet, there are four cation and eight anion 
sites per minimal cell (Fig. 4a). Four anions are common 
vertices of MO octahedra and (SiO4) tetrahedra, two on 
each side of the O sheet; they are the XO

Si anions. Four 
anions are common vertices of MO octahedra and two 
MH and two AP polyhedra; they are the XO

M
 and XO

A
 

anions (as they belong to both sheets). The XH
Si–M 

anions are common O atoms of the MH
 polyhedra and Si 

tetrahedra, and they belong only to the H sheet (Fig. 4b). 
Anions XP

M, XP
A (Fig. 3b) and XP

B belong to the MH, 
AP and BP polyhedra on the outside of the TS block [in 
the intermediate space (I) between two TS blocks].

The O sheet

The O sheet is an array of close-packed octahedra 
(MOXO

2), where MO and XO are cations and anions). In 
the minimal cell, there are four MO cations and eight XO 
anions (Fig. 4a), and the formula of the O sheet is

MO
4 XO

8 (= [6]MO
4 XO

8) (1)

The H sheet

The H sheet has one (Si2O7) group and one MH 
polyhedron in the minimal cell (Fig. 4b). I divide anions 
of the H sheet that are not connected to the O sheet into 
two groups: O atoms of (Si2O7) groups, and XP anions 
that are apical vertices of MH polyhedra not shared with 
(Si2O7) groups. The MH polyhedron has one XP

M vertex 
if it is [6]-coordinated, and no XP

M vertices if it is [5]-
coordinated. Depending on the coordination number of 

the cation at the M H site, the formula of two H sheets 
can be written as:

[6]MH
2 (Si2O7)2 XP

M2  (2)

[5]MH
2 (Si2O7)2  (3)

The P sites

In the minimal cell, there are one AP polyhedron and 
one BP polyhedron (Fig. 4b). The AP site can be fully 
occupied, partly occupied or vacant. The BP site can be 
fully occupied or vacant. The AP and BP atoms have 
coordinating anions in the O and H sheets, and these 
have been already included in formulae (1)–(3). The 
coordination of these two sites gives two possibilities:

(a) the XP
A and XP

B anions of this TS block also 
belong to the H sheet of the adjacent TS block. Thus I 
do not count these anions here (as they are counted in 
the adjacent TS block; note that I count only peripheral 
cation sites):

AP
2 BP

2  (4)

(b) the AP site has only one XP
A anion, and this anion 

is not connected to the next TS block; here I take into 
account cations and anions:

AP
2 BP

2 XP
A2  (5)

The TS block

I write the general formula of the TS block as the 
sum of one O sheet, two H sheets and four peripheral 
sites. Note that three sheets, O and two H, constitute the 
major skeleton of the TS block, whereas the positions of 
peripheral sites are not fi xed. Each (Si2O7) group shares 
two common vertices with the O sheet, and two (Si2O7) 
groups (two H sheets) share four common vertices with 
the O sheet. I count four common XO anions only once 
as part of an (Si2O7) group, i.e., a group where the 
anions get maximal bond-valence from the coordinating 
cation, Si4+. I consider four cases:

  O +     2 H + 4 P – common =      FORMULA
    cations  anions

MO
4 XO

8 + [6]MH
2 (Si2O7)2 XP

M2 + AP
2 BP

2 – XO
4 = AP

2 BP
2 [6]MH

2 MO
4 (Si2O7)2 XO

4 XP
M2 (6)

MO
4 XO

8 + [6]MH
2 (Si2O7)2 XP

M2 + AP
2 BP

2 XP
A2 – XO

4 = AP
2 BP

2 [6]MH
2 MO

4 (Si2O7)2 XO
4 XP

M2 XP
A2 (7)

MO
4 XO

8 + [5]MH
2 (Si2O7)2 + AP

2 BP
2 – XO

4 = AP
2 BP

2 [5]MH
2 MO

4 (Si2O7)2 XO
4 (8)

MO
4 XO

8 + [5]MH
2 (Si2O7)2 + AP

2 BP
2 XP

A2 – XO
4 = AP

2 BP
2 [5]MH

2 MO
4 (Si2O7)2 XO

4 XP
A2 (9)
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FIG. 3. The disposition of the P 
sites in the TS block showing (a) 
the AP and BP sites in large voids 
formed by MH polyhedra, (Si2O7) 
groups and MO octahedra, (b) the 
location of AP–XP

A and AP–XO
A 

bonds, and (c) the position of 
AP–anion bonds in the plane of 
the H sheet. Legend as in Figure 
1; AP and BP sites are large blue 
and smaller navy blue circles, 
anion sites are small navy blue 
and yellow circles, (AP–anion) 
bonds out of the plane of the H 
sheet are shown as black dashed 
lines.

FIG. 4. Specifi cation of the minimal cell with t1 ≈ 5.5 and t2 
≈ 7 Å translations (a) in the plane of the O sheet, and (b) 
in the plane of the H sheet. Legend as in Figure 2; (Si2O7) 
groups are shown schematically as two large orange 
circles connected by a solid black line; orange, yellow 
and navy blue circles indicate anions shared between O 
and H sheets, and they belong to MO octahedra and (SiO4) 
tetrahedra (XO

Si), MH (XO
M) and AP (XO

A) polyhedra. The 
small white circles indicate O atoms of the H sheet shared 
between MH polyhedra and (SiO4) tetrahedra. Odd num-
bers in (a) signify anions shared with H-sheet polyhedra 
on this side, and even numbers signify anions shared with 
H-sheet polyhedra on the other (back) side of the O sheet. 
Red lines show the minimal cell.
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where the M H site is [6]-coordinated (formulae 6, 7) and 
[5]-coordinated (formulae 8, 9); the AP

 polyhedron links 
to the next TS block (formulae 6, 8) or does not link 
to the next TS block (formulae 7, 9). These four cases 
can be subsumed under the following general formula 
for the TS block

AP
2 BP

2 MH
2 MO

4 (Si2O7)2 X4+n (10)

where X4+n = XO
4 + XP

M2 + XP
A2 and n is the number 

of XP
 anions: n = 0 where the M H site is [5]-coordinated 

and the AP polyhedron links to the next TS block; n 
= 2 where the M H site is [6]-coordinated and the AP

 
polyhedron links to the next TS block; n = 4 where the 

M H site is [6]-coordinated and the AP
 polyhedron does 

FIG. 5. Schematic representation of different linkages between O and H sheets, i.e., MO 
octahedra and [Si2O7] groups within one TS block; MH cations are omitted for clarity. 
(a) Linkage 1, (b) linkage 2, (c) linkage 3. Legend as in Figure 2; (Si2O7) groups of two 
different H sheets are shown schematically as two orange circles connected by a solid 
(upper surface) or a dashed (lower surface) black line. The critical parts of each part of 
the linkage are shown by the graphs to the right of the structure illustrations.

not link to the next TS block and has one XP
A anion. 

The core part of the TS block, MH
2 MO

4 (Si2O7)2 X4, 
is shown in bold; the stoichiometry of this part of the 
TS block is invariant.

THE TOPOLOGY OF THE TS BLOCK. 
III. LINKAGE OF O AND H SHEETS

There are three types of linkage of two H sheets and 
the central O sheet. Two H sheets can be related by a 
pseudo-mirror plane (m) coinciding with the plane of 
the O sheet cations, or two H sheets can be shifted rela-
tive to each other. These linkages are shown in Figure 5 
and are critical to an understanding of the stereochem-
istry of minerals with the TS block.

Linkage 1 occurs where two H sheets connect to the 
O sheet such that two (Si2O7) groups link to the trans 
edges of the same octahedron of the O sheet (Fig. 5a). 
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In this case, two H sheets are related by a pseudo-mirror 
plane (m) coinciding with the plane of the O sheet.

Linkage 2 occurs where two (Si2O7) groups link to 
two octahedra adjacent along t2 (Fig. 5b). Two Si atoms 
of two different (Si2O7) groups (SiA) share two anions 
of the O sheet that constitute a common edge between 
two adjacent octahedra. Another two Si atoms (SiB) are 
in a cis position to SiA atoms of the same group, and in 
a trans position to SiA atoms of a different group.

Linkage 3 occurs where two (Si2O7) groups share 
common anions of the O sheet, which form edges of 
two octahedra adjacent approximately along t1 (Fig. 5c). 
Two SiA atoms of two different (Si2O7) groups share a 
common edge between two adjacent octahedra. Two SiB 
atoms are in a cis position with respect to SiA atoms of 
the same group and in a cis position with respect to the 
SiA atoms of a different group.

THE TOPOLOGY AND STEREOCHEMISTRY 
OF THE TS BLOCK. 

I. DEFINITION OF FOUR DISTINCT GROUPS 
OF STRUCTURES

There are three possible types of linkage between 
O and H sheets within one TS block (Fig. 5), and thus 
there are three types of topology of the TS block in 

the crystal structures in question, not two types of TS 
= HOH block, seidozerite and bafertisite, as stated by 
Ferraris (1997), Christiansen et al. (1999) and Ferraris 
et al. (2001b). As the TS block is present in all these 
structures, it seems logical to divide all structures 
into three groups on the basis of the type of linkage. 
However, linkage 1 shows two types of very different 
stereochemistry in these minerals: (a) (Si2O7) groups 
link to Na polyhedra, and (b) (Si2O7) groups link to Ti 
polyhedra. Hence I will divide these structures into four 
groups based on the topology and stereochemistry of 
the TS block. Figure 6 shows the different TS blocks in 
these four groups of structures, together with a proto-
type structure for each group.

In Group I, linkage 1 occurs, and two (Si2O7) groups 
link to a Na polyhedron of the O sheet (Fig. 6a). The 
Na atom is [8]-coordinated, the additional two anions 
being the bridging O atoms of (Si2O7) groups. The [8]-
coordinated Na polyhedron shares three O anions (each 
three constitute two edges) with each (Si2O7) group. 
In Group II, linkage 2 occurs, and two (Si2O7) groups 
link to two M2+ octahedra adjacent along t2 (Fig. 6b). 
In Group III, linkage 1 occurs, and two (Si2O7) groups 
link to the Ti octahedron of the O sheet (Fig. 6c). Note 
that XO

Si atoms of an (Si2O7) group are shared with one 
Ti octahedron, an adjacent Na polyhedron along t2 and 

FIG. 6. The four different types of TS block based on bond topology and stereochemis-
try: (a) Group I, (b) Group II, (c) Group III, (d) Group IV. Only the (Si2O7) groups of 
the H sheet are shown. Legend as in Figure 4; Na, Ti, Mn2+, Fe2+ polyhedra are navy 
blue, yellow, magenta and green, respectively. A prototype mineral is indicated for 
each group.
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the third MO octahedron, and these two O atoms are 
invariably coordinated as in Group I. The topology of 
Groups I and III is identical, but the stereochemistry is 
different. In Group IV, linkage 3 occurs, and two (Si2O7) 
groups link to two adjacent Ti octahedra approximately 
along t1 (Fig. 6d).

THE TOPOLOGY AND STEREOCHEMISTRY 
OF THE TS BLOCK. 

II. POSSIBLE VARIATIONS IN CATIONS 
OF THE O SHEET AND THE MAXIMAL CONTENT 

OF TI IN THE TS BLOCK

Possible variations in cations of the O sheet

Linkage between O and H sheets requires special 
constraints on the composition of the O sheet. Each 
anion in the O sheet is a common vertex for three 
octahedra. At least four anions of the O sheet must 
have an incident bond-valence sum of 1.0 valence units 
(vu) from the cations of the O sheet in order to link to 
a single (Si2O7) group. What are the possibilities for 
incident bond-valence sums to be equal to 1 vu?

(1) Where 4 MO = 4 M+, 3 M+ give 3 � 0.17 = 0.5 
vu to any anion in the O sheet. Therefore, the O sheet 
cannot be formed by monovalent cations alone, as they 
do not give enough incident bond-valence to anions 
bonded to Si atoms.

(2) Where 4 MO = 4 M2+, 3 M2+ give 3 � 0.33 = 
1.0 vu to any anion in the O sheet. This composition 
corresponds to Group II.

(3) Where 4 MO = 4 M3+, 3 M3+ give 3 � 0.5 = 1.5 
vu to any anion in the O sheet. Therefore, the O sheet 
cannot be formed of trivalent cations alone, as they 
give an excessive bond-valence sum at anions bonded 
to Si4+ atoms.

Thus cations of the O sheet can be either all diva-
lent (as in Group II), or they have to be of different 
valences.

(4) Where 4 MO = 3 M+ + M3+, (a) 3 M+ give 3 � 
0.17 = 0.51 vu and (b) 2 M+ + M3+ give 2 � 0.17 + 0.5 
= 0.84 vu. All anions have insuffi cient incident bond-
valence to be bonded to Si4+.

(5) Where 4 MO = 3 M+ + M4+, (a) 3 M+ give 3 � 
0.17 = 0.51 vu and (b) 2 M+ + M3+ give 2 � 0.17 + 
0.67 = 1.01 vu. The last combination (b) provides anions 
that can be bonded to Si4+; (a) and (b) occur together 
in Groups I and III.

(6) Where 4 MO = 2 M+ + 2 M4+, (a) 2 M+ + M4+ 
give 2 � 0.17 + 0.67 = 1.01 vu and (b) M+ + 2 M4+ 
give 0.17 + 2 � 0.67 = 1.5 vu; (a) provides anions that 
can be bonded to Si4+, and (a) and (b) occur together 
in Group IV. In fact, anions of arrangement (b) are also 
bonded to Si4+, but I will discuss this later.

Thus, there are three major cation combinations of 
the O sheet: 3 M+ + M4+, 4 M2+, and 2 M+ + 2 M4+. 
Minor deviations from four compositions occur where 
M2+ substitutes for M+ and M3+ substitutes for M4+.

I do not exclude possible substitution of M5+ 
(primarily Nb5+) for Ti4+ in the O sheet, and consider 
two cases:

(7) Where 4 MO = 3 M+ + M5+, (a) 3 M+ give 3 � 
0.17 = 0.51 vu, and (b) 2 M+ + M5+ give 2 � 0.17 + 
0.83 = 1.17 vu; (b) provides anions that can be bonded 
to Si4+.

(8) Where 4 MO = 2 M+ + M4+ + M5+, (a) 2 M+ + 
M4+ give 2 � 0.17 + 0.67 = 1.01 vu, (b) 2 M+ + M5+ 
give 2 � 0.17 + 0.83 = 1.17 vu, and (c) M+ + M4+ + M5+ 
give 0.17 + 0.67 + 0.83 = 1.67 vu; (a) and (b) provide 
anions that can be bonded to Si4+.

The cluster (3 Na + Nb5+) can occur in Groups I 
and III, and the cluster (2 Na + Ti + Nb5+) can occur 
in Group IV.

The maximal content of Ti in the TS block

The maximal observed content of Ti in the TS block 
is 4 atoms per formula unit (apfu) in Group IV. Can it be 
more than 4 apfu; for example, 5 apfu? First, Ti occurs 
at M H sites in the H sheet, and hence two H sheets give 
a maximum of 2 apfu of Ti. Second, how many sites 
can Ti occupy in the O sheet? Above, I showed that M4+ 
can occupy only two M O sites in the O sheet. Therefore 
the maximal possible content of Ti in the TS block is 4 
apfu: 2 Ti O + 2 Ti H.

THE TOPOLOGY AND STEREOCHEMISTRY 
OF THE TS BLOCK. 

III. CONSIDERATION OF INDIVIDUAL GROUPS

Next, I consider the topology and stereochemistry 
of the TS block in the minerals of Table 1. In Table 3, 
24 minerals are divided into four groups in accord with 
the topology and stereochemistry of their TS block. It is 
diffi cult enough to compare these 24 structures without 
having to contend with sites occupied by several 
different chemical species. Hence I have simplifi ed the 
formulae by considering only the dominant cation or 
anion at each site, except where stereochemistry and 
electroneutrality force a (fi xed) double occupancy of 
one site. In several of the minerals listed in Table 3, the 
formulae originally given are not neutral, and I recalcu-
lated the chemical formula from the original chemical 
composition and assigned the resulting cations and 
anions to adhere as closely as possible to the original 
site-occupancies. Table 3 gives the chemical composi-
tion for each cation and anion site in the minimal cell 
of the TS block for all 24 minerals. The O sheet is char-
acterized by four cation (M O) and four anion (XO) sites; 
the two H sheets, by two cation M H sites, two (Si2O7) 
groups, oxygen (X H

Si) sites that connect to another TS 
block, and two anion (X P

M) sites at the periphery of the 
intermediate space. There are four cation sites, two AP 

and two BP sites, and a variable number of anion sites, 
X P

A and X P
B sites. Each site is characterized by the 

dominant cation or anion, or by two principal cations or 
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anions where they are approximately in a 1:1 ratio. In 
several cases, the composition of sites given in Table 3 
differs from the general formulae given in Table 1.

Group I

There are seven minerals in this group: götzenite, 
hainite, seidozerite, grenmarite, rinkite, kochite, and 
rosenbuschite. Grenmarite, the Zr analogue of seido-
zerite, is the only mineral that does not have a Ti-
dominant site (Table 3). However, grenmarite obeys 
the structural principles of Group I, and thus I consider 
it in this paper.

The O sheet: Figure 7 gives examples of the chemical 
composition and topology of the O sheet. In götzenite, 
one M O site is occupied by Na, two M O sites are occu-
pied by Ca, and one M O site is occupied by Ti (Fig. 
7a). In kochite, three out of four M O sites are occupied 
by Na, and one M O site is occupied by Ti (Fig. 7b). In 
hainite, one M O site is occupied by Na, two M O sites 
are occupied by Na and Ca in the ratio 1 : 1, and one 
M O site is occupied by Ti. For rinkite, I write 4 MO = 
Na(NaCa)Ti although Na > Ca at two M O sites. There 

is cation disorder at many sites in the crystal structure 
of rinkite, and to write a reasonably simple formula, I 
have to make an assumption, i.e., write (NaCa) instead 
of Na2. In seidozerite, two M O sites are occupied by Na, 
one M O site by Mn2+, and one site by Ti (Fig. 7c). In 
grenmarite, two M O sites are occupied by Na, one M O 
site by Mn2+, and one site by (Zr0.54 Ti0.46) (instead of Ti 
as in seidozerite). At this particular site in grenmarite, Ti 
: Zr ≈ 1 : 1, i.e., the content of Ti is 0.5 apfu. For hainite, 
kochite, rinkite, götzenite, grenmarite and seidozerite, 
the O sheet is characterized by t1 ≈ 5.7 and t2 ≈ 7.3 Å, 
and a cation unit MO

4. In rosenbuschite, there are four 
types of dominant cation: Na, Ca, Ti4+ and Zr. At the 
M(2) sites, Na > Ca (Christiansen et al. 2003a), and I 
can write the composition of these sites as Na2. Order 
of Ti and Zr along [010] causes doubling of the t1 ≈ 5.6 
Å, i.e., bros = 11.398 Å (see Table 1, Fig. 7d). There are 
two MO

4 cation units in a planar cell with dimensions 
2t1, t2, which gives a composition of [Na2 Na4 Ti Zr]. In 
the crystal structures of Group I, Ti is dominant at one of 
four M O sites (except for rosenbuschite and grenmarite). 
In rosenbuschite and grenmarite, the composition of the 
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MO
4 cation unit is {[Na2 Na4 Ti Zr] / 2} and [Na2 Mn 

(Zr,Ti)], and Ti = 0.5 apfu or (Ti + Zr) = 1 apfu.
The H sheet: Figure 8 shows the main details of the 

stereochemistry of the H sheet. The M H site is most 
commonly [6]-coordinated, except for rinkite, in which 
the coordination number is [7]. Where one cation is 
dominant at the M H site, e.g., Ca in götzenite (Fig. 8a), 
(Ca + REE) in hainite and rinkite, Zr in seidozerite 
(Fig. 8b) and grenmarite, the H sheet is characterized 
by two repeats, t1 ≈ 5.7 and t2 ≈ 7.3 Å. Where order 
of two cations at the M H site occurs along [010], e.g., 
Mn2+ and Zr in kochite (Fig. 8c), and Ca and Zr in 
rosenbuschite (Fig. 8d), the H sheet is characterized by 
a doubled length of t1, 2t1 (Figs. 8c, d). Note that such 
order of cations invariably occurs along the translation 
vector with the shorter t1 translation.

The P sites: The AP site is usually occupied by Ca 
or Na or a mixture of both. In rinkite, Ca is dominant 
over the rare-earth elements (REE, mainly Ce3+), and 
the BP site is vacant. In Group I, the AP sites lie in the 
plane of the H sheet, and the coordination number varies 
from [6] to [8].

Linkage of O and H sheets: Linkage 1 occurs in 
Group I: two (Si2O7) groups of two H sheets link to the 
trans edges of the same octahedron of the O sheet, and 
two H sheets are related by a pseudo-mirror plane (m) 
coinciding with the plane of the O sheet (Figs. 9a–f). 
Where two (Si2O7) groups link to one Na polyhedron, 
Na is [8]-coordinated as it bonds to the bridging O atom 
of each (Si2O7) group. The Si–O–Si atoms form a refl ex 
angle toward the O sheet. The mean �Si–O–Si is 199°, 
with a maximal value of 206.8° in rinkite (Fig. 9d) and 
a minimal value of 186.2° in grenmarite (Table 2). The 
MH polyhedron usually links to a Ti octahedron (Figs. 
9a–e), except in rosenbuschite (Fig. 9f) and grenmarite. 
In rosenbuschite, the CaH octahedron links to the TiO 
octahedron, and the ZrH polyhedron links to the ZrO 
octahedron (Fig. 9f). In grenmarite, the Zr polyhedra of 
the O and H sheets also share a corner. Order of cations 
occurs along one direction, t1, and causes doubling of 
the corresponding unit-cell parameter. Order of cations 
occurs primarily within the H sheet (kochite and rosen-
buschite) (Figs. 9e, f), and can be accompanied by order 
in the O sheet (rosenbuschite) (Fig. 9f). In Group I, there 

FIG. 7. Group I. Chemical composition and stereochemistry of the O sheet: (a) götzenite, 
(b) seidozerite, (c) kochite, (d) rosenbuschite. Ti, Zr, Mn2+, Ca and Na polyhedra are 
yellow, green, magenta, light pink and navy blue, respectively. The F and (OF) anions 
are shown as small yellow and orange circles, respectively.
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is no example of independent order in the O sheet, i.e., 
without corresponding order in the H sheet.

Anion considerations: The X O
A site: In Group I, two 

XO
A

 anions are F (Table 3). Each XO
A anion bonds to 

four cations, 3 MO and one AP, where 3 MO = {[8]NaO 
+ 2 MO (Na–Ca)}, and AP is mainly Na and Ca. The 
XO

A anion receives maximal bond-valence where Ca 
is dominant at the M O and AP sites. The bond-valence 
sum for XO

A is 0.13 ([8]NaO) + 0.33 � 2 (2 MO) + 0.33 
(AP) = 1.12 vu, and therefore the X O

A site is invariably 
occupied by a monovalent anion. Why is this monova-
lent anion invariably F–? Why does not OH– occur at the 
X O

A site? Absence of OH– is due to insuffi cient space 
to accommodate H and its corresponding hydrogen 
bond.

The XO
M site: An atom at the XO

M site is bonded to 
four cations: TiO (except for rosenbuschite and gren-
marite), 2 MO and MH. In seidozerite (grenmarite), 
TiO (ZrO) + (Mn2+)O + NaO + ZrH give (formally) 1.83 
vu and XO

M = O2–. In götzenite, hainite and rinkite, the 
XO

M site is statistically occupied by O and F atoms in 
the ratio 1 : 1. In götzenite, TiO + Ca2

O + CaH, hainite, 
TiO + (NaCa)O + [Ca0.5 (Y+REE)0.5

 ]H, and rinkite, TiO 
+ (NaCa)O + [Ca0.75 Ce0.25

 ]H, the cations give about 
1.5 vu, and XO

M = (FO). In rosenbuschite and kochite, 
there are two unique X O

M sites; I label them XO
M (1) 

and XO
M (2). Anions at these sites receive the following 

bond-valences from their bonded cations (values taken 
from Christiansen et al. 2003a):

FIG. 8. Group I. Chemical composition and stereochemistry of the H sheet including P 
(= AP sites): (a) götzenite, (b) seidozerite, (c) kochite, (d) rosenbuschite. Legend as in 
Figure 7, (SiO4) tetrahedra are orange; Ca and Na atoms at the AP site are shown as 
light pink and navy blue circles. Note the order among octahedrally coordinated cations 
in kochite and rosenbuschite.

 X O
M (1) vu X O

M (2) vu

rosenbuschite 2 Zr + 2 Na 1.66 Ti + 2 Na + Ca 1.36

kochite  Ti + Zr + 2 Na 1.60 Ti + 2 Na + Mn2+ 1.38
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I expect the O and F atoms to be ordered at these two 
sites, and Christiansen et al. (2003a) reported values 
that support this conclusion: XO

M (1) = O2– and XO
M 

(2) = F–. As for the X O
A site, the monovalent anion is 

also invariably F–, and for the same reason.

Group II

There are six minerals in this group: bafertisite, 
hejtmanite [which has two polytypes, with monoclinic 
symmetry; they are designated hejtmanite-C (C-centered 

lattice) and hejtmanite-P (primitive lattice) in Table 1], 
perraultite, surkhobite, bussenite and yoshimuraite.

The O sheet: Figure 10 illustrates the chemical 
composition and topology of the O sheet. In three 
minerals, four M O sites are occupied by cations of the 
same type: Fe2+ in bafertisite (Fig. 10a), and Mn2+ in 
hejtmanite and yoshimuraite. In perraultite (Fig. 10b) 
and surkhobite, there is Fe2+–Mn2+ order in the O 
sheet: (Mn2+

5 Fe2+
3) in perraultite and [(Fe2+

4 Mn2+
4) 

with Fe2+ slightly dominant over Mn2+] in surkhobite 
(Table 3). In bussenite (Fig. 10c), Fe2+, Mn2+ and Na 
are statistically distributed over three sites: M(1) = Na1.0 

FIG. 9. Group I. Linkage of H and O sheets within one TS block: (a) götzenite, (b) hainite, 
(c) seidozerite, (d) rinkite, (e) kochite, (f) rosenbuschite. Legend as in Figure 8; AP sites 
are not shown. Note the double value of t1 in kochite and rosenbuschite.
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FIG. 10. Group II. Chemical composition and stereochemis-
try of the O sheet: (a) bafertisite, (b) perraultite, (c) bus-
senite. Fe2+, Mn2+ and (M2+

0.5 Na0.5) octahedra are green, 
magenta and dirty blue, (OH) groups are shown as small 
red circles. Note the difference in unit-cell dimensions.

FIG. 11. Group II. Chemical composition and stereochemistry of the H sheet and P sites. 
The H sheet is viewed perpendicular to the plane of the TS block in: (a) bafertisite and 
(b) yoshimuraite, and viewed along the t2 translation in bafertisite (c) and yoshimuraite 
(d). Legend as in Figure 2; Ba atoms are shown as magenta circles.
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Mn2+
0.55 Fe2+

0.45, M(2) = Fe2+
0.5 Na0.4 Mn2+

0.1 and M(3) 
= Na0.5 Fe2+

0.4 Mn2+
0.1 (Zhou et al. 2002). Thus the O 

sheet in bussenite is characterized by MO
4 = [(Fe2+

1.35 
Mn2+

0.75)�2.10 + Na1.9]�4.00, i.e., M2+ : Na ≈ 1 : 1 with a 
slight prevalence of M 2+ cations.

The H sheet: The M H site is occupied solely by Ti. 
The M H site is [6]-coordinated in bafertisite, hejtmanite, 
perraultite, surkhobite and bussenite (Fig. 11a), and 
[5]-coordinated in yoshimuraite (Fig. 11b). The mean 
�Si–O–Si is 140.6°, and the mean O–O distance in 
the H sheet is 4.23 Å compared to 199.0° and 3.95 Å 
in Group I. A smaller size of the MH cation, Ti ([6]r = 
0.605 Å), compared to [7]- and [6]-coordinated Ca, 
Mn2+, Zr4+ ([6]r = 1.03, 0.95, 0.83 and 0.72 Å, Shannon 
1976), forces the (Si2O7) group to tilt more in order to 
promote linkage between the O and H sheets.

The P sites: In all structures of Group II, the AP site 
is occupied mainly by [9] – [12]-coordinated Ba, with 
subordinate Sr, Ca and K (Figs. 11a, b). The Ba atoms 
are too large to fi t the AP site in the plane of the H 
sheet, and they are shifted away from that plane (Figs. 
11c, d). The BaP–XO

A distance varies from 3.43 Å in 
bussenite to 4.30 Å in perraultite, and Ba is defi nitely 
not bonded to an anion of the O sheet, except for 
bussenite. Bussenite has the shortest Ba–XO

A distance 
at 3.42 Å. This distance is an average of two distances, 
2.96 and 3.89 Å, distances from two sites 50% occu-
pied by Ba (dominant), Sr and Ca: Ba0.47�0.54 and 
Sr0.32Ca0.12�0.56, and ~0.9 Å apart. The BP site is vacant 
in bafertisite (Figs. 11a, c) and hejtmanite, occupied by 
[10]-coordinated Na in perraultite and surkhobite, and 
by [11]-coordinated Ba in yoshimuraite (Fig. 11d) and 
bussenite. The BP site is shifted out of the plane of the 
H sheet more than the AP site. The cations at the BP site 
are invariably bonded to the four XH

Si–M anions of the 
H sheet. In Group II, the P sites form cation layers in 
the intermediate space between two TS blocks.

Linkage of O and H sheets: In Group II, only linkage 
2 occurs: two (Si2O7) groups link to two octahedra 
adjacent along t2 (Fig. 12). With this type of linkage, 
all MO octahedra share common vertices with polyhedra 
of the H sheet: one half of the MO octahedra with four 
(SiO4) tetrahedra and one MH polyhedron, and the other 
half of the MO octahedra with two (SiO4) tetrahedra 
and two MH (= Ti) octahedra (Fig. 12). Therefore, there 
are two types of octahedron in the O sheet with regard 
to linkage to the H sheet: half the MO octahedra share 
fi ve, and the other half, six common vertices with the 
polyhedra of the H sheet.

Anion considerations: In Group II, the O sheet is of 
the form M2+

4 XO
8; four XO anions belong to (Si2O7) 

groups, and they are O atoms. The AP site is too far 
away to be bonded to any anion of the O sheet, and the 
XO

A anion receives bond valence only from three M2+ 
atoms of the O sheet: 0.33 � 3 = 1 vu. Therefore, XO

A 
is a monovalent anion, e.g., (OH) group in bafertisite 
(Table 3, Fig. 12). The bond-valence sum for the XO

M 
anion is 0.67 ([6]TiH) + 0.33 � 3 (3 MO) = 1.67 vu; 

therefore, the X O
M site is invariably occupied by an O 

atom. One can write the composition of the O sheet as 
M2+

4 XO
8 = M2+

4 O6 X–
2, where X– = (OH)–, F–.

Group III

There are six minerals in this group: lamprophyl-
lite (which has two polytypes, one with orthorhombic 
symmetry and the other with monoclinic symmetry; 
they are designated as lamprophyllite-2O and lampro-
phyllite-2M), barytolamprophyllite, nabalamprophyl-
lite, innelite, epistolite and vuonnemite.

The O sheet: One MO site is occupied by Ti 
(Table 3). In epistolite, nabalamprophyllite and vuon-
nemite, three other M O sites are occupied by Na (Fig. 
13a). In lamprophyllite and barytolamprophyllite, one 
site is occupied solely by Na, whereas two other sites 
are occupied by Na and M2+ [(Na1.30 Mn2+

0.36 Fe2+
0.22 

Mg0.12) and (Na1.20 Fe2+
0.40 Mn2+

0.40) in lamprophyl-
lite and barytolamprophyllite, respectively], with Na 
> M2+; the ideal composition of the O sheet is 3Na + 
Ti. In innelite, there are two NaO and one CaO sites. 
Therefore, Na is the dominant cation of the O sheet 
in Group III.

The H sheet: The M H site is occupied by Ti4+ or 
Nb5+. In epistolite and vuonnemite, MH corresponds to 
[6]-coordinated Nb (Fig. 13b). Niobium is coordinated 
by six O atoms in vuonnemite and by fi ve O atoms and 
an H2O group in epistolite. In lamprophyllite, baryto-
lamprophyllite, nabalamprophyllite and innelite, MH 
corresponds to [5]-coordinated Ti (Table 3, Fig. 13c).

The P sites: In three structures with [5]-coordinated 
Ti in the H sheet, there is one AP site, and it is occupied 
by (Sr1.18Na0.66Ca0.12) = (SrNa) (lamprophyllite-2M and 
lamprophyllite-2O) and [(Ba0.84 Sr0.21)2+ K+

0.98]�2.03 
= (BaK) (barytolamprophyllite). In the structure of 
nabalamprophyllite, there are two AP sites: the [11]-
coordinated Ba (Fig. 13c) and [11]-coordinated Na 
sites. The latter site is in fact 0.5 Na + 0.3 Ba + 0.15 K 
+ 0.05 Sr. The prevalence of monovalent cations (Na + 
K) over divalent cations (Ba + Sr) shows that site to be 
“Na”-dominant, i.e., a Na site. In the crystal structure 
of innelite, there are two AP and two BP sites, Ba being 
the dominant cation at each site.

In structures with [6]-coordinated Nb, the AP site 
is occupied by [8]-coordinated Na (vuonnemite and 
epistolite) (Fig. 13b). In epistolite, the AP site is 50% 
occupied, and thus its composition is (Na�) (Table 3). 
Figures 13d and 13e show the different positioning of 
the AP sites relative to the H sheet: in epistolite (= vuon-
nemite), Na atoms are in the plane of the H sheet (Fig. 
13d), whereas in nabalamprophyllite, the Ba atoms are 
shifted toward the intermediate space between two TS 
blocks (Fig. 13e).

Linkage of O and H sheets: The linkage of O and 
H sheets is topologically the same as in Group I: two 
(Si2O7) groups link to trans edges of the same octa-
hedron of the O sheet, and therefore two H sheets are 
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FIG. 12. Group II. Linkage of H and O sheets within one 
TS block. Legend as in Figure 11. The Fe2+ octahedra are 
green; rows of two types of MO octahedra (they link to 
different polyhedra) are shown by arrows.

FIG. 13. Group III. Typical O sheet 
in (a) epistolite and two types 
of H sheet in (b) epistolite and 
(c) nabalamprophyllite viewed 
perpendicular to the plane of the 
sheets and down t1 (d, e). The 
Na octahedra of the O sheet are 
navy blue, Nb and Ti polyhedra 
are yellow, Na and Ba atoms at 
the AP site and (OH) and (H2O) 
groups are shown as navy blue, 
magenta and small and large red 
circles, respectively.

FIG. 14. Group III. Linkage of H and O sheets within one TS 
block. Legend as in Figure 13.
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related by a pseudo-mirror plane (m) coinciding with 
the plane of the cations of the O sheet (Fig. 14). Here, 
two (Si2O7) groups link to the trans edges of a small TiO 
octahedron, as compared to a large NaO octahedron in 
Group I. The mean �Si–O–Si is 135.7°, and the mean 
O–O distance of the (Si2O7) group in the O sheet is 
2.88 Å versus 140.6° and 3.42 Å in Group II. As the 
MH cation is the same in Groups II and III, the size of 
the (Si2O7) group is not infl uenced by the size of the 
MH polyhedron (see further discussion on Groups I and 
III). The size of the (Si2O7) group adjusts to the size of 
the MO octahedron to which (Si2O7) groups link, i.e., 
the size of the MO cation; it is Mn2+ or Fe2+ in Group 
II ([6]r = 0.83 and 0.78 Å), and Ti in Group III ([6]r = 
0.605 Å).

Anion considerations: In the O sheet of the form MO
4 

XO
8, four XO anions belong to (Si2O7) groups, and they 

are O atoms, XO
Si = O. Concerning the other four anions 

of the O sheet, the XO
M anion receives bond valence 

from three MO cations of the O sheet and the MH atom. 
Formal bond-strength calculations (Pauling 1929) give 
bond-valence sums for the anion at the X O

M site from 
1.31 to 1.47 vu (Table 4). It is an excessive sum for a 
monovalent anion and an inadequate sum for a divalent 
anion. To satisfy the bond-valence requirements of the 
XO

M anion, one bond, MH–XO
M, becomes very short, 

1.68–1.77 Å (Table 4) compared to the mean value of 
<Ti(Nb)H–�>, 1.90–2.01 Å. Shortening of this bond 
increases more than twice the bond-valence contribution 
from the MH atom. The bond-valence sum increases to 
1.97–2.14 vu; therefore the X O

M site can be occupied by 
O atoms, and in Group III, XO

M corresponds to O2–.
The XO

A site invariably contains monovalent 
anions. The XO

A anion receives bond-valence from 
four cations, 3 MO cations of the O sheet (one of them 
[6]TiO) and the AP atom. In epistolite and vuonnemite, 
AP corresponds to [8]NaP. In epistolite, XO

A receives 
bond valence from [6]TiO + 2 [6]NaO + [8]NaP, 0.67 + 
0.33 + 0.125 = 1.13 vu, and XO

A corresponds to (OH)–. 
In vuonnemite, the bond-valence sum is 1.38 vu, and 2 

XO
A corresponds to (OF) (Ercit et al. 1998). In lampro-

phyllite, barytolamprophyllite, nabalamprophyllite and 
innelite, XO

A receives bond valence from [6]TiO + 2 
[6]MO + [10–11]AP. The contribution from the AP cation 
is negligible because AP–XO

A is a long bond: 3.05–4.06 
Å. In nabalamprophyllite, the XO

A anion receives bond 
valence from [6]TiO + 2 [6]NaO, i.e., 1.00 vu, and XO

A 
corresponds to (OH)–. In lamprophyllite, the XO

A anion 
receives bond valence from [6]TiO + [6](Na1.30 Mn2+

0.36 
Fe2+

0.22 Mg0.12)O, i.e., 1.33 and 1.23 vu in 2O and 2M 
polytypes, respectively, and XO

A has to be (OH)–. In 
barytolamprophyllite, the XO

A anion receives bond 
valence from [6]TiO + [6](Na1.20 Fe2+

0.40 Mn2+
0.40)O, i.e., 

1.07 vu, and XO
A has to be (OH)–. However, Rastsve-

taeva et al. (1995a) presented this site as (O,OH) with 
the bond-valence sum incident at the O(1) = XO

A equal 
to 1.02 vu.

Where the XO
A site is fully occupied by monovalent 

anions, the content of F– is usually less than 1 apfu, and 
OH– is a dominant species, and (OH)– + F– = 2 apfu, 
ideally (OH)–

2: (OH)2 in lamprophyllite (Krivovichev et 
al. 2003) and barytolamprophyllite (Rastsvetaeva et al. 
1995a), (OH)1.67F0.51 in nabalamprophyllite (Rastsve-
taeva & Chukanov 1999), (OH)1.44F0.56 in epistolite 
(Sokolova & Hawthorne 2004).

As I noted before, in Group III, the XO
A site is 

occupied by a monovalent anion (except for innelite, the 
only mineral where XO

A corresponds to O2– (Chernov 
et al. 1971). The bond-valence sums at the O(2) and 
O(26) sites (the XO

A sites in innelite) are 1.65 and 1.03 
vu. Moreover, the chemical composition reported by 
Chernov et al. (1971) and Kravchenko et al. (1961) 
contains H2O. This is a strong indication that the XO

A 
sites in innelite contain monovalent anions. The crystal 
structure of innelite should be re-investigated.

Group IV

There are fi ve minerals in this group: murmanite, 
lomonosovite, quadruphite, polyphite and sobolevite.
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The O sheet: There are two Ti O and two NaO sites 
in the O sheet, with Ti:Na = 1:1. This is the maximal 
possible content of Ti in the O sheet. In all structures, the 
composition of the O sheet is almost the same, neglecting 
a high content of Mn2+ in sobolevite, which substitutes 
for Ti and gives [2 Na + (TiMn2+)]O. There are two types 
of chains of edge-sharing octahedra within the O sheet: 
the Ti O octahedra form a brookite-like (Ti2O8)8– chain, 
and the NaO octahedra form a chain of the same topology. 
The O sheet is shown in Figure 15a.

The H sheet: The MH site is occupied solely by Ti, as 
in Groups II and III. Titanium is [6]-coordinated by O 
atoms in all structures (Fig. 15b) except for murmanite, 
where it has fi ve O atoms and an (H2O) group.

The P sites: The AP site is occupied by [8]-coordi-
nated Na in murmanite and lomonosovite. In lomono-
sovite, all ligands are O atoms, whereas in murmanite, 
seven ligands are O atoms and the XP

A site is occupied 
by an (H2O) group. The AP site can be also [6]- or [5]-
coordinated. For example, in quadruphite, polyphite 
and sobolevite, coordination numbers are [6] and [5] 
and [6], respectively. The BP site is vacant.

Linkage of O and H sheets: In Group IV, linkage 3 
occurs, and two (Si2O7) groups link to two next-nearest-
neighbor Ti octahedra in a “brookite” chain (Fig. 15). 
Each Ti octahedron links to two (Si2O7) groups: it shares 
one edge with two tetrahedra of the fi rst (Si2O7) group 
and a vertex with one tetrahedron of the second (Si2O7) 
group. The MH (= Ti) octahedron shares a common 
vertex with three octahedra of the O sheet: two NaO 
octahedra and one TiO octahedron. The mean �Si–O–Si 
is 136.4°, and the mean O–O distance of the (Si2O7) 
group in the O sheet is 2.90 Å, almost identical to that 
in Group III (Table 2).

Anion considerations: In Group IV, the O sheet is of 
the form MO

4 XO
8. Four XO anions belong to (Si2O7) 

groups, and they are O atoms. The XO
M and XO

A 
anions receive bond valence from two Ti atoms and 
two Na atoms, and formal bond-strength calculations 
give about 1.67 vu. Therefore all anions of the O sheet 
are O atoms, except in sobolevite. In sobolevite, with 
(TiMn2+)O, two of four XO sites are statistically occupied 
by O and F atoms, (OF). Substitution of Mn2+ for Ti 
requires substitution of F for O: Ti4+ + 2 O2– → Mn2+ 
+ O2– + F– (Table 3). This substitution couples to the 
substitution Mn2+ → Na+ elsewhere in the structure of 
sobolevite.

CLOSE PACKING OF CATIONS IN THE TS BLOCK

Close packing of cations has been discussed recently 
in detail for polyphite and sobolevite (Sokolova et al. 
2005). This is an important feature discussed for further 
consideration in the context of the hierarchy of struc-
tures with the TS block.

The O sheet in any TS block has the form [MX2], and 
hence the MO cations and XO anions are close packed 
and occur at the vertices of a 36 net; each cation has six 

nearest neighbors at approximately equal distances (Fig. 
16a). Although in the H sheet, different polyhedra are 
present, and the cations of the H sheet, together with the 
AP cations that occur approximately in the plane of the 
H sheet, are also close-packed and arranged in accord 
with a 36 net (Fig. 16b). Note that the close-packed H 
layer occurs where AP sites coincide with the plane of 
the H sheet or are shifted from it insignifi cantly. On 
one side of the H sheet, anions are close-packed (they 
are common with the O sheet), and on the other side, 
they are not close-packed. In each layer, there are four 
cations in the minimal cell. Three layers of the TS block 
constitute a three-layered or cubic close-packing with 
an ABC sequence (Fig. 16c). Cation–cation distances 
within a layer vary from 2.9 to 4.2 Å, depending on 
the type of cation.

HIERARCHY OF STRUCTURES WITH THE TS BLOCK

There are several possible relations between TS 
blocks in a particular structure. From the structures 
considered here, it seems clear that (1) in a structure, 
the TS block is invariably the same, (2) the H sheets of 
one TS block are identical, (3) the TS blocks can either 
link or not link directly, (4) there are two types either of 
self-linkage or of the intermediate space between two 
TS blocks. The TS block has a three-layered structure, 
and moreover it has three close-packed layers of cations 
forming the ABC sequence. All atoms occurring in the 
space between two TS blocks, I designate the interme-
diate (I) block by analogy with the TS block. Usually, 
the I block is an arrangement of alkali and alkali-
earth cations, (H2O) groups and oxyanions (PO4)3–, 
(SO4)2– and (CO3)2–.

In this paper, I will show that the TS block propa-
gates close-packing of cations into the I block. I will 
defi ne two types of close-packed layers of the cations 
in the I block, and will use m as the number of close-
packed layers of cations, i.e., m = number of I layers 
in the I block. The number of intermediate layers (m) 
varies from 1 to 6 in the structures examined here.

To establish the structural hierarchy for the 24 
minerals, I divide all structures fi rst on the basis of type 
of linkage of the TS blocks (as they are major structural 
units), and second, on the basis of topology and size 
of the I block.

Two types of self-linkage of TS blocks are 
observed:

(1) Two TS blocks share common edges of MH 
and AP polyhedra and common vertices of MH, AP 
and SiH polyhedra of H sheets belonging to two TS 
blocks. There are no additional atoms between the two 
blocks.

(2) Two TS blocks link through common vertices 
of [6]MH polyhedra, and additional atoms occur in the 
intermediate space between these two blocks.

If TS blocks do not link directly, there are also two 
possibilities:
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FIG. 15. Group IV. Typical O (a) and H (b) sheets (P sites are included), and their linkage 
(c) in lomonosovite. Legend as in Figure 13.

FIG. 16. The close-packed layers of cations in the TS block: 
(a) the close-packed layer of MO cations of the O sheet, 
(b) the close-packed layer of MH and Si atoms of the H 
sheet and AP cations, (c) three close-packed layers of the 
TS block viewed down t1. The MO, Na, Ti and Si atoms 
are shown as white, blue, yellow and orange circles, 
respectively. Solid black lines show the minimal cell, and 
the solid blue lines indicate six nearest cations around the 
central one in the O and H sheets.
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(3) There are no additional atoms between two TS 
blocks.

(4) There are additional atoms in the intermediate 
space between two TS blocks.

The scheme in Figure 17 shows the hierarchy of 
these structures.

Case 1: TS blocks link together directly (m = 0), 
and they share common edges of MH and AP polyhedra 
and common vertices of MH, AP and Si polyhedra of H 
sheets belonging to adjacent TS blocks. This type of 
self-linkage of TS blocks occurs in Group I.

Case 2: In crystal structures of two minerals, 
perraultite and surkhobite (Group II), TS blocks link 
through common vertices of Ti octahedra, and there is 
one layer of cations in the intermediate space between 
two blocks (m = 1).

Case 3: TS blocks do not link together, and there are 
no additional cations between two blocks (m = 0), as in 
epistolite (Group III) and murmanite (Group IV).

Case 4: There are additional layers of cations 
between two TS blocks in thirteen minerals of Groups 
II–IV, and the number of I layers varies from 1 to 6.

The chemical composition of the I block is shown 
in Table 5. In accord with Table 3, Table 5 gives the 
chemical composition of each I layer in the minimal 

cell. Next, I consider specifi c details of the linkage and 
a general chemical formula for each of the four cases 
outlined above.

CASE 1: TS BLOCKS LINK DIRECTLY, m = 0

Linkage of TS blocks

In all minerals of Group I, linkage of two TS blocks 
occurs via common vertices and edges of the polyhedra 
of two H sheets (AP sites are in the plane of the H sheet). 
Three minerals, seidozerite, grenmarite and rinkite, 
have monoclinic symmetry; four minerals, kochite, 
rosenbuschite, hainite and götzenite, have triclinic 
symmetry (space group P1̄). In seidozerite, grenmarite, 
kochite, rosenbuschite, hainite and götzenite, each MH 
and AP polyhedron of one H sheet shares one vertex 
(XP

M and XP
A anions) with an (Si2O7) group of the H 

sheet of another TS block (Fig. 18a). Also, MH and AP 
polyhedra of one H sheet each share two edges with an 
MH polyhedron and an AP polyhedron in the adjacent 
H sheet. Two H sheets are shifted relative to each other 
along t1 by approximately half of the edge length of a Si 
tetrahedron (Fig. 18b), with the result that O (XH

Si–M) 
atoms of an (Si2O7) group have coordination numbers 

FIG. 17. Hierarchy of structures with the TS block.

m
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TABLE 5. STEREOCHEMISTRY AND CHEMICAL COMPOSITION OF THE I BLOCK 

Mineral m Composilion of individual I layers X H.P Tolal 

, 2 3 , 5 6 
X~.,' X \r 

perraull ite , BaNa "N, 
surkhobite , BaNa" BaNa' 

bafertisile , B" "" hejtmanile , 
B" "" lamprophyliite 1 (SrNa) (SrNa) 

baryto- , (BaK) (BaK) 
lamprophyllita 

naba- , BaNa "N, 
lamprophyllita 

yoshimuraile 3 B" 0 , P~ 0 , B" sa.(PO,)~ 

innalile 3 B" 0 , S2 0 , B" sa.(SO,)~ 

bussenite 4 H,O) Ba, OJ NaC F, N,C OJ Ba, (HPJ sa.Na~(COJ),F,(H ,O) , 

vuonnemite 2 0 , NaJP 0 , NaJP 0 , 

I I 
0 .. O ro N~(PO,), 

lomonosovile 2 0 , NaJP 0 , NaJP 0, 0 .. 0 '0 N~(PO,), 

quadruphile 4 0 , NaJP O. (CaNa}NaP O,F, (CaNa)NaP 0 , N~P 0 , 0 " 0 , N~(CaNa),(PO.),F, 

sobolevile 4 0 , NaJP 0 , (Na,Ca)P O,F, (NaCaMn)P 0 , NeJP 0 , 0 " 0 , N~(Na2Ca)(NaCaMn)(PO,).F, 

polyphile 6 0 , NaJP 0 , (NaCa)CaP O,F, (NaCa)NaP 0 , {NaCa}NaP F,O, (CaNa)NaP O. NaJP 0 , 0 '0 0 e N~(Na.Ca2),(PO.)eF , 

m: number of I layars between two TS blocks. In green: x IV': anions of two H sheets shared with atoms at the P s~es; X"": anions of two H sheets shared with I layers; 
XH so: 0 atoms of I and P layers shared with (Si,01) groups of two TS blocks. In red: internal anions of the I block shared by two I layers. 
" Predicted value (see Appendix C: Surkhobite). 
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[3] and [4]. With this type of linkage, MH and AP poly-
hedra form bands along t2 (e.g., = b in seidozerite) 
(Fig. 18b). In seidozerite, TS blocks link along [001] to 
form a mixed framework of polyhedra with coordina-
tion numbers [4]–[8] (Fig. 18c). Details of the crystal 
chemistry of seidozerite, kochite, rosenbuschite, hainite 
and götzenite as minerals of the rosenbuschite group can 
be found in Christiansen et al. (2003a).

In rinkite, [7]MH and [8]AP sites have the same compo-
sition, (Ca0.75REE0.25), and 2MH + 2AP atoms constitute 
(Ca3Ce) in total. In the rinkite structure, the [7]MH and 
[8]AP polyhedra share a common edge with an (SiO4) 
tetrahedron of the (Si2O7) group of the adjacent H sheet 
(Fig. 19a). Therefore, all O (XH

Si–M) atoms of an (Si2O7) 

group have a coordination number of [4]. Adjacent H 
sheets are shifted relative to each other along t1 by 
approximately one edge of a Si tetrahedron (Fig. 19b). 
In rinkite, the [7]MH and [8]AP polyhedra share common 
edges to form an individual layer between two O sheets 
of different TS blocks (similar to seidozerite). Thus in 
rinkite, TS blocks link to each other along [001] to form 
a mixed framework in which cations have coordination 
numbers of [4] to [8] (Fig. 19c).

General chemical formula

In all structures where TS blocks link directly, the 
MH polyhedron is commonly [6]- or [7]-coordinated, 
and one can use formula (7) for the TS block: AP

2 BP
2 

[6]MH
2 MO

4 (Si2O7)2 XO
4 XP

M2. In the minerals of this 
group, the AP and MH polyhedra of one TS block share 
their vertices with (Si2O7) groups of another TS block, 
the XP anions are common with O atoms of (Si2O7) 
groups of another block, and I do not count them in the 
formula. Also, the B P sites are vacant in Group I, and 
I modify formula (7) accordingly:

AP
2 BP

2 [6]MH
2 MO

4 (Si2O7)2 XO
4 XP

M2 – XP
M2 

– BP
2 = AP

2 [6]MH
2 MO

4 (Si2O7)2 XO
4 (11)

Formula (11) is a general formula for the seven minerals 
of Group I, including rinkite with a [7]-coordinated 
M H polyhedron. As an example, I write the formula 
of seidozerite: AP = Na, MH = Zr2, MO

4 = Na2 + Mn 
+ Ti, XO

4 = O2 + F2, which gives Na2 Zr2 Na2 Mn Ti 
(Si2O7)2 O2 F2, Z = 2 (see Table 3 for details). In a more 
general way, one can write it as Na4 Zr2 Mn Ti (Si2O7)2 
O2 F2. The formulae of götzenite, hainite, kochite and 
rosenbuschite are revised in Appendix D.

FIG. 18. Seidozerite. Fragments of the crystal structure show-
ing linkage of MH and AP polyhedra to an (Si2O7) group 
if one looks down [100] (a) and down [010] (b); (c) the 
crystal structure projected onto (100). Legend as in Figure 
8, [8]-coordinated Na (= AP) atoms are shown as blue 
circles in (b) and (c).
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CASE 2: TS BLOCKS LINK DIRECTLY, m = 1

Cation sites of the I layer

There are two minerals, perraultite and surkohbite, in 
which the TS blocks link to each other through common 
vertices of MH octahedra, MH = Ti. Two TS blocks are 
related to a pseudo-mirror plane (m), and every two 
P sites of adjacent TS blocks merge into one site in 
which TS blocks link together (Fig. 20a). Barium is the 
dominant constituent at the AP sites in both minerals, 
and Na and Ca are the dominant constituents at the BP 
sites in perraultite and surkhobite, respectively. The P 
sites form an intermediate (I) layer located in the space 
intermediate between two TS blocks. All distances 
from a P cation to anions of the O sheet are greater 
than 4 Å, and here I do not consider P sites as part of 
the TS block. It is interesting that the P atoms form 
close-packed layers, i.e., each cation is surrounded by 
six other cations, and distances between all of them are 
approximately the same, about 4.9–5.5 Å.

In the crystal structure of perraultite, there are two 
unique close-packed I layers: one occurs at z ≈ 0 and 
comprises the A(1), A(2) and A(6) sites (Fig. 20b); the 
other occurs at z ≈ 0.5 and comprises the A(3), A(4) 
and A(5) sites (Fig. 20c). In total, Ba is dominant at the 
A(1–3) sites, and Na is dominant at the A(4–6) sites, 
giving the composition of two I layers as BaNa, Z = 8 
(Table 5). The situation is analogous in surkhobite: three 
AP and three BP sites give BaCa, Z = 8 (Table 5). In the 
I layer of the perraultite-type structure, there are two 
cations in the minimal cell (compared to the four sites 
in each of the close-packed layers of cations within a TS 
block). Both types of layers, with two and four atoms in 
the minimal cell, retain the t1 translation. In a layer with 
four atoms in the minimal cell, the t2 repeat is a ½ t2 
translation, and in a layer with two atoms, the t2 repeat 
is the t2 translation (cf. Figs. 20b, c and 16a, b).

General chemical formula

I will use formula (7) for the TS block, AP
2 BP

2 
[6]MH

2 MO
4 (Si2O7)2 XO

4 XP
M2. If two TS blocks share 

FIG. 19. Rinkite. Fragments of the crystal structure showing 
linkage of MH and AP polyhedra and an (Si2O7) group 
if viewed down [100] (a) and [010] (b); (c) the crystal 
structure projected onto (100). Legend as in Figure 8; [8]-
coordinated (Ca + REE) (= AP) atoms are shown as pink 
circles in (c).
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AP and BP cations and XP
M anions, and each two of 

these sites merge into one, then their number changes 
from 2, as in formula (7), to 1. In this case, the formula 
for the perraultite-type structure is:

AP BP [6]MH
2 MO

4 (Si2O7)2 XO
4 XP

M (12)

The chemical formulae of perraultite and surkhobite

In accord with the general formula for case 2, the 
formula of perraultite must be written as Ba Na Ti2 

(Mn2+
2.5Fe2+

1.5) (Si2O7)2 O2 (OH)2 F, Z = 8 (see Table 
3 for site populations) or, ideally, Ba Na Ti2 Mn2+

4 
(Si2O7)2 O2 (OH)2 F. This formula represents the chem-
ical composition and stoichiometry of the mineral more 
precisely than the formula (Na,Ca)2 (Ba,K)2 (Mn,Fe)8 
[(Ti,Nb)4O4(OH)2 [Si2O7]4 (OH,F)4 (Yamnova et al. 
1998). Note that the cell dimensions given by Yamnova 
et al. (1998) in the abstract of the paper and later in their 
Table 1 and the text, and repeated in ICSD fi le 87533, a 
10.731, b 13.841, c 24.272 Å, � 121.19°, space group 
C2, do not reproduce the interatomic distances reported 
in their paper. I designate the cell given in the abstract 

FIG. 20. Perraultite. General view of the crystal structure viewed down [100] (a), close-
packed I layers of cations at z = 0 (b) and z = 0.5 (c). Legend as in Figure 12; the Mn2+ 
octahedra are magenta, and the Ba and Na atoms at the P sites are shown as large 
magenta and smaller blue circles. The minimal cell is shown by dashed lines in (b).
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and Table 1 as cell 1. Yamnova et al. (1998) stated that 
“monoclinic symmetry of the crystal allows to choose 
another unit cell similar to that of the Canadian mineral” 
[Chao (1991) gave a 10.820, b 13.843, c 20.93 Å, � 
95.09° for perraultite] “two unit cells being related as 
follows: a’ = a, b’ = b, c’ = a + c, where c’ = 20.845 
Å, � 95.06°.” I refer to this cell (a’, b’, c’) as cell 2. 
As Yamnova et al. (1998) gave atom coordinates that 
correspond to cell 2 [and to the unit cell given in Chao 
(1991)], I conclude that cell 2 is the correct cell and 
ICSD need to correct fi le 87533 accordingly: a 10.731, 
b 13.841, c 20.845 Å, � 95.06°, space group C2.

I assigned site populations for surkhobite in accord 
with Rozenberg et al. (2003); the resulting chemical 
formula of surkhobite is Ba Ca Ti2 (Fe2+

2Mn2+
2) 

(Si2O7)2 O2 (OH) F2, Z = 8 or, ideally, Ba Ca Ti2 
Fe2+

4 (Si2O7)2 O2 (OH) F2. Both these formulae have 
an excess charge of +1, indicating that there is some-
thing wrong with the previously accepted formula of 
sur khobite. See Appendix C: Surkhobite, for a predic-

tion of a more accurate chemical formula. The chemical 
formula of surkhobite must be Na Ba Ti2 Fe2+

4 (Si2O7)2 
O2 (OH) F2, and the corresponding site-occupancies are 
given in Table 3.

CASE 3: TS BLOCKS 
DO NOT LINK DIRECTLY, m = 0

Structure topology

Epistolite and murmanite are very interesting exam-
ples of how topology and stereochemistry of a particular 
TS block can be independent of the intermediate 
species, e.g., (H2O) groups. Epistolite and murmanite 
have TS blocks of different topology and chemistry 
(Sokolova & Hawthorne 2004). There is one unique 
TS block in the unit cell of epistolite (Fig. 21a) and 
murmanite (Fig. 21b). Two adjacent TS blocks do not 
link directly; they repeat along the c direction and are 
connected by hydrogen bonds between (H2O)–(H2O) 

FIG. 21. General view of the crystal structure of (a) epistolite, and (b) murmanite. Legend 
as in Figure 14; the [6]- and [8]-coordinated Na polyhedra are navy blue, and the (H2O) 
and (OH) groups are shown as large and small red circles.
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groups and (H2O)–O atoms of adjacent TS blocks. The 
(H2O) groups are ligands of MH and AP atoms, and 
they occupy the X PM and X PA sites. Apparently, (H2O) 
groups prevent self-polymerization of TS blocks, in 
accord with Hawthorne (1992), who emphasized that 
(H2O) prevents polymerization of structural units.

Hydrogen bonding

The H atoms of the (OH) groups of the O sheets 
and (H2O) groups in epistolite and murmanite have not 
been located (Sokolova & Hawthorne 2004, Khalilov 
1989). There is no possibility of sp 3 hybridization-type 
hydrogen bonding within the arrangement of bonds 
constrained by P 1̄ symmetry. A stereochemically 
sensible scheme has been derived with P1 symmetry 
(Sokolova & Hawthorne 2004), and it seems probable 
that hydrogen bonding does not obey P1̄ symmetry.

General chemical formula

The crystal structures of epistolite and murmanite 
consist exclusively of TS blocks, and a general formula 
for these minerals is identical to formula (8), in which 
the BP site is vacant:

AP
2 BP

2 [6]MH
2 MO

4 (Si2O7)2 XO
4 XP

M2 XP
A2 

– BP
2 = AP

2 [6]MH
2 MO

4 (Si2O7)2 
XO

4 XP
M2 XP

A2   (13)

Structural formulae for epistolite and murmanite

Site occupancies for the TS block in epistolite and 
murmanite (Table 3) provide the following information 
with which to write their formulae:

Mineral O sheet 2H sheets P cations and anions

 4 MO 4 XO m 2 MH (Si2O7)2 2 AP XP
M2 XP

A2

epistolite Na3  Ti  (OH)2  O2 Nb2  (Si2O7)2  [8]Na �  (H2O)2  (H2O)2

murmanite Na2  Ti2  O2  O6 Ti4+
2  (Si2O7)2 

[8]Na2  (H2O)2  (H2O)2

The chemical formulae of epistolite and murmanite are 
(Na �) Nb2 Na3 Ti4+ (Si2O7)2 O2 (OH)2 (H2O)4 and Na2 
Ti4+

2 Na2 Ti4+
2 (Si2O7)2 O4 (H2O)4, and the simplifi ed 

ideal (end-member) chemical formulae of epistolite and 
murmanite are Na4 Nb2 Ti4+ (Si2O7)2 O2 (OH)2 (H2O)4 
and Na4 Ti4+

4 (Si2O7)2 O4 (H2O)4. Murmanite and epis-
tolite are related by the substitution NaP

2 + TiH2 + TiO 
+ O2–

2 → (Na�)p + NbH
2 + NaO + (OH)–

2.

CASE 4: TS BLOCKS 
DO NOT LINK DIRECTLY, m = 1 – 6

In the thirteen structures of Groups II–IV, the 
number of I layers varies from 1 to 6 (Fig. 17). For 
bafertisite, hejtmanite, lamprophyllite, barytolampro-
phyllite and nabalamprophyllite, m = 1; for vuonnemite 
and lomonosovite, m = 2; in yoshimuraite and innelite, 
m = 3; in bussenite, quadruphite and sobolevite, m = 
4, and in polyphite, m = 6. As I have shown above 
for perraultite (and surkhobite), the I cations can be 
close-packed. There are four sites in the close-packed 
layers of cations within a TS block, and there are two 
cations in the minimal cell in perraultite. Where the I 
cations are large, i.e., Ba2+, Sr2+, K+, they can be close-
packed, with <cation–cation> distances of ~ 4.9–5.4 
Å, with two atoms per minimal cell. Where I cations 
are smaller, e.g., Na+, Ca2+, Mn2+, Mg2+, they can be 
expected to be close-packed, with <cation–cation> 
distances of ~ 2.9–4.2 Å, with four atoms per minimal 
cell (as in the TS block itself). Where the two types of 

cations occur together in the I block, it is more prob-
able that their arrangement will correspond to those of 
larger cations, as occurs in perraultite, where both Ba 
and Na are present.

I will consider structures with a specifi c number of I 
layers (m) increasing from one to six, and will examine 
the close-packed layers in each case.

m = 1 I layers

There is one I layer in bafertisite, hejtmanite, 
lamprophyllite, barytolamprophyllite and nabalam-
prophyllite. Topologically, bafertisite is identical to 
hejtmanite.

Lamprophyllite, barytolamprophyllite and nabalam-
prophyllite: Lamprophyllite and barytolamprophyllite 
are very similar to nabalamprophyllite. In the three 
minerals, the MH site is occupied by [5]-coordinated 
Ti, and the AP sites are shifted from the TS block to 
the I layer. The formula of the TS block (excluding 
AP sites) is [5]MH

2 MO
4 (Si2O7)2 XO

4 = Ti2 Na (Na1.3
Mn0.36Fe0.22Mg0.12) Ti O2 (Si2O7)2 (OH)2 for lampro-
phyllite (Krivovichev et al. 2003), {Na[Na1.2(Fe2+,
Mn2+)0.8][Ti(O,OH)2]} {[Si2O7]2[Ti 2O2} for barytolam-
prophyllite (Rastsvetaeva et al. 1995a) and Ti2 Na3 Ti 
(Si2O7)2 (OH)2 O2 for nabalamprophyllite (Rastsvetaeva 
& Chukanov 1999). I suggest writing the formula of the 
TS block for lamprophyllite and barytolamprophyllite 
as Ti2 Na3 Ti (Si2O7)2 O2 (OH)2 (I showed above that 
the XO

A site in barytolamprophyllite is occupied by 
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monovalent anions, and hence there are 2 OH groups 
pfu). The total charge of the TS block is –3 in lampro-
phyllite, barytolamprophyllite and nabalamprophyllite, 
and hence the total charge of the I block is +3. In 
lamprophyllite, barytolamprophyllite and nabalampro-
phyllite, there is one distorted layer of cations between 
adjacent TS blocks (Fig. 22a). In lamprophyllite, 
these cations are close-packed parallel to (100), and 
there are two cation sites per minimal cell (Fig. 22b). 
Krivovichev et al. (2003) gave the composition of this 
AP

2 site as 1.18 Sr + 0.66 Na + 0.2 Ca, and the site has 
an aggregate positive charge +3.26 vu (for two atoms). 
One can present this site as an end-member composi-
tion, with two major constituents, (Sr Na), with a total 
charge of +3. The TS blocks and I layers of (Sr Na) 
atoms alternate in the a direction in the crystal structure 
of lamprophyllite (Fig. 22c). In barytolamprophyllite, 
Rastsvetaeva et al. (1995a) gave the composition of 
this AP

2 site as 0.98 K + 0.84 Ba + 0.21 Sr, and the site 

has an aggregate positive charge +3.08 (for two atoms). 
They presented this site as (K Ba) with a total charge 
of +3. As divalent cations [1.19 (Ba + Sr)] prevail over 
a monovalent cation, 0.98 K, I suggest to write the site 
as (Ba K).

In the crystal structure of nabalamprophyllite, there 
is the same alternation of TS blocks and I layers. For 
nabalamprophyllite, Rastsvetaeva & Chukanov (1999) 
gave AP(1) = 1.0 Ba and AP(2) = 0.33 Ba + 0.30 Na 
+ 0.12 K + 0.05 Sr + 0.20 �. In a later description, 
Chukanov et al. (2004) revised the site assignments 
for AP(2) as 0.30 Ba + 0.50 Na + 0.15 K + 0.05 Sr and 
presented these two sites as Ba(Na,Ba). As I showed 
above, the charge of the TS block is –3. At the AP(2) 
site in nabalamprophyllite, (Na + K) are dominant over 
(Ba + Sr), with Na > K, and hence I can write AP(2) = 
Na. Then the I layer has a chemical composition of [Ba 
Na] with a total charge of +3.

FIG. 22. Lamprophyllite-2M. Fragments of the crystal structure showing the (Sr Na) 
atoms in the I layer between two TS blocks (a) and projected onto (100) (b); the struc-
ture is projected onto (001). Legend as in Figure 13.
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In lamprophyllite and barytolamprophyllite, Sr and 
Na, and Ba and K, respectively, are disordered over one 
site; the I layer is (Sr Na) and (Ba K), and the space 
groups are Pnmn and C2/m. In nabalamprophyllite, Ba 
and Na are ordered at two sites, the I layer is [Ba Na], 
and the space group is P2/m. It is not clear to me what 
causes the Na–Ba order in the structure of nabalam-
prophyllite. The AP(1) and AP(2) sites are located on 
different sides of the TS block: one side is dominated 
by Ba, and the other one is dominated by Na (Fig. 13). 
To my knowledge, this is the only case where the TS 
block is characterized by chemically different P sites 
on each side.

Bafertisite and hejtmanite: The [6]-coordinated MH 
site is occupied by Ti, the AP sites are dominated by Ba, 
and the latter are shifted from the H sheets to form the I 
layer. Consider the Ti as [5]-coordinated; one can write 
the chemical composition of the TS block (minus the P 

sites) as [5]MH
2 MO

4 (Si2O7)2 XO
4 = Ti2 Fe2+

4 (Si2O7)2 
O2 (OH)2 for bafertisite and Ti2 Mn2+

4 (Si2O7)2 O2 (OH)2 
for hejtmanite. In each case, the total charge of the 
TS block is –2, and therefore the total charge of the I 
block must be +2. In bafertisite (and in hejtmanite), one 
I layer of cations occurs between adjacent TS blocks 
(Fig. 23a). There are two cation sites per minimal cell 
in a close-packed layer in bafertisite (Fig. 23b), and 
the total charge of the two constituent cations must be 
+2 to compensate the negative charge of the TS block. 
There are three possibilities: (1) the AP cations are 
monovalent, e.g., 2K+, (2) the AP cations are divalent, 
e.g., Ba2+, and each AP cation is accompanied by an 
(OH) group, e.g., 2[Ba(OH)], or (3) one AP cation is 
monovalent, another is divalent, and divalent cations 
are accompanied by (OH) groups: AP2+ AP+ (OH)– . 
For bafertisite (and hejtmanite), the second possibility 
occurs: the cations of the I layer are Ba2+, and they are 

FIG. 23. Bafertisite. Fragments of the crystal structure showing the Ba atoms of the I layer 
between two TS blocks (a) and projected onto (001) (b); (c) the structure projected onto 
(100). Legend as in Figure 12; Ba atoms are shown as magenta circles.
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accompanied by (OH) groups at the XP
M sites. The Ti 

atom at the MH site is [6]-coordinated by fi ve O atoms 
and an (OH) group (Figs. 23a, c). Two Ba2+ and two 
(OH)– give the interlayer charge of +2. In the crystal 
structure of bafertisite, TS blocks and I layers of Ba 
atoms are stacked along c (Fig. 23c).

General formula: There are two formulae for the 
TS block, (9) and (7), that can be used to produce the 
formulae of these four minerals (note that the BP

 sites 
are vacant): for lamprophyllite, barytolamprophyllite 
and nabalamprophyllite

(9) AP
2 BP

2 [5]MH
2 MO

4 (Si2O7)2 XO
4 – BP

2 
= AP

2 [5]MH
2 MO

4 (Si2O7)2 XO
4 (14)

and for bafertisite and hejtmanite

(7) AP
2 BP

2 [6]MH
2 MO

4 (Si2O7)2 XO
4 XP

M2 – BP
2 

= AP
2 [6]MH

2 MO
4 (Si2O7)2 XO

4 XP
M2 (15)

The chemical formulae of bafertisite, hejtmanite, 
lamprophyllite, barytolamprophyllite and nabalampro-
phyllite: The chemical formulae of

bafertisite Ba2 Ti2 Fe2+
4 (Si2O7)2 O2 (OH)4

and of

hejtmanite Ba2 Ti2 Mn2+
4 (Si2O7)2 O2 (OH)4

are identical to those given in Guan et al. (1963) and 
Rastsvetaeva et al. (1991b) (see Table 1). The chemical 
formulae of

lamprophyllite (Sr Na) Ti2 Na3 Ti (Si2O7)2 O2 (OH)2,

barytolamprophyllite 
(Ba K) Ti2 Na3 Ti (Si2O7)2 O2 (OH)2

and of

nabalamprophyllite 
Ba Na Ti2 Na3 Ti (Si2O7)2 O2 (OH)2

are similar to the end-member formula given in the 
description of nabalamprophyllite as a new mineral by 
Chukanov et al. (2004), Ba (Na,Ba) {Na3 Ti [Ti2 O2 
(Si2O7)2] (OH,F)2}. However, inspection of the data for 
barytolamprophyllite shows that in some cases, there is 
a signifi cant mismatch between structure refi nement and 
microprobe data, e.g., in Rastsvetaeva et al. (1995a). 
The crystal chemistry of barytolamprophyllite needs 
reconsideration, and this work is in progress.

m = 2 I layers

In vuonnemite and lomonosovite, there are two I 
layers between adjacent TS blocks. Each layer consists 

of [4]- to [7]-coordinated Na polyhedra and (PO4) tetra-
hedra. In the I layer, Na polyhedra share vertices, edges 
and corners, whereas (PO4) tetrahedra share common 
vertices with Na polyhedra (Fig. 24c). These two layers 
are parallel to (001) and related by an inversion center 
(Figs. 24a, b). Therefore, the topology and chemical 
composition of these two I layers of polyhedra in each 
structure are identical. All cations in this I layer are 
close-packed, and there are four cations, 3 Na+ + P5+, in 
the minimal cell (Fig. 24d). Two I layers link together 
through common vertices of Na and P polyhedra to form 
the I block in vuonnemite and lomonosovite. There 
are four O sites responsible for this linkage in each I 
layer; these are designated as internal anions of the I 
block. Alternating TS and I blocks along c build up 
the crystal structures of vuonnemite and lomonosovite 
(Figs. 25a, b).

General formula: A general formula for minerals 
with two I layers (m = 2) each containing four cations 
requires consideration of the I-layer anions. I write 
the formula of the TS block using formula (8) AP

2 BP
2 

[6]MH
2 MO

4 (Si2O7)2 XO
4 XP

M2 XP
A2 and site popula-

tions from Table 3 (note that the BP
 site is vacant):

vuonnemite 
NaP

2 [6]NbH
2 NaO

3 TiO (Si2O2O5)2 (FO)O OO
2 OP

4

lomonosovite 
NaP

2 [6]TiH2 NaO
2 TiO2 (Si2O2O5)2 OO

4 OP
4

The total charge of the TS block (excluding peripheral 
XP anions) in vuonnemite and lomonosovite is zero, 
and thus the total charge of the I block has to be zero 
in order to satisfy the electroneutrality principle. Poly-
hedra of the I layer link to polyhedra of the H sheet 
through common vertices, edges and faces, and they 
share seven O atoms with each H sheet. The (Si2O7)2 
group is written as (Si2O2O5)2 to show that five O 
atoms (underlined) are shared with adjacent I layers. I 
underline the other four XP

 anions (OP
4) to show that 

they also are shared with the I layer (see footnote, Table 
3). In total, each I layer shares seven O atoms with the 
adjacent H sheet; four O atoms are common vertices of 
(PO4) tetrahedra and Na polyhedra of the I layer, and 
they are internal anions of each I layer (Fig. 24c). These 
four anions are internal, as they are not bonded to any 
cation of the TS block (doubly underlined later in the 
text). Four cations, 3 Na+ + P5+, and eleven anions, 11 
O2–, give the composition of one I layer, i.e., [Na3 P O4 
O7]14– (Table 5). Common sense tells me to keep small 
oxyanions intact, e.g., (PO4), (Si2O7); although these 
groups have anions from both I layer and H sheet, (PO4) 
groups are assigned to the I block and (Si2O7) groups 
are assigned to the TS block. To do this, I consider OP

4 
anions not as a part of the TS block (Table 3) but as a 
part of the I block.

As a result, the composition of the I block is the 
composition of two I layers minus four internal anions 
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(as each pair of internal anion sites merge into one site) 
and ten anions shared with (Si2O7) groups:

2 x [Na3 P O4 O7] – O4 – O10 = Na6 (PO4)2

The total charge of the I block is zero. Note that the I 
block has OP

4 previously listed in the formula of the 
TS block at the beginning of this section, and hence 
OP

4 must be subtracted from the TS block before the 
TS block and I block are summed to give the fi nal 
formula:

vuonnemite 

NaP
2 [6]NbH

2 NaO
3 TiO (Si2O7)2 (FO)O OO

2 + Na6 (PO4)2 = 

Na6 Na2 Nb2 Na3 Ti (Si2O7)2 (PO4)2 (FO) O2

lomonosovite 

NaP
2 [6]TiH2 NaO

2 TiO2 (Si2O7)2 OO
4 + Na6 (PO4)2 = 

Na6 Na2 Ti2 Na2 Ti2 (Si2O7)2 (PO4)2 O4

The general formula for the structures with I layers 
containing four cation sites (3Na and P) can be written 
as

AI
3m AP

2 [6]MH
2 MO

4 (Si2O7)2 (PO4)m XO
4 (16)

where m = number of I layers, AI = cations of the 
I layers, except for P5+, which are written as (PO4) 
groups.

FIG. 24. Fragments of the crystal structure of vuonnemite (a) and lomonosovite (b) show-
ing two I layers between two TS blocks, an I layer projected onto (001) as Na and P 
polyhedra (c), and a close-packed arrangement of cations (d). All polyhedra of the TS 
block are white except for orange (SiO4) tetrahedra. In the I layers, (PO4) groups are 
purple, [4]- and [6–7]-coordinated Na polyhedra are greenish blue and navy blue; the 
[(OH,F)O] sites are shown as small orange circles. Internal anion sites of the I block 
are the large yellow circles.
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m = 3 I layers

Three I layers occur in yoshimuraite and innelite. 
The topology of the I block in both structures is iden-
tical: the Ba atoms constitute a close-packed layer 
(Fig. 26a) identical to that in bafertisite and hejtmanite 
(Fig. 23b). There are two Ba atoms per minimal cell 
(Table 5) that occupy the AP and BP sites, which are 
strongly shifted into the I block: Ba–XO

A distances 
are 3.89 and 4.06 Å (Table 2). The (PO4) and (SO4) 
tetrahedra constitute another layer in yoshimuraite 
(Fig. 26b) and innelite, with the P (S) atoms arranged as 
a close-packed layer. In these two structures, the layer of 
tetrahedral oxyanions is intercalated between two layers 
of Ba atoms (Fig. 26c). The [10]- and [11]-coordinated 
Ba atoms are bonded to O atoms of (TO4) tetrahedra 
and polyhedra of the H sheets. Each O atom of a (TO4) 
group is bonded to two or three Ba atoms. The ideal 
composition of the I block in yoshimuraite is [Ba4 
(PO4)2]2+, and in innelite, it is [Ba4 (SO4)2]4+ (Table 5). 
In fact, there are similarities in chemical composition 

of these two blocks, as the P site in yoshimuraite has a 
composition 0.5 P + 0.3 S + 0.2 Si with a total charge 
of +5.1 (McDonald et al. 2000). Therefore, the TS block 
has a negative charge of –2 in yoshimuraite, and –4 in 
innelite. As noted before, the topology of the TS block 
is different in yoshimuraite (Group II, Figs. 11b, d) and 
innelite (Group III, Figs. 13c, e). Alternation of I and 
TS blocks along the 14.75 Å axis produces the crystal 
structures of yoshimuraite (Fig. 26c) and innelite. To 
accommodate the three-layered I block, the TS blocks 
shift relative to each other in innelite, with � = 99.00° 
versus � = 89.98° in yoshimuraite (Table 1).

General formula: I use formula (8), AP
2 BP

2 [5]MH
2 

MO
4 (Si2O7)2 XO

4, and add the complex oxyanions 
(TO4)2:

AP
2 BP

2 [5]MH
2 MO

4 (Si2O7)2 (TO4)2 XO
4 (17)

where T = P, Si. I write the formulae with site popula-
tions taken from Tables 3 and 5:

FIG. 25. General view of the crystal structure of (a) vuonnemite, and (b) lomonosovite. 
Legend as in Figure 24; [8]-coordinated NaP atoms are shown as navy blue circles.
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yoshimuraite Ba2
 Ba2

 Ti2 Mn4 (Si2O7)2 (PO4)2 O2 (OH)2

innelite Ba2 Ba2 Ti2 Na2 Ca Ti (Si2O7)2 (SO4)2 O4

The chemical composition and chemical formula of 
innelite need revision, as pointed out above.

m = 4 I layers

There are three minerals that contain four I layers, 
bussenite, quadruphite and sobolevite. The composi-
tion and topology of the I block in bussenite are very 
different from those in quadruphite and sobolevite.

Bussenite: Bussenite is the only mineral considered 
here that contains (CO3) groups. There are seven cation 
sites in the I block. There are two [6]-coordinated Na 
sites, Na(1) and Na(2), each has a multiplicity of 2, and 
each is 50% occupied by Na, giving 2 � (Na�) = 2 
Na. The [11]-coordinated Ba(1) site is occupied by 1.6 
Ba + 0.4 K, ideally Ba2. The [9]-coordinated Ba(2) site 
is approximately 50% occupied by Ba: 0.94 Ba + 1.06 
�. The [7]-coordinated M(4) site also is half-occupied: 
0.64 Sr + 0.42 K + 0.94 �. There is a short distance 
between Ba(2) and M(4) sites, 0.92 Å, and one can treat 
these two sites effectively as one site, 0.94 Ba + 0.64 Sr 
+ 0.42 K; divalent cations are dominant at this site, Ba 
> Sr, so ideally it is Ba2. There is one [3]-coordinated 
C site fully occupied by C, which gives 2 C apfu. The 
Na octahedra form convoluted chains extending along 
[100] (Figs. 27a, b). In a chain, two Na polyhedra at the 
same level along [100] share a common face to form 
a dimer. Each dimer shares edges with one dimer and 
faces with other next-nearest dimers. The combina-
tion of two dimers corresponds to a sequence of two 
[F(1)–F(2)] edges defi ning the a repeat and giving an 
a cell-parameter of 5.399 Å. The Na polyhedra and 
Ti octahedra of the H sheet share common vertices, 
which are (H2O) groups. The Na–O–F–(H2O) chains 
are connected via (CO3) groups along [010] (Figs. 
27a, b). Each (CO3) group shares one edge with an 
Na octahedron of one chain and a vertex with an Na 
octahedron of another chain. The size of the I cations 
varies extensively: r [[6]Na] = 0.99, r [[11]Ba] = 1.57, r 
[[3]C] = –0.08 Å (Shannon 1976), but they are arranged 
as close-packed layers. There are layers of Ba(1) and 
[Ba(2) + M(4)] atoms between sheets of Na octahedra 
and (CO3) groups and TS blocks. In total, there are four 
layers of cations in the I block. Layers 1 and 4 (Fig. 27a) 
are related by an inversion center and consist of Ba(1) 
and Ba(2) [ = Ba(2) + M(4)] atoms, as in bafertisite and 
yoshimuraite. There are two atoms, Ba(1) and Ba(2), per 
minimal cell (Table 5). The Na(1), Na(2) and C atoms 
constitute layers 2 and 3, which are also related by an 
inversion centre. As the Na(1) and Na(2) sites are only 
50% occupied, there are also two cations, Na+ and C4+, 
per minimal cell (Fig. 27c). Thus two Ba layers, two 
Na–C layers, and F atoms in between layers 2 and 3 
give the composition of the I block in bussenite as 2 � 

Ba2 + 2 � [Na (CO3)] + F2 = [Ba4 Na2 (CO3)2 F2]4+. 
I include in the latter formula the two (H2O) groups 
that are shared with the adjacent TS block, to give 
the composition of the I block: [Ba4 Na2 (CO3)2 F2 
(H2O)2]4+ (see Table 5). Therefore the TS block must 
have a charge of 4–. I write the formula of the TS block 
using formula (6), AP

2 BP
2 [6]MH

2 MO
4 (Si2O7)2 XO

4 
XP

M2, and site populations from Table 3:

 [6]MH
2  MO

4  (Si2O7)2  XO
4  XP

M2 →
 Ti2  (M2+ Na)2  (Si2O7)2  O2 (OH)2 (H2O)2.

The total charge is –4. I add TS and I blocks, and 
consider (H2O)2 once, as it is shared by two blocks:

Ba2 Ba2 (Na�)2 Ti2 (Fe2+ Na)2 (Si2O7)2 
(CO3)2 O2 (OH)2 (H2O)2 F2,

which corresponds to the general formula

AP
2 BP

2 AI
2m MH

2 MO
4 (Si2O7)2 

(CO3)m XO
4 XP

2 Fm  (18)

where m represents the number of I layers not 
containing P sites.

m = 4 (quadruphite and sobolevite) 
and m = 6 (polyphite) I layers

I consider quadruphite and sobolevite with m = 4 and 
polyphite with m = 6 together, as they are closely struc-
turally related. The main constituents of the I block are 
alkali cations and (PO4) groups. There are two different 
parts of the I block. The outer parts of the I block are 
sheets of Na polyhedra and (PO4) groups adjacent to 
the TS block (Fig. 28). In quadruphite, these two outer 
I layers differ in coordination of Na, which can be [4]-, 
[6]- and [7]-coordinated (Figs. 28a, b). In polyphite, two 
outer I layers are symmetrically equivalent, related by 
the inversion center and containing [4]- and [5]-coordi-
nated Na polyhedra (Fig. 28c). In sobolevite, there are 
two outer I layers; one is identical to an outer layer in 
polyphite, another, to an outer layer in quadruphite. In 
each outer I layer, there are four cations per minimal 
unit cell, and they are arranged as a close-packed layer 
(Fig. 28d). Each Na–P–O layer has a composition [Na3 
P O11]3–. The Na–P–O layers in quadruphite, polyphite 
and sobolevite are similar to the I layers in vuonnemite 
and lomonosovite.

The inner part of the I block contain trimeric clusters 
of octahedrally coordinated alkali cations. Sokolova 
(1997) designated it as a nacaphite block, as it is 
topologically identical and chemically very close to 
the crystal structure of nacaphite, Na (NaCa) (PO4) F 
(Sokolova et al. 1989, Sokolova & Hawthorne 2001). 
Sokolova & Hawthorne (2001) designated this part of 
the I block as the AC block to emphasize the key role 
played by alkalis in the structure of these minerals. The 
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presence of the trimeric cluster in a series of crystal 
structures indicates its high stability as a structural 
motif and testifi es to a highly alkaline environment of 
formation (Sokolova & Hawthorne 2001). Each cluster 
consists of three octahedra that share a central common 
edge; in the cluster, each two octahedra share a common 
face. Trimeric clusters link together to form a convo-
luted chain of octahedra (Fig. 29a) that extends in the t1 
direction. Clusters adjacent in the chain are rotated ~60° 
relative to each other and connect by sharing both faces 
and edges. The chain shows pseudohexagonal symmetry 
described by the 63 axis oriented along the sequence of 
[F(1)–F(2)] common edges that defi nes the central axis 
of the chain. Combination of two clusters corresponds 
to a sequence of two [F–F] edges defi ning the t1 repeat. 
The chains extend along the t1 direction, and link in the 
plane based on t1 and t2 by sharing octahedron corners, 

and triplets are further linked through (PO4) tetrahedra 
that point alternately up and down t1 (Figs. 29b–e).

In the crystal structures of quadruphite, polyphite 
and sobolevite, the trimeric structure of the I block links 
through outer Na–P–O layers to two TS blocks, forming 
a mixed cation framework (e.g., as in quadruphite, Fig. 
30a). The trimeric structure shares four O atoms with 
each outer layer of polyhedra, and the latter shares 
eight, six and seven O atoms with an H sheet of two 
TS blocks in quadruphite, polyphite and sobolevite, 
respectively (Table 5). The number of O atoms shared 
by the polyhedron of the outer layer of the I block and 
(Si2O7) groups depends on coordination of cations of 
the outer layer.

All cations of the I block in quadruphite, polyphite 
and sobolevite are arranged in close-packed layers. 
In quadruphite, there are four layers: layers 1 and 4 

FIG. 26. The crystal structure of yoshimuraite: a close-packed layer of Ba atoms (a), and 
a close-packed layer of P atoms is presented as (PO4) tetrahedra (b), a general view of 
the structure projected onto (100). The Ba atoms and Mn2+ polyhedra are magenta, the 
(PO4) tetrahedra are purple, [5]-coordinated Ti polyhedra and Si tetrahedra are yellow 
and orange, and lines 1, 2, and 3 show three layers of the I block.
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correspond to the I layers adjacent to two TS blocks, 
and layers 2 and 3 correspond to the trimeric structure 
(Figs. 29b, 30a). Within the trimeric structure, there are 
two layers in quadruphite (Figs. 30b, c) and sobolevite, 
and four layers in polyphite. Therefore, the central part 
of the I block is twice as large in polyphite compared 
to that in quadruphite and sobolevite.

Each layer contains four cation sites and is character-
ized by <cation–cation> separations of ~3.4 Å. Table 
5 gives ideal site-populations for each I layer. In the 
trimeric structure of the I block in quadruphite (space 
group P1), the four sites are Ca-dominant (with Ca 
slightly greater than Na), two sites are Na-dominant, 
and one can write the composition of the trimeric 
structure as Na2 (Ca2 Na2) (PO4)2 F2. In polyphite (space 
group P1̄), two chains of trimeric clusters are related by 

an inversion center. Within the trimeric structure, four 
sites are Na-dominant, and two sites are Ca-dominant, 
and one can write the composition of the trimeric struc-
ture as 2 [Na4 Ca2 (PO4)2 F2]. Maximal Na–Ca order 
occurs in sobolevite (space group Pc). There are two 
sites solely occupied by Na and one site solely occupied 
by Ca (Figs. 29c, d): Na2Ca. There are two Ca-dominant 
sites with a signifi cant amount of Mn2+ and a Na-domi-
nant site, so one can write the composition of these three 
sites as (Na Ca Mn), and the composition of the trimeric 
structure is [Na2 Ca (Na Ca Mn) (PO4)2 F2].

General formula for CASE 4: TS BLOCKS DO NOT 
LINK DIRECTLY, m = 4 and 6: Earlier, I showed that 
the general formula for structures with I layers, which 
contain four cation sites (3 Na and P), can be written 
as AI

3m AP
2 [6]MH

2 MO
4 (Si2O7)2 (PO4)m XO

4, which 

FIG. 27. Bussenite. General view of the crystal structure projected onto (100) (a), linkage 
of chains of Na octahedra and (CO3) groups (b), a close-packed layer of Na and C atoms 
(c). Legend as in Figures 10 and 11; Na octahedra and (CO3) groups of the I block are 
light blue and red, and Ba, Sr and Na atoms of the I block are shown as magenta, green 
and light blue circles in (a) and (c); (OH) and (H2O) groups and F atoms are shown as 
small and medium red circles and small yellow circles in (a); C atoms are shown as red 
circles, and vacant sites of the I layers 2 and 3 are shown as dashed black circles in (c); 
short lines 1–4 show the position of four I layers.
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FORMULAE OF MINERALS WITH THE TS BLOCK

In Table 6, I list nine general formulae [(11)–(18), 
(20)] for structures of different topology. To obtain these 
formulae, I used formulae (6)–(8) for the TS block and 
have added the formula content of the I block, i.e., I 
have used a polysomatic approach to derive a general 
formula. It is easy to notice that formula (16) is part of 
formula (20): (16) = (20)–(19), where the latter is the 
formula for the trimeric structure. Therefore, one can 
describe the chemical composition of the minerals with 
the TS block with eight formulae, (11–15), (17), (18), 
(20). In accordance with the general formulae, one can 
write structural formulae for all minerals (see Table 
6). To obtain a simpler chemical formula, I write the 
mineral formulae in a common systematic way: from 
alkaline to alkaline-earth cations, from low valence to 
high valence, then list oxyanions, (Si2O7)2, (PO4), (SO4), 
(CO3), followed by anions: O atoms, (OH) groups and F 
atoms, and (H2O) groups. Mineral formulae are listed in 
the last column of Table 6. These formulae are written 
in a unifi ed way, they are compact, they provide an 
understanding of the chemical composition of each 
mineral, and they allow the general features of these 
minerals to be identifi ed easily. I compare these struc-
tural formulae with those presented in Table 1 (where 
they are from the latest work on the relevant structure). 
Certainly, structural formulae in this work (Table 6) are 

simpler and give a better idea of chemical composition. 
Moreover, the mineral formulae revised in this work 
are more accurate than those given in the recent issue 
of Fleischer’s Glossary of Mineral Species (Table A5 
in Appendix E). In particular, I had to revise formulae 
of götzenite, kochite, rosenbuschite and hainite to give 
a better correlation with EMPA data, particularly the F 
content (Appendix D). Analysis of mineral formulae 
indicates that: (1) The composition of the I block in 
surkhobite has to be Na Ba. Re-examination of the 
chemical composition of surkhobite is desirable, and 
this work is in progress. (2) All chemical formulae 
of minerals of Group III contain monovalent anions, 
(OH) or F, except innelite, strongly suggesting that the 
formula of innelite is wrong. Work is currently under 
way to check this prediction.

STEREOCHEMISTRY OF TITANIUM

Inspection of Table 6 clearly shows that the Ti 
content of the minerals varies systematically from one 
Group to another. This is a very important feature. I 
divided all minerals with the TS block into four groups 
based on the topology and stereochemistry of the TS 
block. Apparently, the topology and stereochemistry 
of the TS block are strongly related to the content of 
Ti. First, a defi nition; where I refer to Ti, I mean Ti-
dominant site; this site may also contain Nb5+, Ta5+, 

general formula  AI
3m  AT

3t  AP
2 [6] MH

2  MO
4  (Si2O7)2  (PO4)m+t  XO

4  Ft

quadruphite  Na6  Na2 (CaNa)2  Na2  Ti2  Na2 Ti2  (Si2O7)2  (PO4)4 O4  F2

sobolevite  Na6  (Na2Ca) (NaCaMn)  Na2  Ti2  Na2 TiMn  (Si2O7)2  (PO4)4  O3F  F2

polyphite  Na6  (Na4Ca2)2  Na2  Ti2  Na2 Ti2  (Si2O7)2  (PO4)6  O4  F4

corresponds to formula (16), where m = 2; AI are cations 
of the I block different from P5+. Quadruphite, polyphite 
and sobolevite each contain two such I layers, and 
formula (16) applies to the TS block plus two adjacent 
I layers. The only part of the complete structure not yet 
considered is the trimeric structure in the central part 
of the I block. The trimeric structure has its mineral 
analogue, nacaphite, Na (NaCa) (PO4) F (Z = 4). By 
analogy with nacaphite, one can write the composition 
of the trimeric structure as

nacaphite  (Z = 2) Na2 (NaCa)2 (PO4)2 F2

quadruphite  Na2 (CaNa)2 (PO4)2 F2

sobolevite  (Na2Ca) (NaCaMn) (PO4)2 F2

polyphite  (Na4Ca2)2 (PO4)4 F4.

Thus the general composition of the trimeric structure 
may be written as

AT
3t (PO4)t Ft  (19)

where t represents the number of cation layers, and AT 
are the cations different from P5+. I can now write the 
general formula for minerals with trimeric structures as 
the sum of formulae (16) and (19):

AI
3m AT

3t AP
2 [6]MH

2 MO
4 (Si2O7)2 (PO4)m+t XO

4 Ft

   (20)

where m is number of I layers adjacent to the TS block, 
t is the number of I layers in the trimeric structure, and 
AI

3m AT
3t are the cations of the m and t layers of the I 

block different from P5+.
The formulae for quadruphite, sobolevite and 

polyphite: I write the formulae for these minerals in 
accord with the general formula (20):
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FIG. 28. A sheet of Na polyhedra 
and P tetrahedra in the I block 
in (a) quadruphite, z ≈ 0.20, (b) 
quadruphite, z ≈ 0.75 = sobolev-
ite, z ≈ 0.43; (c) polyphite, z ≈ 
0.21 = sobolevite, z ≈ 0.70. The 
close-packed layer of Na and P 
atoms in polyphite, z = 0.21 (d). 
In this diagram, the TS block is 
below the sheet of Na polyhedra 
and P tetrahedra. The [4]- and 
[5]-coordinated Na polyhedra are 
greenish blue, [6]-coordinated 
Na polyhedra are light navy blue, 
P tetrahedra are purple. Na and 
P atoms are greenish blue and 
purple circles in (d).

FIG. 29. Fragment of the I block: (a) the convoluted chain of trimeric clusters of octahedra in the crystal structure of qua-
druphite, (b) the linkage of chains of trimeric clusters and (PO4) tetrahedra in quadruphite, and (c–e) the chains of trimeric 
clusters and (PO4) tetrahedra in sobolevite, y ≈ 0.15 and y ≈ 0.65 (c) and (d), and polyphite (e). The Na, Na-dominant, Ca 
and Ca-dominant octahedra are navy blue, pale blue, bright pink and pale pink, respectively; P tetrahedra are purple, and F 
atoms are shown as small yellow circles.
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FIG. 30. The crystal structure of quadruphite: a general view of the crystal structure pro-
jected onto (100) (a), and close-packed layers 2 and 3 of M, Na and P atoms at z ≈ 0.92 
(b), z ≈ 1.06 (c). Legend as in Figure 29. The [4]- and [5]-coordinated Na polyhedra are 
greenish blue; the Ca-dominant, Na-dominant, Na and P atoms are shown as light pink, 
light blue, navy blue and purple circles, respectively. The F atoms are small yellow 
circles. Vertical lines 1–4 show the position of close-packed layers of cations.

Zr4+, Fe3+, Mg2+ and Mn2+. Each group is characterized 
by the same number of Ti-dominant sites per formula 
unit of MO

4 MH
2 (Si2O7)2 (Tables 3, 6). In the majority 

of minerals of Group I, the content of Ti is equal to 1 
apfu, and there is usually one [6]Ti O site in the O sheet 
of the TS block. In Group II, Ti is equal to 2 apfu, and 
it is invariably dominant at the MH site in the H sheet. 
In Group III, Ti is equal to 3 apfu, and it is dominant 
at the MH site in the H sheet (2 apfu) and at one [6]MO 
site in the O sheet (1 apfu). In Group IV, Ti is equal to 
4 apfu, and it is dominant at the [6]MH site in the H sheet 
(2 apfu) and at two MO sites in the O sheet (2 apfu). 
Furthermore, the maximal possible content of Ti in the 
TS block is 4 apfu (see discussion above).

The Ti(Nb)–O distances do not vary greatly within 
the [6]MO polyhedron, but show a wide range within the 
MH polyhedron, i.e., this polyhedron can be strongly 
distorted. Figure 31 shows the observed MH–X distances 
as a function of bond valence incident at X from other 
cations. The Ti–X distances increase as the bond valence 

required to satisfy the valence-sum rule at the X anions 
decreases. The bond-valence curves for Ti4+–O and 
Nb5+–O are also shown in Figure 31a, where it can be 
seen that the data for both Ti4+–O and Nb5+–O distances 
in these structures follow the corresponding bond-
valence curves, i.e., they agree with the valence-sum 
rule for occupancy of the MH site by Ti4+ and Nb5+. It is 
particularly notable that the Ti4+–O bond-valence varies 
from ~0.3 to 1.5 vu, an extremely wide range of bond 
valence, with Ti4+–O distances varying from 2.30 to 1.68 
Å. Figure 31a clearly shows three groups of Ti(Nb)–O 
distances for MH polyhedra. The shortest distances are 
from the MH cation to XO

M (an anion common to the O 
and H sheets). Intermediate distances occur between the 
MH cation and four XH

Si–M anions of an (Si2O7) group 
of the H sheet. The longest distances occur between the 
MH cation and the XP

M anion (Fig. 31a). Figure 31b 
shows the environment of the MH cation, which can 
be [5]- or [6]-coordinated. Excluding the MH cation, 
each XO

M anion receives bond valence from three MO 
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atoms of the O sheet, each XH
Si–M anion receives bond 

valence from one Si atom, and the XP
M anion (if MH is 

[6]-coordinated) receives bond valence from the cations 
of the I block (if an I block is present). The shortest 
MH–XO

M distances occur in Group III, where TiH is 
[5]-coordinated. The sum of bond valences from three 
MO cations is very low (formally, it does not exceed 
0.68 vu); therefore, [5]Ti must provide the remaining 
bond-valence required, resulting in a very short TiH–XO

M 
distance. I consider this issue specifi cally for Group III 
(see Table 4). The longest MH–XP

M distances occur 
in the crystal structure of epistolite, where Nb5+ is the 
dominant cation at the M H site and is bonded to an (H2O) 
group. Figure 31a shows that the main variation of bond 
valence (and corresponding distances) is associated with 
the XO

M anion. The distortion of the MH polyhedron 
allows TiH to satisfy the bond-valence requirements of 
the coordinating anions. The wide range in Ti(Nb)–O 
bond lengths is one of the major factors that allows the 
chemical composition of the TS block to change drasti-
cally while retaining close packing of the cations and 
accommodating various intermediate species.

Orthoericssonite [Ba (Mn1.5Fe2+
0.5) Fe3+

 (Si2O7) 
O (OH): Moore (1971), Matsubara (1980), Appendix 
B] is a good example to show that Ti is an important 
element of the TS block. Orthoericssonite has an HOH 
structure with Mn2+

 and Fe2+ as cations of the O sheet 
(as in Group II), [5]MH = Fe3+, there is no Ti in its HOH 
block, which has a topology described by linkage 1 (as 
in Groups I and III). The graph in Figure 31a shows that 
the distance from the MH (= Fe3+) cation to XO

M (light 
blue square) in orthoericssonite is longer than distances 
Ti4+–XO

M in Group II (blue circles), and hence XO
M 

receives a smaller incident bond-valence from Fe3+ 
than is necessary for linkage 2. However, distortions of 
polyhedra in orthoericssonite are different from those 
in Groups I and III (linkage 1). Therefore, the crystal 
structure of orthoericssonite exhibits linkage 1, which 
is unusual for the distortions of polyhedra in the TS 
block of Group II.

CLOSE PACKING OF CATIONS IN THE I BLOCK

In this paper, I have shown that in every structure, 
the I block consists of close-packed layers of cations, 
and the types of cations and number of layers can vary 
signifi cantly. In the I block, there are two types of 
close-packed layers. The fi rst type has four cations in 
the minimal cell, and this layer is similar to the cation 
layers of the TS block. Layers of the fi rst type occur 
in vuonnemite, lomonosovite, quadruphite, sobolevite 
and polyphite, and contain three alkali cations and one 
P5+ (Table 5). The second type of layer has two cations 
in the minimal cell, commonly Ba2+. The composi-
tion of the second type of layer varies in perraultite, 
(surkhobite?), bafertisite, hejtmanite, lamprophyllite, 
barytolamprophyllite, nabalamprophyllite, yoshimu-
raite, innelite and bussenite (Table 5). Close-packed 

layers of cations can be fully or partly occupied, as 
in bussenite. In fact, bussenite is the only mineral in 
which both types of layers occur: two layers of the 
fi rst type contain four cation sites, which give 2 (= m) 
� [2 (Na0.5�0.5) + � + C = NaC] = 2 NaC (Fig. 27c), 
and two layers of the second type contain two Ba sites 
each, as in Figure 26a.

FROM CHEMICAL COMPOSITION 
TO STRUCTURE TOPOLOGY. 

I. DIFFERENT STEREOCHEMISTRY VERSUS 
IDENTICAL TOPOLOGY, GROUPS I AND III

The topology of the TS block in Groups I and 
III is identical (linkage 1), but the stereochemistry is 
different. The different sizes of the MH polyhedron 
and the dimensions of the H sheet were discussed 
by Egorov-Tismenko & Sokolova (1987, 1990) and 
Ferraris (1997).

Previous authors did not address the origin of the 
differences in stereochemistry of Groups I and III. 
Christiansen et al. (1999) stated that vuonnemite (our 
Group III) contains an HOH-layer identical with that 
of seidozerite (our Group I). Christiansen et al. (2003a) 
revised the crystal chemistry of the rosenbuschite group 
(our Group I, excluding rinkite and grenmarite) and 
emphasized the effect of “the size of the MH cation” on 
the geometry of the (Si2O7) group. They stated “(1) the 
size of the MH polyhedron has a signifi cant effect upon 
the size and deformation of the adjacent polyhedra and 
(Si2O7) groups, (2) (Si2O7) groups show three modes of 
bending, depending on the size of two MH octahedra, 
(3) the degree of bending relates directly to a stretching 
of AP polyhedra and also to the interatomic distance 
between the AP cations and XO

A ” (the labeling of atoms 
is taken from my work). None of these observations 
explain the differences in stereochemistry of the TS 
block in Groups I and III.

In Group I, the MH octahedron (MH = Na, Ca, Mn2+, 
Zr4+) is larger than in Group III (MH = Ti). In Group 
I, (Si2O7) groups are attached to large Na polyhedra 
in the O sheet, and in Group III, (Si2O7) groups are 
attached to small Ti octahedra in the O sheet. Appar-
ently, the size of the MH polyhedron does not explain 
why (Si2O7) groups are attached to different polyhedra 
in Groups I and III.

The stereochemistry of the O sheet

In some minerals of Groups I and III, the composi-
tion of the O sheet is identical, e.g., in kochite (Group 
I) and nabalamprophyllite (= lamprophyllite, barytolam-
prophyllite, epistolite, vuonnemite) (Group III), 4 MO = 
3 Na + Ti; in hainite (Group I) and innelite (Group III), 
4 MO represent Na + (Na Ca) + Ti. Hence the difference 
in stereochemistry involved in linkage 1 (which occurs 
in both Groups) cannot be due to the differences in 
stereochemistry of the O sheet.
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The stereochemistry of the P sites

In several minerals of Groups I and III, the composi-
tion of the P sites is identical, e.g., in seidozerite and 
grenmarite (Group I) and epistolite and vuonnemite 
(Group III), 2 AP = 2 Na. Therefore the difference in 
stereochemistry involved in linkage 1 cannot be due to 
the differences in stereochemistry of the P sites.

The stereochemistry of the H sheet

The periodicity of the H sheet has to match the peri-
odicity of the O sheet in order to form the TS block. In 
Group I, the MH cation is large [Ca ([6,7]r = 1.00, 1.06 
Å), Mn2+ ([6]r = 0.83 Å), Zr4+ ([6]r = 0.72 Å)], whereas 
in Group III, the MH cation is small [Ti ([5]r = 0.51 
Å) or Nb5+ ([6]r = 0.64 Å)]. In order to compensate 
for these differences in size of the MH cation in each 
group, the effective size of the (Si2O7) group within the 
H sheet [which I defi ne as the O–O separation of the 
peripheral anions of the (Si2O7) group: (O–O)H] must 
vary inversely as the size of the MH polyhedron (also 
defi ned as an O–O separation within the plane of the H 
sheet). Figure 32a shows that there is an inverse relation 
between the size of the MH polyhedron and the size of 
the (Si2O7) group within the plane of the H sheet.

The stereochemistry of linkage 1

As I noted above, the periodicity of the H sheet has 
to match the periodicity of the O sheet in order to form 
the TS block. Where the H sheet links to the O sheet, 
the effective size of the (Si2O7) group within the O sheet 
[which I defi ne as the O–O separation of the peripheral 
anions of the (Si2O7) group: (O–O)O] increases in Group 
I and decreases in Group III [compared to (O–O)H]. 
Figure 32b shows that there is a direct relation between 
the Si–O–Si angle and the difference in effective size 
of the (Si2O7) group in the H sheet and in the O sheet: 
(O–O)H – (O–O)O. I defi ne (O–O)H – (O–O)O as the 
difference in the effective size of the (Si2O7) group, 
(O–O)H→O. The mean values of the Si–O–Si angle in 
Groups I and III are 199.0 and 135.7°, respectively. 
In Groups I and III, the mean effective size of the 
(Si2O7) group changes from the H sheet to the O sheet, 
<(O–O)H→O> = –0.44 and 1.53 Å, respectively. Note 
that in Group I, the (O–O)H

 varies from 4.14 to 3.78 Å, 
and in Group III, the (O–O)H varies from 4.34 to 4.44 
Å. How can such a small variation in (O–O)H

 coexist 
with a very large change in (O–O)O?

Mechanism of linkage 1

Figure 33 illustrates how the geometry of the 
(Si2O7) group changes to promote linkage of the H 
and O sheets. First, note that the principal geometrical 
difference between the (Si2O7) groups in Groups I and 
III involves the Si–O–Si angle; the length of the Si–O 

bonds does not vary signifi cantly (<Si–O> ≈ 1.62 Å). 
In an (Si2O7) group with �Si–O–Si = 180°, (O–O)H = 
(O–O)O equals 4.32 Å (Fig. 33a). Where the (Si2O7) 
group contracts in the H sheet, the Si–O–Si angle 
increases and becomes refl ex, and (O–O)O increases 
(Group I in Fig. 33b). Where the (Si2O7) group expands 
in the H sheet, �Si–O–Si and (O–O)O both decrease 
(Group III in Fig. 33d). At �Si–O–Si = 141.6°, the 
Si–XO

Si bonds are perpendicular to the plane of the O 
sheet, and (O–O)H

calc is equal to 4.58 Å, and (O–O)O
calc 

is equal to 3.05 Å. These calculated values correlate 
fairly well with the observed values for Group III, 4.41 
and 2.88 Å, respectively (Table 2). Thus, variation of 
the Si–O–Si angle allows the (Si2O7) group to change 
its effective size in both sheets and to promote linkage 
of H and O sheets to form the TS block.

Figure 34 gives examples of linkage 1 in Groups I 
and III. The Si–O–Si atoms form a refl ex angle toward 
the O sheet in kochite (Group I) and an acute angle 
toward the O sheet in nabalamprophyllite (Group III) 
(Figs. 34a, b). Figures 34c and 34d show the linkage 
of the O and H sheets in kochite and nabalamprophyl-
lite, with the exact values for the anion separations in 
the (Si2O7) group in both sheets. In kochite, the anion 
separation in the O sheet is 4.37 Å, and it matches two 
edges of the Na polyhedron (Fig. 34c). In nabalam-
prophyllite, the anion separation in the O sheet is 2.99 
Å, and it matches the short edge of the Ti octahedron 
(Fig. 34d).

Therefore, the mechanism of linkage 1 can be 
described as four successive steps:

(1) In response to different sizes of the MH poly-
hedra, the (O–O)H edge of the (Si2O7) group changes its 
length to maintain the same periodicity in the H sheet 
as in the O sheet.

(2) Change of the (O–O)H edge produces a much 
larger inverse change in length of the (O–O)O edge of 
the (Si2O7) group (Fig. 33).

(3) Where the resulting (O–O)O edge is long, the 
(Si2O7) group links to a large Na polyhedron in the 
O sheet.

(4) Where the (O–O)O edge is short, the (Si2O7) 
group links to a small Ti octahedron in the O sheet.

Thus it is the size of the MH polyhedron and the 
(O–O)H distance that control the size of the Si–O–Si 
angle and, hence, the separation of the apical anions 
of the (Si2O7) group. In turn, the separation of the 
apical anions of the (Si2O7) group controls whether the 
group links to a small (Ti) polyhedron or a large (Na) 
polyhedron in the O sheet. Thus it is the size of the MH 
polyhedron (and the articulation requirements of the H 
and O sheets) that dictate the stereochemistry of linkage 
1 in Groups I and III.

Distortions of polyhedra in the O sheet

The O sheet in Groups I and III consists of two types 
of chains of octahedra extending along t2 (Fig. 35a): (1) 
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Na–Ti–Na–Ti, and (2) Na–Na–Na–Na (or other cations 
with valence from +1 to a mean valence of less than +2). 
As the radius of [6]Ti is less than that of [6]Na, the Na 
and Ti octahedra in chain (1) must be strongly elongate 
to match the periodicity of chain (2) in the t2 direction 
(this strain is visible in Fig. 35a). Therefore, in chain (1), 
the Ti and Na polyhedra are contracted and distances 
XO

A–XO
A (blue circles) and XO

M–XO
M (yellow circles) 

are shortened along t1 (both distances shown by dotted 
red lines in Fig. 35a). The XO

A–XO
A distance (blue 

circles, Ti octahedron) is shorter than the analogous 
XO

M–XO
M distance (yellow circles, Na octahedron). 

There are two possibilities to match the periodicity 
along t1: (a) the XO

A–XO
A and XO

M–XO
M distances in 

chain (2) have to be longer and shorter than in chain (1), 
or (b) �XO

A–XO
A–XO

A and �XO
M–XO

M–XO
M between 

chains (1) and (2) have to be larger and smaller, respec-
tively. A scheme in Figure 35b shows that in epistolite, 
XO

A–XO
A = XO

M–XO
M = 3.1 Å, �XO

A–XO
A–XO

A = 
102° and �XO

M–XO
M–XO

M = 91°. Thus the differ-
ence in angles XO

A–XO
A–XO

A and XO
M–XO

M–XO
M or 

different tilting of polyhedra of different size allows the 
periodicity along t1 to be retained.

The sum of the incident bond-valence at XO
M 

(yellow, TiH + 3 Na) is greater than at XO
A (blue, TiO 

+ 2 Na), and in chain (2), the central atoms in the MO 
polyhedra are displaced toward the XO

A sites (blue) to 
satisfy their bond-valence requirements. As a result, the 
MO cation has longer bonds to XO

M anions (yellow) 
and shorter bonds to XO

A anions (blue). In accord with 
bond-valence requirements, monovalent anions are 

FIG. 31. The MH–X distances (Å) versus bond-valence sums 
(excluding Ti and Nb) at X anions (vu), MH = Ti, Nb (a). 
A schematic representation of the topology of the MH 
site (b). Data for Group II (bussenite, hejtmanite-P and 
yoshimuraite), Group III (epistolite, vuonnemite, lampro-
phyllite-2M, lamprophyllite-2O and nabalamprophyllite) 
and Group IV (murmanite, lomono sovite, quadruphite, 
sobolevite and polyphite) are shown as navy blue, yellow 
and red circles (MH = Ti) or diamonds (MH = Nb). The 
data on orthoericssonite are shown as light blue squares. 
Dashed blue lines separate XO

M, XH
Si–M and XP

M data. 
Solid black lines show ideal bond-valence curves for Ti4+ 
and Nb5+. In diagram (b), MH, MO, Si H and X sites are 
shown as medium yellow and green, small orange and 
large white circles.

FIG. 32. Linkage 1: the effect of the size of the MH poly-
hedron on the geometry of (Si2O7) group. (a) The O–O 
distance of the (Si2O7) group along t2 in the H sheet [= 
(O–O)H] versus O–O edge of the MH polyhedron, also 
oriented along t2. (b) The difference in the effective size of 
the (Si2O7) group [= (O–O)H–O = (O–O)H – (O–O)O)] along 
t2 versus �Si–O–Si. Data for Groups I and III are shown 
as green and yellow circles; the vertical red line indicates 
�Si–O–Si = 180° in (b).
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FIG. 33. Variation of (XO
Si–XO

si) [= 
(O–O)O] as a function of (O–O)H: 
(a) <Si–O> 1.62 Å, �Si–O–Si = 
180° and (O–O)H = (O–O)O; (b) 
Group I, where (O–O)H < (O–O)O 
and �Si–O–Si > 180°; (c) <Si–O> 
1.62 Å, Si–O–Si = 141.06°, and 
Si–XO

Si bonds are perpendicular to 
the plane of the O sheet; (d) Group 
III, where (O–O)H > (O–O)O and 
Si–O–Si < 180° calculated for (Si–
O–Si)min = 141.06°. All calculated 
and observed values are shown 
in red and black. The Si atoms 
are shown as orange circles; the 
Si tetrahedra are shown by black, 
green and red thick lines (solid 
and dashed). The bonds from Si 
atoms to a bridging O atom and to 
XO

Si
 atoms are shown as solid and 

dashed thin black lines.

FIG. 34. Geometry and stereochemistry of the TS block in Groups I (kochite) and III 
(nabalamprophyllite). Geometry of an (Si2O7) group in kochite (a) and nabalampro-
phyllite (b). Fragment of a TS block in kochite (c) and nabalamprophyllite (d). Legend 
as in Figures 9 and 14. The Si atoms are shown as orange circles in (a) and (b).
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dominant at the XO
A sites (blue), and divalent anions are 

dominant at the XO
M sites (yellow) in most structures 

of Groups I and III.

FROM CHEMICAL COMPOSITION 
TO STRUCTURE TOPOLOGY. 

II. WHY LINKAGE 2 OCCURS ONLY WITH MO = M2+

In Group II, all cations of the O sheet are divalent 
(mainly Fe2+ and Mn2+), and the size of these cations is 
similar: Fe2+ ([6]r = 0.78 Å), Mn2+ ([6]r = 0.83 Å), and 
hence all polyhedra of the O sheet are very similar in 
size. Figure 35c shows that in a Group-II structure, there 
are two crystallographically distinct MO sites, MO(1) 
and MO(2). The MO(1) polyhedron shares anions with 
four Si tetrahedra and one MH polyhedron. The MO(2) 
polyhedron shares anions with two Si tetrahedra and 
two MH polyhedra. Two chains of octahedra extend 
along t2 and consist of (1) MO(1) and (2) MO(2) octa-
hedra (Fig. 35c). I showed above that in Group III, 
<(O–O)O> equals 2.88 Å (MH = Ti). In Group II, MH 
consists of Ti, and <(O–O)O> should be similar to that in 
Group III. As the Mn2+(Fe2+)O octahedron is larger than 
the TiO octahedron, both the (Si2O7) group and the MO 
octahedron adjust their geometry to fi t, and <(O–O)O> 
is equal to 3.42 Å.

Where an (Si2O7) group links to the edge of an 
MO(1) octahedron, the latter edge contracts. There-
fore, where an (Si2O7) group links to one side of the 
MO(1) octahedron, this side is shorter compared to the 
other side, which retains its ideal size in chain (1). For 
example, in yoshimuraite, the size of the edge of the 
MO(1) octahedron along t2 is either 3.54 or 3.46 Å, 
and the latter matches an (Si2O7) group. In each MO(1) 
octahedron, there are four long bonds to XO

Si and two 
shorter bonds to the XO

A
 and XO

M anions. The shorter 
XO

A–MO(1)–XO
M distance is subparallel to t1, and four 

long bonds are in a plane perpendicular to t1. Therefore, 
the MO(1) octahedron is shortened along t1 and elongate 
along t2. The MO(1) and MO(2) octahedra are of the 
same size, and they must be distorted in the same way 
to form the O sheet. Although MO(2) octahedra do not 
share their edges with (Si2O7) groups, the MO(2) octahe-
dron has to contract along t1 and become elongate along 
t2, as does the MO(1) octahedron. Note that the MO(1) 
and MO(2) octahedra each form a chain along t2. Inspec-
tion of the structures of Group II shows that MO(2)–XO

M 
bonds are the longest in the MO(2) octahedron, and the 
MO(2) octahedra are elongate along XO

M–MO(2)–XO
M 

(yellow circles in Fig. 35c). Thus with linkage 2, the 
arrangement of the XO

M sites allows the two types of 
MO octahedra to be similarly distorted, and chain (2) 
has the same periodicity as chain (1).

If linkage 1 were to occur in Group-II minerals, then 
all the octahedra of chain (1) would be elongate along 
t2 and shortened along t1 (see Fig. 35a), and in chain 
(2), MO(2) octahedra are not elongate along t2 (see Fig. 
35a). Thus the distortion of octahedra in chains (1) and 

(2) is different, and mismatch of two types of octahedra 
makes linkage of these two chains more diffi cult.

If linkage 3 were to occur in Group-II minerals, then 
half the octahedra in each chain would become elongate 
along t2 and half would become elongate along t1. The 
mismatch in size of MO octahedra makes linkage of 
chains (1) and (2) into the O sheet more diffi cult.

FROM CHEMICAL COMPOSITION 
TO STRUCTURE TOPOLOGY. 

III. OPTIMAL LINKAGE IN GROUP IV

In Group IV, Ti amounts to 4 apfu. In the H sheet, 
two MH sites are occupied by Ti, and in the O sheet, 
two MO sites are occupied by Ti; two MO sites are occu-
pied by Na, and Ti octahedra form brookite-like chains 
along t1. What linkages between the O and H sheets are 
possible with an O sheet of this stereochemistry?

(1) Consider linkage 2. Where linkage 2 occurs, 
(Si2O7) groups link to Ti and Na octahedra, the geom-
etry of the (Si2O7) groups is different, and the two H 
sheets are different, whereas in all structures containing 
the TS block (except for the model of bornemanite), 
the two H sheets of one TS block are geometrically 
identical. Linkage 2 is not in accord with this observa-
tion, and hence it is unlikely that linkage 2 will occur 
in Group IV.

(2) Consider linkage 1 as it occurs in Group I [where 
(Si2O7) links to a Na polyhedron of the O sheet]. In 
Groups II–IV, to compensate for the small size of 
[6]MH occupied by Ti, O–O distances in the (Si2O7) 
groups are elongate in the H sheet and contracted in 
the O sheet (Table 2). Because of the shortening of 
the O–O distance of the (Si2O7) group in the O sheet, 
(Si2O7) groups cannot link to a large Na polyhedron in 
Group IV. Thus one can exclude linkage 1 as it occurs 
in Group I. Two possibilities are left: (3) linkage 3, and 
(4) linkage 1 as it occurs in Group III.

(3) Consider linkage 3. Figure 35d shows a fragment 
of the structure of quadruphite, in which (Si2O7) groups 
link to two adjacent Ti octahedra in a brookite-like 
chain. Each TiO octahedron shares two anions (orange 
circles labeled 1, 2) with another TiO octahedron, one 
Si tetrahedron and one NaO octahedron, one anion 
(orange circle labeled 3) with a Si tetrahedron and 
two NaO octahedra, one anion (yellow circle labeled 
4) with a TiH octahedron and two NaO octahedra, and 
two anions (blue circles labeled 5, 6) with another TiO 
octahedron and two Na polyhedra, NaO and NaP. Each 
TiO octahedron has three long bonds to XO

Si anions and 
three shorter bonds to two XO

A and one XO
M anions. In 

a brookite-like chain, Ti atoms are shifted away from 
anions with high bond-valence sums toward anions 
with low bond-valence sums (the red arrows in Fig. 
35d show these directions), and the Ti octahedra are 
elongate along t1. To compensate for this elongation and 
to retain close packing of cations in the O sheet, NaO 
octahedra are elongate along the XO

Si–Na–XO
M direc-
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tion (solid red lines in Fig. 35d), which is perpendicular 
to the direction of shift of Ti atoms in the brookite 
chain. Hence cations of the O sheet occur at reason-
ably similar distances and retain their close packing. 
These specifi c distortions of the polyhedra of the O 
sheet allow satisfaction of bond-valence requirements 
on both cations and anions (most commonly O atoms) 
of the O sheet.

(4) Consider linkage 1 (as it occurs in Group III) in 
Group IV. Is the linkage of two (Si2O7) groups to one Ti 
octahedron possible, as illustrated in Figure 35a? Where 
two (Si2O7) groups link to one Ti octahedron in Group 
IV (Fig. 35e), the distortions of the MO polyhedra are as 
in Group III: Ti and Na octahedra are shortened along t1 
in chain (1), and cations in the chain (2) are displaced 
along t2. Compare the bond-valence sum incident at the 
XO

A anion (blue circle), as it occurs in Group IV with 
linkage 3 (Fig. 35d) and linkage 1 (Fig. 35e). In both 
cases, the XO

A anion receives a formal bond-valence 
of 1.68 vu from 2 TiO + NaO + NaP. In Group IV with 
linkage 1, the mean bond-valence sum is 1.77 vu, and 
slightly less than necessary for the O atom. This low 
sum occurs in spite of cooperative relaxation of two Ti 
atoms in a chain where shortening of Ti–XO

A bonds 
promotes a satisfaction of bond-valence requirements at 
the XO

A anion. With linkage 1, contraction of Ti(1)–XO
A 

bonds lengthens the Ti(2)–XO
A bonds (Fig. 35e). There-

fore the bond-valence sum incident at the XO
A anion 

becomes less than with linkage 3 and does not satisfy 
the bond-valence requirements of this O atom.

The above requirements (1)–(4) show that the TS 
block with Ti = 4 apfu can have only one type of 
linkage, linkage 3.

FROM CHEMICAL COMPOSITION 
TO STRUCTURE TOPOLOGY. 

IV. IMPORTANT FEATURES OF LINKAGES 1–3

From the three previous sections, I make the 
following statements.

(1) The type of linkage in a structure is indepen-
dent of the topology or chemical composition of the 
I block.

(2) Within one TS block, H sheets are invariably 
identical [and thus the geometry of the (Si2O7) groups 
also is identical]. This is a very important observation. 
If linkages 2 and 3 were to occur in TS blocks with an 
O sheet of the form 3 MO + Ti (Ti = 1 and 3 apfu), the 
(Si2O7) groups of the two H sheets would be attached 
to chemically different polyhedra of the O sheet (in 
general, Na and Ti polyhedra). This type of linkage is 
not in accord with the above observation, and linkages 
2 and 3 do not occur in Groups I and III.

(3) Linkage 2 occurs with the O sheet 4 MO = 4 M2+, 
where TiO = 0 and TiH = 2 apfu, i.e., Group II.

(4) Linkage 1 cannot occur in a TS block with an 
O sheet of the form 2 Na + 2 Ti (TiO,H = 4 apfu), i.e., 
Group IV.

(5) Linkage 3 cannot occur in a TS block with an O 
sheet of the form 4 MO = 4 M2+ (TiO = 0 and TiH = 2 
apfu), i.e., Group II.

WHY ARE THERE ONLY THREE TYPES 
OF LINKAGES OF O AND H SHEETS?

After discussing the occurrence of different link-
ages as a function of different chemical compositions, 
one question remains: why are there only three types 
of linkage of O and H sheets? The explanation can be 
found in the close-packed nature of the layers of cations 
in the TS block. The H–O–H sheets form a three-layered 
close packing of cations with an ABC repeat (Fig. 36). 
If one views the TS block perpendicular to the close-
packed layers (Fig. 36a), one can see the minimal cell 
[shown in green], four (Si2O7) groups in the upper H 
sheet, the MH cation at the center of the minimal cell, 
and two AP sites (Fig. 36b). Within the minimal cell, 
the MH cation has fi ve nearest-neighbor cations in the H 
sheet that underlies the O sheet. Consider the possible 
positions for the MH site in the next H sheet. They are 
labeled 1, 2 and 3 in Figure 36b.

(1) If the MH cation were to occupy site 1 in the 
second H sheet, then the two MH cations in the A and 
C layers would be related by the translation (²/3 ¹/3 1)t, 
where t is a minimal cation–cation distance in the ABC 
close packing. If the same translation were to be applied 
to the AP cations and (Si2O7) groups, then two H sheets 
would also be related by this translation. The two H 
sheets related by the translation (²/3 ¹/3 1)t correspond to 
the two H sheets in the TS block described by linkage 
1 (Fig. 36c).

(2) If the MH cation were to occupy the site labeled 
2 in the second H sheet, then the two MH cations in the 
A and C layers would be related by the translation (²/3 
¹/3 1)t. Following the argument for case (1), the two H 
sheets related by the translation (²/3 ²/3 1)t correspond to 
the two H sheets in the TS block described by linkage 
2 (Fig. 36d).

(3) If the MH cation were to occupy the site labeled 
3 in the second H sheet, then the two MH cations in the 
A and C layers would be related by the translation (¹/3 
¹/3 1)t. Following the argument for case (1), the two H 
sheets related by the translation (¹/3 ¹/3 1)t correspond to 
the two H sheets in the TS block described by linkage 
3 (Fig. 36e).

Thus there are only three possibilities for two H 
sheets to link to the central O sheet and retain ABC 
close-packing of the H, O and H layers.

CLOSE PACKING OF CATIONS

In this paper, I have shown that (1) the TS block 
contains three close-packed layers of cations, and (2) 
the I block consists of close-packed layers of cations. 
The three types of linkage in the TS block correspond 
to the three possible translations between cations within 
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ABC close-packing. Sokolova (1997) emphasized that 
the occurrence of two types of blocks in one crystal 
structure requires similar surfaces on each block so 
that they can link together, and showed that there is 
a close relation between the topology of the surfaces 
of “nacaphite” and “seidozerite” blocks, i.e., of the 
trimeric structure and the TS block. The close packing 
of cations in every block allows these blocks to occur 
in the same structure where the anion separations on 
the surfaces of both blocks match each other. Hence the 

close-packed arrangement of cations is a key feature of 
the minerals with the TS block.

SUMMARY

I will divide the summary into two sections: (1) 
previous observations that have been made on the 
crystal chemistry of minerals with the TS block, and 
(2) my new observations and new fi ndings, fi rst about 
this group of minerals in general, and second, about 

FIG. 35. Distortion of MO octahedra in TS blocks: (a) linkage 1 in Group III, (b) detail of 
linkage 1 in Group III showing arrangement of anions along t1, (c) linkage 2 in Group 
II, (d) linkage 3 in Group IV, (e) linkage 1 in Group IV. Anions of the O sheet are 
shown as orange (XO

Si), yellow (XO
M) and navy blue (XO

A) circles. The Fe2+, Na and 
Ti polyhedra are green, navy blue and yellow; the Si atoms are shown as large orange 
circles. Directions of shortening and elongation of MO octahedra are shown by dashed 
and solid red lines. Within an octahedron, the possible direction of displacement of a 
cation toward anions with low bond-valence sums is shown by red arrows. In (a), (c) 
and (e), different chains of octahedra in the O sheet are shown with horizontal black 
arrows. In (d), six anions of a TiO octahedron are labeled 1–6.
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specifi c minerals for which the current data are signifi -
cantly in error.

Previous important observations

(1) The TS (titanium silicate) block consists of a 
central trioctahedral sheet between two sheets of cation 
polyhedra and (Si2O7) groups (Pyatenko et al. 1976). 
The TS block also can be described as an HOH block 
(Ferraris et al. 1997, Ferraris 1997).

(2) The linkage of O and H sheets results in two 
type of interstice that can host (in several structures) 
the peripheral AP and BP sites. These sites occur on 
the periphery of the TS block, they can be occupied 
or vacant (Pyatenko et al. 1976), and the constituent 
cations have weak bonds with anions of the O sheet.

(3) The TS block is characterized by a planar cell 
based on minimal lengths of translational vectors, t1 ≈ 
5.5 and t2 ≈ 7 Å, and t1 � t2 ≈ 90° (Egorov-Tismenko 
& Sokolova 1987, 1990).

(4) All structures incorporating the TS block can 
be considered as consisting of two types of block: 
the TS block itself and an intermediate (I) block that 
comprises all atoms occurring in the intermediate space 
between two TS blocks. These structures retain the 
minimal translations, t1 ≈ 5.5 and t2 ≈ 7 Å of the TS 
block, whereas the third translation varies depending 
on size of the I block (Egorov-Tismenko & Sokolova 
1987, 1990).

The major focus of later publications on the crystal 
chemistry of minerals with the TS block has been the 
detailed description of these complicated structures 
and their presentation in different ways, e.g., somatic 
series (Sokolova 1997, 1998, Ferraris et al. 2004), 
homologous + somatic series (Egorov-Tismenko 1998) 
or polytypes of various sorts (Christiansen et al. 1999). 
The somatic approach (Ferraris et al. 2001b) resulted in 
a general mineral formula, which is detailed for the TS 
block, but it does not give any information about the 
I block. A detailed chemical formula for the TS block 
was given by Christiansen et al. (2003a).

FIG. 36. Possible translations in the ABC sequence of cation 
layers in the TS block: (a) general view of three close-
packed layers; (b) possible translations for the MH cation; 
(c) translations of the cations corresponding to linkage 1; 
(d) linkage 2; (e) linkage 3. Cations of the H sheet below 
the O sheet are blue circles, those of the O sheet are white 
circles, and those of the H sheet above O sheet are magenta 
circles. The (Si2O7) groups are shown as two orange circles 
connected by an orange solid line (above the O sheet) and a 
dashed solid line (below the O sheet). Directions of transla-
tions are shown as black arrows.
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New fi ndings: general

(1) There are three topologically distinct TS blocks. 
There are three types of linkage of two H sheets and 
the central O sheet. Type 1 occurs where two H sheets 
connect to the O sheet so that two (Si2O7) groups on 
opposite sides of the O sheet link to trans edges of the 
same octahedron of the O sheet. Type 2 occurs where 
two (Si2O7) groups link to two octahedra of the O sheet 
adjacent along t2. Type 3 occurs where two (Si2O7) 
groups link to two octahedra adjacent approximately 
along t1. This fi nding does not agree with the conclu-
sion of Ferraris et al. (2001b) that there are only two 
distinct TS blocks, one seidozerite-like and the other 
bafertisite-like.

(2) Cations in each sheet of the TS block are arranged 
in a close-packed layer, where each cation is surrounded 
by six other cations. The three layers of the TS block 
constitute a three-layered or cubic close-packing of 
cations with an ABC sequence. Cation–cation distances 
within a layer vary from 2.9 to 4.2 Å, depending on the 
types of cations.

(3) The three possible linkages of H sheets and O 
sheets result from the close-packing of cations with the 
HOH = ABC repeat: they correspond to three possible 
translations between A and C, (²/3 ¹/3 1)t, (²/3 ²/3 1)t and 
(¹/3 ¹/3 1)t, where t is the minimal cation–cation distance 
in the ABC close packing.

(4) The different types of linkages in minerals with 
the TS block are a result of the bond-valence require-
ments of anions shared by the O and H sheets, excluding 
the anions of the (Si2O7) group. The type of linkage is 
not related to the topology or chemical composition of 
the I block.

(5) The general formula of the TS block is AP
2 BP

2 
MH

2 MO
4 (Si2O7)2 X4+n, where the central part of the 

TS block is MH
2 MO

4 (Si2O7)2 X4, X4+n = XO
4 + XP

M2 
+ XP

A2, and n is the number of XP
 anions; n = 0 where 

the MH site is [5]-coordinated and the AP
 polyhedron 

links to the next TS block; n = 2 where the MH site is 
[6]-coordinated and the AP

 polyhedron links to the next 
TS block; n = 4 where the MH site is [6]-coordinated and 
the AP

 polyhedron does not link to the next TS block 
and has one XP

A ligand.
(6) Two H sheets of one TS block are invariably 

identical.
(7) There is only one type of TS block in a structure.
(8) The two H sheets of one TS block are attached 

to the O sheet in the same way.
(9) In a structure, TS blocks link to each other only 

in one way.
(10) There are four groups of structures, each char-

acterized by the topology and stereochemistry of the TS 
block. Each group of structures has a different linkage, 
content and stereochemistry of Ti (= Ti + Nb).

Group I Ti = 1 apfu; Ti occurs in the O sheet; 
linkage 1;

(Si2O7) groups link to a Na polyhedron of the O 
sheet;

1 MO = Ti; 3 MO = mainly Na, Ca and rarely Mn2+; 
[6],[7]MH = Zr4+, Ca + REE, Ca, Mn2+;

AP = Na, Ca, Ca + REE. The monovalent anion at 
the XO

A and XO
M sites is invariably F–, as there is insuf-

fi cient space to accommodate H and its corresponding 
hydrogen bond.

Group II Ti = 2 apfu; Ti occurs in the H sheet; 
linkage 2;

(Si2O7) groups link to two M2+ octahedra of the O 
sheet adjacent along t2;

4 MO = M2+ = Fe2+, Mn2+ and (Fe2+, Mn2+); [5],[6]MH 
= Ti; AP, BP = Ba, Na.

Group III Ti = 3 apfu; Ti occurs in the O and H 
sheets; linkage 1;

(Si2O7) groups link to the Ti octahedron of the O 
sheet;

1 MO = Ti; 3 MO = mainly Na, subordinate Ca, Mn2+ 
and Fe2+; AP = Ba, Na, (Sr Na), (Ba K); BP = Ba.

Group IV Ti = 4 apfu; Ti occurs in the O and H 
sheets; linkage 3;

(Si2O7) groups link to two Ti octahedra of the O 
sheet adjacent along t1; 2 MO = Ti; 2 MO = Na; [6]MH 
= Ti; AP = Na.

(11) The maximum possible content of Ti in the TS 
block is 4 apfu.

(12) The topology and stereochemistry of the TS 
block are strongly related to the stereochemistry of Ti. 
The stability of the TS block is due to an extremely wide 
range in Ti(Nb)–O bond lengths, 1.68–2.3 Å, which 
allows the composition of the TS block to vary drasti-
cally while retaining close-packing of the cations.

(13) The TS block propagates close-packing of 
cations into the I block.

(14) Only one type of the I block can occur in a 
crystal structure.

(15) There are four types of crystal structure based 
on the self-linkage of TS blocks.

[1] TS blocks link directly where they share common 
edges of MH and AP polyhedra and common vertices 
of MH, AP and Si polyhedra of H sheets belonging to 
two TS blocks. This type of self-linkage of TS blocks 
occurs in the crystal structures of Group I.

[2] TS blocks link through common vertices of Ti 
octahedra, and the I block has one layer of cations (m 
= 1).

[3] TS blocks do not link directly, additional cations 
do not occur in the I space (m = 0), and TS blocks are 
connected through hydrogen bonds of (H2O) groups at 
the XP sites.
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[4] TS blocks do not link directly, and there are addi-
tional layers of cations, the I block, between adjacent 
TS blocks (m = 1–6).

(16) Each type of structure [1]–[4] can be character-
ized by a general formula:

[1] AP
2 MH

2 MO
4 (Si2O7)2 XO

4;

[2] AP BP MH
2 MO

4 (Si2O7)2 XO
4 XP

M ;

[3] AP
2 MH

2 MO
4 (Si2O7)2 XO

4 XP
M2 XP

A2;

[4] AP
2 [5] MH

2 MO
4 (Si2O7)2 XO

4 
and AP

2 [6]MH
2 MO

4 (Si2O7)2 XO
4 XP

M2, m = 1;

AP
2 BP

2 [5]MH
2 MO

4 (Si2O7)2 (TO4)2 XO
4, m = 3;

AP
2 BP

2 AI
2m MH

2 MO
4 (Si2O7)2 

(CO3)m XO
4 XP

2 Fm,  m = 4;

AI
3m AT

3t AP
2 MH

2 MO
4 (Si2O7)2 

(PO4)m+t XO
4 Ft,  m = 2,4,6,

where m and t refer to the number of cation layers in 
the I block.

New fi ndings: specifi c minerals

(1) For four minerals of Group I, formulae have 
been corrected for better correlation with results of 
chemical analyses, especially with respect to the content 
of F (Table 7).

(2) Surkhobite should have an I block of the compo-
sition Na Ba (as in perraultite), not Ca Ba as commonly 
written. The chemical composition of the mineral has 
to be re-investigated. The formula of surkhobite must 
be changed from {[Ba1.65K0.35] [Ca1.2Na0.8]} {[Fe4] 
[Mn3.7Na0.3]} {[Ti3.2 (Zr,Nb)0.8 O4 F (OH,O)] [Si2O7]4} 
{[F3OH]} (Rozenberg et al. 2003) to Na Ba Ti2 Fe2+

4 
(Si2O7)2 O2 (OH) F2.

(3) The end-member formula of lamprophyllite is 
(Sr Na) Ti2 Na3 Ti (Si2O7)2 O2 (OH)2, and the crystal 
chemistry of Ba-rich lamprophyllite and barytolampro-
phyllite must be revised.

(4) The crystal structure and chemical composition 
of innelite must be re-investigated. Innelite belongs to 
Group III, but its chemical composition, based on struc-
ture refi nement, does not match Group III. Moreover, 
the structural formula, Na2 Ba4 Ca Ti3 O4(Si2O7)2 (SO4)2 
(Chernov et al. 1971), contradicts the mineral formula 
(Ba,K,Mn)4 (Na,Mg,Ca)3 Ti3 (Si2O7)2 (SO4)2 O3 (OH, 
F) (Mandarino & Back 2004).

(5) The structure predicted for bornemanite is 
extremely improbable. It contradicts several fi ndings 
characteristic of minerals with the TS block. In the 
predicted structure, (a) the TS block has two chemically 
different H sheets, (b) these H sheets are attached to 
the O sheet in different ways, (c) there are two types of 
linkage between TS blocks: they link directly (m = 0) or 
they link through the I block (m = 2). In bornemanite, 
Ti equals 3 apfu. Therefore, bornemanite belongs to 
Group III, and its TS block must exhibit linkage 1 and 
the stereochemistry of Group III: Ti occurs in H and O 
sheets, and two (Si2O7) groups link to trans edges of a 
Ti octahedron in the O sheet. The model of the crystal 
structure of bornemanite must be reconsidered.

(6) Although delindeite is not considered in this 
paper because of major vacancies in the O sheet, its 
crystal structure seems incorrect. It is closely related 
to the minerals with the TS block and should belong to 
Group III (to which it is identical in chemical composi-
tion), and yet the TS block in delindeite exhibits linkage 
1 with stereochemistry of Group I. The present structure 
exhibits profound disorder at cation and anion sites and 
does not provide any explanation why stereochemistry 
of Group I occurs in the structure designed to have 
the stereochemistry of Group III. Thus the structure of 
delindeite does not obey the principles developed in the 
present work, and needs to be re-investigated.

My future work will include examination of several 
minerals that show inconsistencies with the general 
fi ndings given here: surkhobite, innelite, bornemanite 
and delindeite.
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Rosenbuschite, rinkite, hainite and lamprophyllite 
were described in the 19th century (Brögger 1887, 
Lorenzen 1884, Blumrich 1893, Ramsay & Hackman 
1894). Epistolite (Bøggild 1901), murmanite (Gutkova 
1930) and lomonosovite (Gerasimovsky 1950) were 
discovered in the first half of the 20th century, but 
there was still no information about crystal structures 
of these minerals. In the late 1950s and early 1960s, 
götzenite (Sahama & Hytönen 1957), barytolampro-
phyllite (Dudkin 1959), seidozerite (Semenov et al. 
1958), bafertisite (Peng 1959), yoshimuraite (Watanabe 
et al. 1961) and innelite (Kravchenko et al. 1961) were 
found and described. At the same time, N.V. Belov 
and his coworkers began structure work on Ti-silicate 
minerals of this group: seidozerite (Simonov & Belov 
1960), bafertisite (Guan et al. 1963, Pen & Sheng 1963), 
rosenbuschite (Shibaeva et al. 1964) and murmanite 
(Khalilov et al. 1965a) were the fi rst structures to be 
done. The crystal structure of lamprophyllite was done 
by Woodrow (1964). In the 1970s, three new minerals 
were found: orthoericssonite (Moore 1971), bornemanite 
(Men’shikov et al. 1975) and vuonnemite (Bussen et al. 
1973), and more structural work was done: rinkite (Galli 
& Alberti 1971), innelite (Chernov et al. 1971), lomono-
sovite (Rastsvetaeva et al. 1971), götzenite (Cannillo et 
al. 1972), vuonnemite (Drozdov et al. 1974). Khalilov 
et al. (1965b) used available structural information to 
compare the structures of murmanite, lomonosovite 
and epistolite (possible structure), and emphasized the 
stability of the main structural unit, a TS block. In two 
books, Belov (1976) and Pyatenko et al. (1976) consid-
ered the TS block as a stable fragment characteristic of 
several Ti-silicate structures. In the 1980s, delindeite 
(Appleman et al. 1987) and sobolevite (Khomyakov 
et al. 1983) were added to this group, and the crystal 
structure of barytolamprophyllite (Peng et al. 1984) was 
solved. Khomyakov et al. (1992) described two new 
minerals, quadruphite and polyphite, and Sokolova et 
al. (1987a, b, 1988) solved their crystal structures and 
that of sobolevite. Sokolova et al. (1989) solved the 
crystal structure of nacaphite, Na(NaCa)(PO4)F, which 
was described as a new mineral by Khomyakov et al. 
(1980). Several potential mineral species with the TS 
block were described by Khomyakov (1995).

The crystal structure of nacaphite played a key role 
in understanding the crystal chemistry of minerals with 
the TS block. Egorov-Tismenko & Sokolova (1987, 
1990) showed that (1) a fragment of the nacaphite struc-
ture occurs as an intermediate structural block between 
two TS blocks in the crystal structures of quadruphite, 
polyphite and sobolevite; (2) the TS block is the 
major structural unit in many structures, whereas the 
interlayer composition, i.e., composition of the space 
between two TS blocks, differs; (3) the interlayer space 
is closely related to the crystal structure of nacaphite. 

Sokolova (1997, 1998) considered seidozerite, rinkite, 
götzenite, rosenbuschite, lamprophyllite, murmanite, 
epistolite, bafertisite, hejtmanite, innelite, lomonoso-
vite, vuonnemite, quadruphite, polyphite, sobolevite 
and nacaphite as a polysomatic series seidozerite 
– nacaphite in which the seidozerite block (= TS block) 
is a stable structural unit, whereas the nacaphite block 
varies in size and chemical composition. Furthermore, 
Sokolova (1997) emphasized an important condition 
for formation of such a series: adjacent surfaces of two 
types of blocks must be similar and have practically 
identical unit-cell dimensions. Egorov-Tismenko (1998) 
considered a smaller number of minerals, seidozerite, 
lomonosovite, beta-lomonosovite, vuonnemite, quadru-
phite, sobolevite, polyphite and nacaphite as the poly-
somatic series seidozerite – nacaphite and emphasized 
the importance of similarity of adjacent surfaces of 
different blocks. Ferraris et al. (1997) added minerals 
of unknown structure but known cell-dimensions to 
the minerals studied by Egorov-Tismenko & Sokolova 
(1990), called them seidozerite derivatives and consid-
ered them as a merotype series in accord with Mako-
vicky (1997). Ferraris et al. (1997) introduced a new 
name, the HOH block, in which O stands for the sheet 
of octahedra, and H, for heterogeneous silicate sheets. 
This name was applied not only to the TS block, with 
its (Si2O7) groups, but also to other types of silicate-
containing sheets (Ferraris 1997). Christiansen et al. 
(1999) considered the crystal structures of minerals with 
HOH sheets as various polytypes and described three 
types of shifts of two H sheets relative to each other, 
e.g., in seidozerite, lamprophyllite and murmanite. In 
the last 15 years, several new minerals of this particular 
type have been described: perraultite (Chao 1991), 
hejtmanite (Vrána et al. 1992), bussenite (Khomyakov 
et al. 2001), surkhobite (Es’kova et al. 2003), kochite 
(Christiansen et al. 2003b) and grenmarite (Bellezza 
et al. 2004). In addition, crystal structures were solved 
for hejtmanite (Rastsvetaeva et al. 1991b), hainite 
(Rastsvetaeva et al. 1995b), yoshimuraite (Takéuchi 
et al. 1997), nabalamprophyllite (Rastsvetaeva & 
Chukanov 1999), delindeite (Ferraris et al. 2001b), 
bussenite (Zhou et al. 2002), surkhobite (Rozenberg 
et al. 2003), epistolite (Sokolova & Hawthorne 2004), 
and grenmarite (Bellezza et al. 2004), and a structure 
model was proposed for bornemanite (Ferraris et al. 
2001a). However, nabalamprophyllite was not consid-
ered as a distinct mineral at that time; it was approved 
as a valid mineral species fi ve years later (Chukanov 
et al. 2004).

Let me emphasize that here I am referencing the 
first determination of the structure. Later work is 
summarized in Table 1, and crystallographic data are 
taken from the latest refi nement of the structure. For 
example, the crystal structure of hainite was solved by 

APPENDIX A. PREVIOUS WORK
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Rastsvetaeva et al. (1995b), who called it giannetite. 
Atencio et al. (1999) published new data on hainite 
from Brazil and said that giannetite of Rastsvetaeva et 
al. (1995b) is equivalent to hainite. Thus the work by 
Rastsvetaeva et al. (1995b) is the fi rst determination of 
the structure of hainite.

It is evident that a lot of work has been and is being 
done on this interesting group of minerals. To summa-
rize, Egorov-Tismenko & Sokolova (1987, 1990) origi-
nally developed the crystal chemistry for minerals with 
the TS block characterized by (Si2O7) groups. Egorov-
Tismenko (1998) redescribed in detail minerals with 
a TS block dealt with by Egorov-Tismenko & Soko-
lova (1990), and emphasized that those minerals are 
analogues of micas. Ferraris et al. (1997) and Ferraris 
(1997) considered minerals with various HOH blocks 

as different somatic series, and this work became part 
of the book on modular materials (Ferraris et al. 2004). 
Christiansen et al. (1999) considered minerals with 
HOH blocks that had different silicate radicals, e.g., 
astrophyllite (Woodrow 1967) and nafertisite (Ferraris 
et al. 1996). Christiansen et al. (1999) gave detailed 
descriptions of the structures with HOH blocks, and 
characterized different stacking sequences and cation 
distributions over mixed sites. Christiansen & Rønsbo 
(2000) reconsidered the structural relationship between 
götzenite and rinkite. Christiansen et al. (2003a) refi ned 
the structure and chemical formulae of seidozerite, 
götzenite, hainite and rosenbuschite, and considered 
the crystal chemistry of these minerals plus kochite as 
that of the rosenbuschite group.

Orthoericssonite

Orthoericssonite, Ba (Mn1.5Fe2+
0.5) Fe3+ (Si2O7) O 

(OH), (orthorhombic, a 20.230, b 6.979, c 5.392 Å, 
space group Pnmn, Z = 4) (Moore 1971, Matsubara 
1980), does not contain any Ti in its structure, and I do 
not consider it as a mineral with a TS block. However, 
the O sheet of the HOH block is identical to the O 
sheet in the structures of Group II: MO = M2+, but the 
topology of the HOH block is different from that in the 
structures of Group II. In orthoericssonite, [5]MH = Fe3+. 
The substitution Ti4+  Fe3+ is quite common because 
of the similar size of the atoms: 0.58 Å for [5]Fe3+ and 
0.51 Å for [5]Ti4+ (Shannon 1976). In orthoericssonite, 
linkage 1 (as in Groups I and III) occurs.

Delindeite

Delindeite, Ba2 {(Na,K,�)3 (Ti,Fe) [Ti2(O,OH)4 
Si4O14] (H2O,OH)2}, has an HOH block in which 
about 40% of the cation sites of the O sheet are vacant 
(Ferraris et al. 2001b, Appleman et al. 1987): a 5.327, 
b 6.856, c 21.53 Å, � 93.80°, space group A2/m, 
Z = 2. In delindeite, 4 MO = (Na,K)1.36 �1.64 + Ti, 2 MH 
= 2 Ti, and the P sites are occupied by Ba. Thus the O 
sheet is not trioctahedral; hence the HOH block is not a 
TS block as defi ned here. Therefore delindeite does not 
contain the TS block in its crystal structure.

APPENDIX B. RELATED MINERALS
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APPENDIX C. PROBLEMS

Bornemanite

Bornemanite, BaNa3 {(Na,Ti)4 [(Ti,Nb)2 O2 Si4O14] 
(F,OH)2} PO4, Z = 4, occurs as very poor crystals, and 
though it was described thirty years ago (Men’shikov 
et al. 1975), there has been no possibility to determine 
its crystal structure. Ferraris et al. (2001a) used TEM, 
X-ray powder diffraction and a polysomatic approach 
to build a theoretical structure for bornemanite using 
lomonosovite and seidozerite blocks, i.e., two different 
structure-fragments. This is a very interesting approach, 
but many features are not in accord with the fi ndings 
given here.

On the basis of the chemical composition of borne-
manite reported in Ferraris et al. (2001a), I write its 
formula as Na3 Ba Ti1.3Nb0.7 Na3Ti (Si2O7)2 (PO4) O2 
(OH,F)2, where Ti1.3Nb0.7 Na3Ti (Si2O7)2 O2 (OH,F)2 
describes the chemical composition of the TS block, i.e., 
Ti1.3Nb0.7 corresponds to 2MH, Na3Ti corresponds to 
4MO, O2 (OH,F)2 corresponds to 4 XO, and Na3Ba and 
(PO4) describe the chemical composition of the I block. 
In the TS block, ideally Ti2 Na3Ti (Si2O7)2 O2 (OH,F)2, 
Ti amounts to 3 apfu. Hence, bornemanite belongs to 
Group III, and the TS block has to exhibit linkage 1 and 
the stereochemistry of Group III: Ti occurs in the H and 
O sheets, two (Si2O7) groups link to trans edges of a Ti 
octahedron in the O sheet. Thus the structure model of 

bornemanite (Ferraris et al. 2001a) is extremely improb-
able, and is not considered in this paper.

Surkhobite

It is not possible to get reasonable bond-distances 
or to write a chemical formula for surkhobite in accord 
with the structure data presented by Rozenberg et al. 
(2003). However, one can try to get a correct formula 
for surkhobite. I know that (1) the unit cells and struc-
ture topology of surkhobite and perraultite are identical, 
(2) the TS block in perraultite, Ti2 (Mn2+

4) (Si2O7)2 
O7 (OH)2 F, and in surkhobite, Ti2 (Fe2+

4) (Si2O7)2 O7 
(OH) F2, each has a negative charge of –3, and (3) to 
compensate for the negative charge of the TS block, 
the charge of the I layer has to be +3. In perraultite, 
the I layer contains Ba Na with a total charge of +3. In 
surkhobite, a total charge of the I layer = Ba Ca is +4, 
and this results in a positively charged formula. The 
chemical formula of surkhobite presented by Es’kova 
et al. (2003) was derived from a wet-chemical analysis 
done in 1977, with no new electron-microprobe data. I 
suspect that an excess of Ca arises from an admixture 
of fl uorite, which commonly occurs with surkhobite and 
perraultite. Surkhobite should be re-analyzed, in order 
to correct its chemical formula. The probable formula of 
surkhobite is Na Ba Ti2 Fe2+

4 (Si2O7)2 O2 (OH) F2.

APPENDIX D. REVISION OF CHEMICAL FORMULAE

In this paper, I have dealt with minerals for which 
the chemical formulae are written imprecisely or inac-
curately, i.e., where the structure-refi nement results 
contradict the chemical composition obtained by elec-
tron-microprobe analysis. I will consider the chemical 
formulae of some minerals of Group I, and will pay 
special attention to the content of F, emphasizing that 
the correct content of anions is as important as the 
correct content of cations in a formula of a mineral.

Group I: kochite, rosenbuschite, hainite, götzenite

On the basis of electron-microprobe data and struc-
ture-refi nement results, Christiansen et al. (2003a), 
Bellezza et al. (2004) and Rastsvetaeva et al. (1991a) 
gave the formulae for rosenbuschite-group minerals, 
grenmarite and rinkite as shown below:

götzenite, Z = 1,  
Ca2 (Na,Ca)2 Ca2 Na Ti (Si2O7)2 F2 F2,;

hainite, Z = 1,  
(Ca,Zr,Y)2 (Na,Ca)2 Ca2 Na Ti (Si2O7)2 F2 F2,;

seidozerite, Z = 1,  
Zr4 Na2 Mn2 Na4 Na2 Ti2 (Si2O7)4 F4 O4,;

grenmarite, Z = 1,  
(Zr,Mn)2 (Zr,Ti) (Mn,Na) (Na,Ca)4 (Si2O7)2 (O,F)4,;

rinkite*, Z = 2,  
{TiF(O,F) (Si2O7)2} {Na (Na,Ca)2 F (O,F)} {(Ca, REE)4};

kochite, Z = 1, 
Zr2 (Mn,Zr)2 (Na,Ca)4 Ca4 Na2 Ti2 (Si2O7)4 F4 O4,;

rosenbuschite, Z = 1, 
Zr2 Ca2 (Na,Ca)4 Ca4 Na2 Zr Ti (Si2O7)4 F4 O4;

* in the rinkite formula, three sets of curly brackets 
(1–3) show: a “ribbon-type mixed radical” (1), “the 
chemical composition of the middle layer” (2), “and 
outer layers” (3) “of the three-layered package” (Rasts-
vetaeva et al. 1991a); in a more compact form, Na 
(Na,Ca)2 Ti (Ca, REE)4 (Si2O7)2 F2 (O,F)2, Z = 2.

Christiansen et al. (2003a) calculated the formula 
units for götzenite, hainite, seidozerite, kochite and 
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rosen buschite (Table A1). Note that almost all chemical 
datasets presented in Table A1 have low totals. Chris-
tiansen et al. (2003a) gave the following content of 
F: 3.53 (4.00), 3.24 (4.00), 3.78 (4.00), 5.43 (4.00) 
and 6.04 (4.00) apfu for the corresponding minerals, 
where the numbers in brackets show the contents of 
F in the formulae written above. There is a reasonable 
agreement for seidozerite, 3.78 (4.00) apfu, less so 
for götzenite, 3.53 (4.00) apfu, and the numbers are 
signifi cantly different for kochite, hainite and rosen-
buschite: 5.43 (4.00), 3.24 (4.00) and 6.04 (4.00) apfu, 
respectively. Note that in Christiansen et al. (2003a), 
the numbers of F (apfu) from EMPA are always odd 
(except for seidozerite, where it is 4 apfu), whereas 
the contents of F given in the structural formulae are 
invariably 4 apfu. There are two anion sites that can host 
F, F(9) and X(8) (Table A2). The F(9) site involves an 
XO

A anion in my terminology, the incident bond-valence 
sum is about 1.00 vu, and hence it is fully occupied by 
F in all structures of Table A2 (there is no OH present). 
For a formula unit with 4 Si apfu, this site gives 2 F 
apfu for götzenite, hainite, seidozerite, kochite and 

rosenbuschite. The X(8) site involves an XO
M anion in 

my terminology. In seidozerite, the bond-valence sum 
at this anion is 1.70 vu (Table A2), and O is dominant 
at this site. Therefore X(8) + F(9) sites give O2F2 for 
the formula unit of seidozerite with 4 Si apfu. There 
are two sites, X(8a) and X(8b), in the crystal structures 
of kochite and rosenbuschite. The mean bond-valence 
sums at the X(8) anion are 1.60 and 1.38 vu for kochite 
and 1.66 and 1.36 vu for rosenbuschite (Table A2). 
Certainly, these values indicate local order of anions 
locally associated with order of cations.

In kochite and rosenbuschite, the X(8a) site ideally 
receives bond valence from TiO + ZrH + 2[6]NaO, and 
the X(8b) anion ideally receives bond valence from TiO 
+ (Mn2+)H + 2[6]NaO. Therefore, O should be dominant 
at the X(8a) site, and F should be dominant at the X(8b) 
site. The X(8a) and X(8b) sites in kochite give O2 F2 
for the formula unit with 8 Si apfu. The total number of 
anions is F4 O2 F2 (= F6O2), and this value is in reason-
able agreement with the observed F contents of 5.43 and 
6.04 apfu, respectively, for kochite and rosenbuschite, 
much closer than F4 in the formula unit reported at the 
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beginning of this section. Thus, both in kochite and 
rosenbuschite, Zr–Mn2+ order in the H sheet couples to 
O–F order at the XO

M sites.
In hainite, the X(8) site receives a bond valence of 

0.67 (TiO) + 0.42 {½ [Ca (Y, REE)]H} + 0.34 (2[6]NaO) 
= 1.43 vu. If O and F occupy the X(8) site in the ratio 
1:1, then the X(8) + F(9) sites give F2 + (OF) = F3O per 
formula unit, which correlates well with total content 
of F (= 3.24 apfu) reported in Table A1.

In götzenite, the X(8) anion receives a bond valence 
of 0.67 (TiO) + 0.33 ([6]CaH) + 0.67 (2 [6]CaO) = 1.67 vu. 
Table A2 gives X(8) = 1.25 vu. Disorder of Ca and Na 
over MO and MH sites gives a reason for disorder of O 
and F atoms at the X(8) site, and the X(8) + F(9) sites in 
götzenite give F2 + (OF) = F3O per formula unit.

Thus my inspection of bond-valence sums for anions 
(= possible F sites) (Table A2) reveals signifi cant incon-
sistencies between the fi nal chemical formulae and the 
EMPA data for götzenite, hainite, kochite and rosen-
buschite. These inconsistencies must be corrected.

Here is a summary of the changes to the anion 
content of these formulae:

götzenite  F2 F2 → F2 (FO) = F3O;

hainite  F2 F2 → F2 (FO) = F3O;

kochite  F4 O4 → F4 F2 O2;

rosenbuschite  F4 O4 → F4 F2 O2.

Calculation of formula units on an anion basis with O + 
F = 18 apfu is shown in Table A3. There are no chemical 
data for rinkite from Kola (Anthony et al. 1995), but 
Rastsvetaeva et al. (1991a) gave the chemical formula 
as (Ti0.92 Nb0.06 Zr0.03) (Ca3.7 Na2.4 REE0.8 Sr0.15) (Si3.85 
O14) O1.3 F2.55, where REE = Ce0.315 Nd0.19 La0.10 Y0.09 
Pr0.05 Sm0.03. This formula has a negative charge of 
–1.15. Inspection of the structural information from 
Rastsvetaeva et al. (1991a) shows that (1) the REE are 
statistically distributed over 2 [7]MH and 2 [8]AP sites, 
which give (Ca3REE); (2) the anion at the XO

A site 
receives bond valence from [8]NaO + [6](Na Ca)O + ¼ 
[8](Ca3REE)P: 0.125 + 0.5 + 0.28 = 0.91 vu, and hence 

this site is occupied solely by F; (3) the XO
M anion 

receives bond-valence from [6]TiO + [6](Na Ca)O + ¼ 
[7](Ca3REE)P : 0.67 + 0.5 + 0.32 = 1.49 vu, and hence 
this site is occupied by F and O in a 1:1 ratio. The 
anions can be written as F2 (OF) with a total charge of 
–5 instead of O1.3 F2.55 with a total charge of –5.15. It 
is impossible to get any charge information from the 
formula given by Rastsvetaeva et al. (1991a), as it does 
not contain any fi xed stoichiometric coeffi cients.

In accord with the ideal proportions of constituents 
at the cation and anion sites (Table 3), I use the general 
formula (11) of the type AP

2 MH
2 MO

4 (Si2O7)2 XO
4, 

and write the revised chemical formulae of the Group 
I in Table A4.
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Group I 

giitzenite 

hainite 

seidozerite 

grenmarite 

rinkite 

kochite 

rosenbuschite 

Group /I 

perraultite 

surkhobite 

bafertisite 

hejtmanite 

yoshimuraite 

bussenite 

Group 11/ 

lamprophyllite 

APPENDIX E: TABLE A5. MINERAL FORMULAE 

Fleischer's Glossary of Mineral Species 2004 

Na, Cas Ti (Si,07)' (F,OH), 

(Na, Cas) (Ti,Zr), (Si,07)' (F,OH), 

(Na,Ca)4 (Zr,Ti,Mn)4 (Si,O,), (O,F), 

(Zr,Mn), (Zr,Ti) (Mn,Na) (Na,Ca), (Si,07)' (0,F)4 

(Ca,Ce)4 Na (Na,Ca), Ti (Si,O,), F, (O,F), 

Na, (Na,Ca)4 Ca, (Mn,Ca), Zr, (Si,07)4 (0,F)4 F4 

(Ca,Na), (Zr,Ti), (Si,07)' (F,0)4 

K Ba Na, (Mn'+,Fe'+). (Ti,Nb)4 Sis 032 (OH,F,H,O), 

(Ca,Na) (Ba,K) (Fe'+,Mn), Ti, (Si,014) 0, (F,OH) 

Ba (Fe'+,Mn'+), Ti 0 (Si,O,) (OH,F), 

Ba (Mn'+,Fe'+), Ti 0 (Si,07) (OH,F), 

Ba, Ba, Ti, Mn4 (S;,07)' (PO,), 0, (OH), 

Na, Ba, Fe'+ Ti Si, 0 7 (C03) (OH), F 

(Na,Mn,Ca,Fe), (Sr,Ba,K), (Ti,Fe), 0, (Si,O,), (O,OH,F), 

This work 

Na Cas Ti (Si,07)' 0 F3 

Na, Ca4 (V,REE) Ti (Si,O,), 0 F3 

Na, Mn Zr, Ti (Si,O,), 0, F, 

Na4 Mn Zr3 (Si,07)' 0, F, 

Na, Ca4 REE Ti (Si,07)' 0 F3 

Na3 Ca, Mn Zr Ti (Si,O,), 0 F3 

Na, Cas Zr3 Ti (Si,O')4 0, Fe 

(Na Ba) Mn4 Ti, (S;,07), 0, (OH), F 

(Na Ba) Fe, Ti, (Si,O,), 0, (OH) F, 

Ba, Fe'+4 Ti, (Si,O,), 0, (OH)4 

Ba, Mn'\ Ti, (Si,07)' 0, (OH)4 

Ba4 Mn'\ Ti, (Si,07)' (PO,), 0, (OH), 

Na, Ba, Fe'+, Ti, (Si,07)' (C03), 0, (OH), (H,O), F, 

barytolamprophyllite (Na,K), (Ba,Ca,Sr), (Ti,Fe), (Si04)4 (O,OH), 

Na3 (Sr Na) Ti3 (Si,07)' 0, (OH), 

Na3 (Ba K) Ti3 (Si,07)' 0, (OH), 

Na, Ba Ti3 (Si,07)' 0, (OH), nabalamprophyllite Ba (Na,Ba) {Na3Ti[Ti,O,Si40 ,41 (OH,F),} 

innelite (Ba,K,Mn)4 (Na,Mg,Ca), Ti3 (Si,07)' (SO,), 0 3 (OH,F) Na, Ca Ba, Ti3 (Si,07)' (S04), 0, 

Na4 Ti Nb, (Si,O,), 0, (OH), (H,O)4 

Na" Ti Nb, (Si,07)' (PO,), 0 3 F 

epistolite Na, (Nb,Ti), Si,09 • n(H,O) 

vuonnemite Na" Ti Nb, (Si,07)' (PO,), 0 3 (F,OH) 

Group IV 

murmanite 

lomonosovite 

quadruphite 

sobolevite 

polyphite 

(Na,O), (Na,Ca), (Ti,Fe,Mn), (Ti,Nb), (Si,07)' 0, (0,OH)2. 4(H,O) Na, Ti4 (Si,07)' 0, (H,O), 

Nas Ti, 0, Ti, (Si,07) (P04) 0 4 Naw Ti4 (Si,07)' (P04), 0 4 

Na'4 Ca Mg Ti4 (Si,07)' (P04)4 0 4 F, Na'4 Ca, Ti4 (Si,07)' (P04)4 0 4 F, 

Na14 Ca (Mg,Mn) Ti4 [Si'07]' [P0414 0, F, Na13 Ca, Mn, Ti3 (Si,07)' (P04)4 0 3 F3 

Na" Ca3 Mg (Ti,Mn)4 (Si'07)' (P04), 0 3 Fs Na,S Ca, Ti4 (Si,07)' (P04), 0 4 F4 

The formulae of grenmarite is from Bellezza et al. (2004) and that of nabalamprophyllite, from Chukanov et al. (2004) 
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