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ABSTRACT

The minerals of the rosenbuschite group are sorosilicates composed of a framework of 6- to 8-corner polyhedra and rows of
Si,07 dimers. The polyhedra combine into layers (O layers) and into ribbons by edge sharing. Heterogeneous layers (H layers),
composed of the octahedra from the ribbons and the sorosilicate groups, alternate with the O layer into a layered HOH structure.
The 6- to 8-corner polyhedra host a variety of cations: Na, Mg, Ca, Ti, Mn, Fe, Y, Zr, Nb and the REE. Substitutions among these
elements affect the geometrical properties of the various polyhedra. Crystal-structure refinements (X-ray diffraction) have been
done on five specimens of the rosenbuschite group: gotzenite, hainite, kochite (a new member of the group), rosenbuschite and
seidozerite. Detailed models for their site occupancies are derived by fitting scattering values of the sites to the chemical compo-
sition, and the weighted bond-valence sums to valence sums in an integrated calculation procedure. Results of chemical analyses
suggest a series of intermediate compositions between gotzenite and kochite. This series may be described as a solid-solution
series in which Zr substitutes for Ca in one structural position, gotzenite being the Ca-rich end-member. Through substitution of
Ti by Zr, still another solid-solution exists between kochite and rosenbuschite, with rosenbuschite as the Zr-rich member. The Ca
— Zr substitution has significant effect on the size of the respective octahedron, as well as on the dimension and distortion of the
adjacent polyhedra. The reduction in size of the Ca — Zr octahedron is partly compensated by an enlargement of the dimensions
of the adjacent Ti octahedron. This change favors the Ti — Zr substitution at the latter site. Different degrees of distortion in the
sorosilicate group and the adjacent Ca, Na octahedra are also associated with the Ca — Zr substitution. In the Zr-rich seidozerite,
a stacking of the HOH structural layers different from the above-mentioned structures is observed. The change in stacking
sequence is closely related to complex geometrical interrelationships between dimensions and distortions of the Zr- and Mn-
dominated octahedra. Chemical data indicate that seidozerite does not form a solid solution with rosenbuschite.

Keywords: rosenbuschite group, seidozerite, crystal chemistry, single-crystal X-ray diffraction, electron-microprobe data, cation
order, polyhedron geometry.

SOMMAIRE

Les minéraux du groupe de la rosenbuschite sont des sorosilicates dont la trame est composée de polyedres a de six & huit
coins et des rangées de dimeres Si,O-. Les polyedres sont agencés en couches (niveaux O) et en rubans par partage d’arétes. Les
couches hétérogenes (niveaux H), composée d’octaedres des rubans et de groupes sorosilicatés, alternent avec les niveaux O pour
former une structure stratifiée HOH. Les polyedres a de six a huit coins renferment une variété de cations: Na, Mg, Ca, Ti, Mn,
Fe, Y, Zr, Nb et les terres rares. Les substitutions impliquant ces éléments affectent les propriétés géométriques des divers
polyedres. Nous avons effectué par diffraction X un affinement de la structure de cinq échantillons du groupe de la rosenbuschite:
gotzenite, hainite, kochite (un nouveau membre du groupe), rosenbuschite et seidozerite. Nous avons dérivé des modeles détaillés
de la répartition des cations sur les sites en ajustant les valeurs de la dispersion des rayons X a ces sites avec la composition
chimique, et les sommes pondérées des valences de liaison prédites aux valeurs observées, dans le contexte d’une procédure de
calcul intégrée. Les compositions déterminées par analyse semblent indiquer une série de membres intermédiaires entre gotzenite
et kochite. On peur décrire cette série en termes d’une solution solide dans laquelle le Zr remplace le Ca a une position structurale,
la gotzenite étant le pdle calcique. Grace a la substitution de Zr au Ti, une autre solution solide existe entre kochite et rosenbuschite,
cette derniere étant le pdle zirconifere. La substitution Ca— Zr exerce un effet important sur la dimension des octaedres respectifs,
de mé&me que sur la dimension et la distorsion des polyedres adjacents. La réduction de la taille de I’octaédre Ca — Zr serait en
partie compensée par une augmentation de la taille des octaedres adjacents contenant le Ti. Ce changement favorise la substitu-
tion Ti — Zr a ce site. Des degrés différents de distorsion du groupe sorosilicaté et des octaedres adjacents contenant le Ca et le
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Na sont aussi associés a la substitution Ca— Zr. La seidozerite, riche en Zr, montre un empilement des séquences stratifiées HOH
différent de celui des structures mentionnées ci-haut. Ce changement est étroitement 1ié aux interrelations géométriques com-
plexes entre dimensions et distorsions des octacdres a dominance de Zr et de Mn. Les données chimiques indiquent que la
seidozerite ne forme pas de solution solide avec la rosenbuschite.

(Traduit par la Rédaction)

Mots-clés: groupe de la rosenbuschite, seidozerite, cristallochimie, diffraction X sur monocristal, données a la microsonde
électronique, degré d’ordre des cations, géométrie des polyedres.

INTRODUCTION

The rosenbuschite group of minerals are Ca- and Na-
containing zirconium and titanium silicates occurring
mainly as accessory phases in Si-undersaturated alka-
line and in calc-alkaline rocks. They are sorosilicates
composed of a framework of corner- and edge-sharing
polyhedra and rows of Si;O7 groups. The polyhedra
containing the 6- to 8-coordinated cations combine into
layers (O layers) and into ribbons by edge sharing. Het-
erogeneous layers (H layers), composed of the octahe-
dra from the ribbons and the sorosilicate groups,
alternate with the O layer into a layered HOH structure.
The minerals contain a wide variety of elements, Na,
Mg, Ca, Ti, Mn, Fe, Y, Zr, Nb and the rare-earth ele-
ments (REE), which are distributed over the 6- to 8-co-
ordinated cation positions.

We have chemically analyzed a series of rosen-
buschite-group minerals from the localities of Werner
Bjerge, East Greenland (sample WBC-12 and WBC-
13) and Langesund Fjord, Norway (sample LF-A2 and
LF-AS). Included in the study also is seidozerite from
the Lovozero Complex, Kola Peninsula in Russia
(sample 1993.158 from the collection of the Geological
Museum of Copenhagen). During the study, doubt arose
on the definition of the mineral rosenbuschite, and the
type material (sample no. TYROS) described by
Brogger (1889) was subsequently included in this work
(kindly provided to us by Dan Holtstam from the
Museum of Natural History in Stockholm, collection
number #531136). We established the chemical com-
positions of all specimens using an electron microprobe.
On that basis, five specimens were chosen for further
investigation by means of single-crystal X-ray diffrac-
tion.

We offer a detailed description of the cation distri-
bution within the rosenbuschite group and detailed crys-
tal-chemical comparisons of the specimens investigated.
We intend to describe and explain the crystal-chemical
implications of the substitutions taking place within the
group. We concentrate on geometrical properties of the
individual coordination polyhedra, set in relation to the
overall topology and the cation distribution within each
specimen. This approach enables us to provide qualita-
tive arguments concerning the degree of solid solution
among the members of the group. Furthermore,
seidozerite is introduced as a member of the rosen-

buschite group by describing its polytypic relationship
to the other members of the group. Finally, we relate
the existence of the two configurational polytypes to
their different chemical compositions.

BACKGROUND INFORMATION

The group, named after the mineral rosenbuschite,
was first described by Brogger in 1887. Thereafter, a
number of minerals were suggested to be related to
rosenbuschite (Brogger 1889, 1890, Blumrich 1893,
Zachariasen 1930, Peacock 1937, Neumann 1962,
Sahama et al. 1966). It was not until the structure solu-
tions of seidozerite (Simonov & Belov 1960, Skszat &
Simonov 1966) and rosenbuschite (Shibaeva et al. 1964)
that the group could be defined on a structural basis. At
present, the group comprises the minerals gotzenite
(Sahama & Hytonen 1957, Cannillo et al. 1972), hainite
(Blumrich 1893, Johan & Cech 1989, Rastsvetaeva et
al. 1995, Atencio et al. 1999), rosenbuschite (Brogger
1890) and a new phase, kochite (Christiansen et al.
2003), which was discovered in relation to the present
work. We include seidozerite (Semenov ef al. 1958) as
a member of the rosenbuschite group because its crystal
structure is polytypically related to the minerals of
this group (Egorov-Tismenko & Sokolova 1990,
Christiansen ef al. 1999), and the elements contained in
seidozerite are also major components in other mem-
bers of the group. The polytypic layer is the so-called
HOH layer characteristic for the plesiotypic family of
heterophyllosilicates (Ferraris et al. 1996, Ferraris 1997,
Christiansen et al. 1999). Bafertisite, perraultite,
lamprophyllite, and delindeite are all sorosilicate mem-
bers of this series that have a plesiotypic (Makovicky
1997) relationship to the members of the rosenbuschite
group in that the coordination of certain elements dif-
fers. The minerals dealt with in this work all have the
same coordination of atoms in corresponding positions.

Recently, rosenbuschite-group minerals from differ-
ent environments have been analyzed by Bulakh &
Kapustin (1973), Cundari & Ferguson (1994), Sharygin
et al. (1996), Atencio et al. (1999) and Men’shikov et
al. (1999). It has become apparent to us that the group
has a wide chemical variation with respect to the ele-
ments hosted within the framework of octahedra. Espe-
cially important in this aspect is the replacement of Ca
by Zr in one atomic position. Cannillo et al. (1972)
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raised the question of an isomorphous series, with
gotzenite and seidozerite as the two end-members.
These two minerals represent the Zr-poor and Zr-rich
members of the group, respectively, and rosenbuschite
would be an intermediate member. A less extensive se-
ries between gotzenite and rosenbuschite, with hainite
as an intermediate member, has also been suggested by
Johan & Cech (1989). Substitution schemes for such
series have been worked out purely on the basis of
chemical composition and charge considerations (Johan
& Cech 1989, Cundari & Ferguson 1994, Sharygin et
al. 1996). However, a replacement of Ca by Zr does not
only affect charge balance but, owing to the quite dif-
ferent ionic radii of the two elements, also causes a re-
duction in the size of the coordination octahedron. This
reduction will affect the geometry of the surrounding
coordination polyhedra. However, no analysis of these
aspects has yet been conducted.

The general formula (M1)4(M2)4(M3)4(M4),(M5),
(81207)4F4X4 (M = Na, Mg, Ca, Ti, Mn, Fe, Y, Zr, Nb,
and the rare-earth elements, REE, and X = O, F) may be
taken to represent all members of the rosenbuschite
group. Taking into consideration cation ordering at the
M positions and the topological variants in the group,
we will show that the simplified chemical formulae of
the five members may be given as: gotzenite Cay(Ca,
Na),Ca,NaTi(Si,07),F>F,, hainite (Ca,Zr,Y),(Na,Ca),
Ca;NaTi(Si,07),F,F;, kochite Zr,(Mn,Zr),;(Na,Ca)y
CayNa,Tiy(Sip07)4F 404, rosenbuschite Zr,Ca(Na,Ca)y
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CayNa,ZrTi(Si,07)4F404, and seidozerite ZrsNa,Mn,
Na4Na2Ti2(Si207)4F4O4.

EXPERIMENTAL WORK

Chemical analyses were conducted on a JEOL 733
electron microprobe using Tracor Northern 5500 and
5600 automation in wavelength-dispersion mode. The
electron beam was accelerated over 20 kV with a beam
current of 20 nA and had a diameter of 20 wm. Data
reduction was performed using a PAP routine in
XMAQNT (C. Davidson, CSIRO, pers. commun.). The
following standards were used: vlasovite (ZrLa),
tephroite (MnKa), albite (NaKa), diopside (MgKa),
almandine (SiKa, FeKa), MnNb,Og (NbLa), rutile
(TiKw), celestine (SrLa), apatite (PKa), TbPO4 (TbLav),
sanbornite (BaLa), YIG (YLa), GAPO4 (GdLw), hafnon
(HfMa), LaPOy4 (LaLa), CoWO, (WMa), EuPOy4
(EuLa), chrysoberyl (AlKa), NiTa,04 (TaMa), CePOy
(CaLa), SmPO4 (SmLa), zincite (ZnLa), rubidium-sub-
stituted microcline (RuLa), NdPO4 (NdLa), VPO4
(VKa), phlogopite (FKa), pollucite (CsLa), PrPOy
(PrLa), ErPO4 (ErLa), REE-bearing glass (ScKa),
TmPO, (TmLa), cassiterite (SnLa), DyPO,4 (DyLa),
YbPO, (YbLa), sanidine (KKa). Empirical formulae
were calculated on the basis of eight atoms of Si in
agreement with the structure refinements, which invari-
ably show fully occupied silicon positions. Chemical
data for the selected specimens are given in Table 1.

TABLE 1. CHEMICAL COMPOSITIONS AND FORMULA UNITS OF MEMBERS OF
THE ROSENBUSCHITE GROUP

Sample WBC-13 WBC-12 LF-A2 LF-AS TYROS 1993.158

Mineral ~ Gétzenite Kochite Hainite Rosenbuschite Rosenbuschite  Seidozerite
wt% apfi* wt% apfe wt% apfu  wt% apfu  wt% apfu  Wt% apfu

SiO, 3085 800 31.19 800 3050 8.00 2994 8.00 3051 800 30.73 8.00

AlO, 005 002 005 002 005 002 nd n.d. 0.08 0.02

TiO, 924 180 842 162 816 161 456 092 683 135 138 272

SnO, n.d.** n.d. n.d. 019  0.02 n.d. n.d.

Zr0, 141 018 1190 149 39 051 1966 256 1586 203 21.83 277

HfO, nd. 0.09  0.01 0.08 0.01 046 004 034 003 038 0.03

Nb,O, 112 0.13 1.85 021 123 015 135 016 225 027 077 009

Ta,0; nd 002 000 003 0.00 011 001 006 0.00 0.01 0.00

MgO n.d. 0.01 000 nd 0.06 002 nd 1.53  0.59

MnO 1.04 023 492 107 073 016 091 021 1.08 024 38 085

FeO 0.44  0.10 .08 023 069 015 050 0.11 028 0.06 293 0.64

CaO 3670 1020 2139 588 29.64 833 2340 6.70 2454 6.89 186 052

SrO 018 0.03 012  0.02 0.08 0.01 014 002 010 002 019 0.03

Na,0 631 317 985 490 745 379 916 475 947 481 1469 741

Y,0, 09 012 038 005 435 0.61 1.00 0.14 128 018 0.19 0.03

La,0O4 1.66 016 024 002 063 006 nd n.d. n.d.

Ce,0;, 271 026 057 005 167 016 013 0.01 017 002 nd

Nd,0; 044 0.04 nd 071  0.07 nd. n.d. n.d.

Gd,0, 039 0.03 nd 020 0.02 nd nd. n.d.

Dy,0; nd. n.d. 098 0.08 nd n.d. nd.

Er,0, n.d. nd. 0.59 005 nd nd. nd.

Yb,0; nd. n.d. 074 0.06 nd. 0.08 0.01 n.d.

F 860 7.05 670 543 7.81 648 7.5 604 672 557 459 378

O=F -3.62 -2.82 -3.29 -3.01 -2.83 -1.93

(6] 29.84 29.92 29.67 30.23 30.61 31.80

Total  98.43 95.95 97.08 95.84 96.74 95.58

Z anions*** 36.90 35.36 36.15 36.27 36.18 35.58

Y cations****  16.45 15.55 15.88 15.67 15.90 23.67

* Calculated on the basis of 8 Si. ** Not detected. *** Ideal sum is 36. ¥*** Ideal sum is 16.
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Crystals used for single-crystal X-ray measurements
were selected after optical inspection in order to avoid
grains containing multiple crystallites. The ranges of the
largest and smallest dimensions of the investigated crys-
tals were respectively 0.11 to 0.18 mm and 0.02 to
0.07 mm. The crystals were mounted on a Bruker AXS
four-circle diffractometer equipped with a CCD 1000K
area detector and a flat graphite monochromator using
MoKa radiation from a fine-focus sealed X-ray tube.
Reflections used for unit-cell determination were mea-
sured with long-duration exposures in search of weak
superstructure reflections. This is an important aspect
in identifying the different members of the group, since
cation ordering may cause a doubling of the b axis, as is
seen in rosenbuschite. Unit-cell determination and data
collection were done in the SMART system of pro-
grams. Using w- and ¢-scans with a step size of 0.25°,
intensities were measured for reflections within the 6
range of 3.9° and 35°. The data collection of sample
#531136 was done under different standard settings, and
reflections were only measured for 6 below 24°. Inte-
grated intensities were calculated using the program
SAINT. XPREP was used for unit-cell determination
and calculation of intensities corrected for absorption.
The | E>~1 | value (Table 2) indicated all the triclinic
structures to be centrosymmetric. However, Rastsvetaeva
et al. (1995) found hainite (described as giannetite) to
have crystallized in P1, and our datasets were therefore
processed in each of the space groups, and the struc-
tures were further refined. In all cases, no significant
differences between the acentric and the centrosymmet-
ric models were observed, and all structures were con-
cluded to be in P1. The symmetry of seidozerite is P2/
n in accordance with Simonov & Belov (1960). During
the semiempirical absorption-corrections, crystal
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1993.158 was modeled as a lamina parallel to (001), and
the shape of the other crystals was fitted by an ellipsoid.
Unit-cell dimensions and internal R-values after the
corrections are given in Table 2.

Refinement procedure

Full-matrix least-squares refinements on F? were
carried out in the SHELXL-97 program. Initial atom
coordinates were taken from Cannillo et al. (1972)
[gotzenite], Shibaeva er al. (1964) [rosenbuschite] and
Simonov & Belov (1960) [seidozerite], and refined
isotropically. Site-occupancy factors (s.o.f.) were re-
fined for all cation positions (the so-called M positions)
except for the silicon positions. For atom positions on
which the s.o.f. was found to differ significantly from
unity after a first refinement, a weighted sum of X-ray
scattering factors for two types of elements was used,
and the sum of the two elements was constrained to be
unity. All atoms were modeled anisotropically, and the
s.o.f. for the Si, O, F positions were in turn set free, but
all refined close to unity and were subsequently con-
strained to full occupancy. The distribution of O and F
was estimated using bond-valence calculations and in-
corporated in a second refinement procedure. Finally,
an isotropic secondary extinction was applied, but no
improvement of the results was observed. Unit cells and
statistical values for the refinements are given in Table
2. Refined atom coordinates for samples WBC-13, LF-
A5 and 1993.158, which represent the three structure
variants of the group, are given in Table 3. Observed
and calculated structure-factors for all samples have
been submitted to the Depository of Unpublished Data,
CISTI, National Research Council of Canada, Ottawa,
Ontario K1A 0S2, Canada.

TABLE 2. UNIT-CELL DIMENSIONS, INTERNAL R-VALUES AND
REFINEMENT-DATA FOR ROSENBUSCHITE-GROUP SAMPLES

WBC-13 WBC-12 LF-A2 LF-AS TYROS 1993.158
Mineral Gétzenite Kochite Hainite  Rosenbuschite Rosenbuschite Seidozerite
Space group Pl Pl P1 P1 Pl P2/e
a(d) 9.6192(7)  10.032(2) 9.6079(7)  10.137(2) 10.108(1) 5.5558(3)
b(A) 5.7249(4)  11.333(2) 5.7135(5)  11.398(2) 11.375(1) 7.0752(4)
c(A) 7.3307(5) 7.202(1) 7.3198(5) 7.2714(12)  7.2620(9)  18.406(1)
o (%) 89.921(2) 90.192(4) 89.916(2) 90.216(3) 90.165(4)
B 101.132(2)  100.334(5)  101.077(2)  100.308(4) 100.311(3)  102.713(1)
Y () 100.639(2)  111.551(4)  100.828(2)  111.868(4)  111.911(3)
Neot 5448 9277 4459 11647 4833 7866
Ry 0.040 0.036 0.039 0.056 0.045 0.044
Data 3005 5529 2283 5895 2174 2099
Parameters 145 287 144 287 287 144
|E>-1] 1.064 1.272 1.060 1.190 1.268 1.067
R(F) 4.0 4.0 3.7 4.9 3.2 2.7
wR(FH** 8.5 7.8 8.1 8.5 8.2 6.5
Goof**+* 1.014 1.027 1.016 1.045 1.002 1.066
AP 0.84 0.93 0.88 1.34 0.61 0.56
Apuin -1.57 -1.11 -0.78 -0.94 -0.47 -1.08

* Number of reflections collected. ** R(F) for F, > 40F,, wR(F?) for all data. *** Goodness of fit.
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Site-assignment procedure

The models of cation distributions presented here are
based on chemical composition and refined site-scatter-
ing values. In the site-assignment procedure, all atom
positions are assumed to be fully occupied, and the elec-
tron density of the assigned mixed occupancy has to
equal the site-scattering values (expressed in electrons
per formula units, epfu). In an iterative process, trial
values were assigned to the occupancies (in atoms per
formula unit, apfit), and the resulting models were evalu-
ated using three distinct criteria:

1) A comparison of the composition of the model
with the empirical formula. It should be noted that two
distinct crystals were used for the chemical analysis and
the analysis of the structure, respectively, and these may
show minor differences.

2) A weighted bond-valence sum (BVS) was calcu-
lated for each site (parameters used are from Breese &
O’Keeffe 1991) and compared with the corresponding
valence-sum (VS).

3) Furthermore, a weighted ideal bond-length was
calculated for each cation polyhedron using the ionic
radii given by Shannon (1976) and compared with the
average bond-length.
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On the basis of present data, it is not possible to dis-
tinguish between the light and heavy rare-earth ele-
ments, and they are assigned using a weighted mean
atomic number, but the bond-valence parameter and
ionic radius of Ce were chosen as being representative
of the observed REE mean. The results are given in
Table 4.

Fluorine and oxygen are distributed over nine crys-
tallographically distinct positions in gotzenite, hainite
and seidozerite, and 18 in rosenbuschite and kochite.
The site assignment was guided by bond-valence calcu-
lations summarized in Table 5. The calculation indicated
that all anion positions bonded to silicon (O1 to O7) are
fully occupied by oxygen, and F9 is fully occupied by
fluorine. X8 is a mixed oxygen—fluorine site, and the
ratio between the anions on these sites is determined by
the best fit between BVS and VS.

CRYSTALLOGRAPHY

General description of the crystal structure
of gotzenite and hainite

The crystal structure of gbtzenite is triclinic (Fig. 1).
In principle, the structure is a framework of edge- and

TABLE 3. ATOM COORDINATES AND ISOTROPIC TEMPERATURE-FACTORS
FOR SAMPLES WBC-13, LF-A5 AND 1993.158

site N x y z U

iso

site N x y z U,

iso

WBC-13 gitzenite

0.63004(5) 0.22638(8) 0.90950(5) 0.0110(1)
0.99344(9) 0.4966(1) 0.24160(9) 0.0186(2)
0.63285(6) 0.2274(1) 0.40744(6) 0.0168(2)
0 0 0.5 0.0153(4)
0 0 0 0.0243(3)
0.71688(8) 0.7504(1) 0.6519(1) 0.0091(1)
0.72432(8) 0.7551(1) 0.2148(1) 0.0094(1)
0.7583(2) 0.7860(4) 0.4440(3) 0.0233(5)
0.6152(2) 0.9402(3) 0.6688(3) 0.0145(4)
0.6188(2) 0.9363(3) 0.1415(3) 0.0171(4)
0.6436(3) 0.4773(4) 0.6670(3) 0.0238(5)
0.6660(3) 0.4790(4) 0.1607(3) 0.0288(5)
0.8757(2) 0.8129(3) 0.7855(3) 0.0170(4)
0.8856(2) 0.8355(3) 0.1717(3) 0.0165(4)
0.8852(2) 0.2592(3) 0.9675(2) 0.0216(4)
0.8856(2) 0.3062(3) 0.4759(2) 0.0187(4)

0
3
[SESYSESTSESESENEE SRS SENY S

LF-AS rosenbuschite

Mla 2
Mlb2
M2a 2
M2b2
M3a 2
M3b2
Mda 1
Mib 1
Mb5a 1
M5Sb 1
Sila 2
Si2a 2
Silb 2
Si2b 2
Ola 2
Olb 2

0.35393(6) 0.28239(5) 0.08742(7) 0.0106(1)
0.3643(1) 0.78976(9) 0.0898(1) " 0.0131(3)
0.0056(2) 0.2549(1)" 0.7546(2) 0.0249(6)
0.9957(1) 0.2524(1) 0.2457(2) 0.0235(5)
0.3576(1) 0.2884(1) 0.5887(2) 0.0190(4)
0.3685(1) 0.7925(1) 0.5899(1) 0.0176(4)
5 0.0156(8)
5 0.025(1)
0.0120(3)
0.0199(4)
0.0112(3)
0.0111(3)
0.0121(3)
0.0123(3)
0.030(1)
0.035(1)

n

n

cocoo
cooo
cooo

0.0148(1)
0.0128(1)
0.5121(1)
0.5092(1)
0.0320(4)
0.4947(4)

0.2869(1)
0.2823(1)
0.2895(1)
0.2887(1)
0.2668(4)
0.2659(4)

0.3482(2)
0.7895(2)
0.3466(2)
0.7925(2)
0.5648(5)
0.5640(5)

0a 2
Oo2b 2
O3a 2
03b 2
Oda 2
04b 2
OS5a 2
O5b 2
O6a 2
06b 2
O7a 2
O7b 2
XBa 2
X8b 2
F9a 2
F9a 2

0.3785(4)
0.3905(4)
0.3785(4)
0.4024(4)
0.3650(4)
0.3585(4)
0.3452(4)
0.3444(4)
0.1236(4)
0.1250(4)
0.1166(3)
0.1285(4)
0.1308(3)
0.1129(3)
0.1119(3)
0.1218(3)

0.1595(3)
0.6583(3)
0.1557(3)
0.6533(3)
0.9166(3)
0.4096(3)
0.9064(3)
0.3984(3)
0.9616(3)
0.4707(3)
0.9666(3)
0.4799(3)
0.1890(3)
0.6864(3)
0.2089(3)
0.7054(3)

0.3066(5)
0.3360(5)
0.8846(5)
0.8609(5)
0.3357(5)
0.3020(5)
0.8387(5)
0.8680(5)
0.2279(5)
0.2272(5)
0.8194(5)
0.8320(5)
0.0365(4)
0.0331(4)
0.5239(4)
0.5275(5)

0.0175(8)
0.0186(8)
0.0217(8)
0.0193(8)
0.0249(9)
0.0249(9)
0.0243(9)
0.0243(9)
0.0225(8)
0.0224(8)
0.0195(8)
0.0243(8)
0.0146(7)
0.0303(8)
0.0287(8)
0.0319(8)

1993.158 seidozerite

M1 4 0.19770(4) 0.11864(3) 0.07405(1) 0.0085(1)
M2a2 05 0.35047(9) 0.25 0.0121(2)
0.5 0.8502(1)" 0.25 0.0188(4)
0.2020(2) 0.6124(1) 0.06966(5) 0.0162(3)
0 0.6105(2) 0.25 0.0157(4)
0 0.11058(7) 0.25 0.0093(2)
0.7228(1) 0.38351(8) 0.10434(3) 0.0087(1)
0.7187(1) 0.84173(8) 0.10434(3) 0.0083(1)
0.7337(3) 0.6129(2) 0.10876(9) 0.0172(4)
0.9265(3) 0.3211(2) 0.05873(8) 0.0119(3)
0.9022(3) 0.9102(2) 0.05111(8) 0.0113(3)
0.4439(3) 0.3188(2) 0.06562(8) 0.0142(3)
0.4353(3) 0.9037(2) 0.07700(9) 0.0139(3)
0.7873(3) 0.3109(2) 0.19029(8) 0.0127(3)
0.8201(3) 0.9136(2) 0.18927(8) 0.0130(3)
0.2364(3) 0.1267(2) 0.18400(9) 0.0134(3)
0.3052(3) 0.5767(2) 0.19223(8) 0.0224(3)
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FiG. 2. The crystal structure of rosenbuschite (sample LF-AS5) seen parallel to the ¢ axis.
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corner-sharing M octahedra hosting a variety of cations.
The edge-sharing octahedra combine into (100) layers
and into [001] ribbons, which are interconnected by
sharing polyhedron vertices. Sorosilicate groups are
situated in the hollows of the framework, with one set
of vertices in common with a layer of octahedra, and
the other two sets shared with ribbons of octahedra.
The [001] ribbon contains one type of octahedron
column, in which two distinct octahedra (M1 and M3)
alternate along the ¢ axis. Centers of symmetry located
on the edges of these octahedra generate an adjacent
column, and the ribbon is thus two octahedra wide. The
layer of octahedra (O layer) is composed of two distinct

<— twofold axis === n glide plane

FiG. 3.
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[001] columns. One contains only M2 octahedra mutu-
ally related by a center of inversion, and the other is
composed of M5 octahedra and M4 polyhedra (CN = 8),
both of which are positioned on centers of symmetry.

The double unit-cell of rosenbuschite and kochite

As Cannillo ef al. (1972) pointed out, rosenbuschite
and gotzenite are in principle isostructural. However, in
rosenbuschite (Fig. 2), cation order in the M1, and oc-
casionally also in the M5 positions, results in a unit cell
doubled in comparison to that of gotzenite, the unit-cell
transformation matrix from gotzenite to rosenbuschite

QO center of inversion

——local mirror plane

The crystal structure of the monoclinic seidozerite viewed parallel to the a axis.

The HOH layers and stacking vectors (1) are indicated to the right. Positions of relevant
elements of symmetry in the whole structure are also indicated along with one set of the
local mirror planes of the HOH layers. Coordination polyhedra around the M3 positions
are not indicated. An alternative position to the center of symmetry relating the central
and lower HOH layer is indicated in yellow, and represents the triclinic mode of

stacking.
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being [-1 -10/020/00-1]. The symmetry remains
P1, but the double spacing between the centers of sym-
metry also doubles the number of crystallographically
independent positions when compared to gotzenite.
Thus one position in gotzenite corresponds to two in
rosenbuschite, which in this work are indicated with
suffixes a and b. In order to enhance the readability of
this paper, these suffixes are left out in general, and are
only indicated where a distinction between the relevant
sites is needed.

Owing to the cation order at the M1 positions, the
ribbon of octahedra is not centrosymmetric, but is com-
posed of two distinct columns of octahedra. The adja-
cent ribbons are related by centers of inversion, and the
a and b columns are thus alternately positioned as the
“upper” and “lower” column (Fig. 2). In the column
composed of M2 octahedra, no center of symmetry is
present, and this column is thus composed of two crys-
tallographically distinct octahedra. The two other col-
umns are composed of M4a + M5a and M4b + M5b
polyhedra, in which all central cations have site sym-
metry 1.

THE CANADIAN MINERALOGIST

The polytypic relationship to seidozerite

The crystal structure of seidozerite (Fig. 3) is mono-
clinic. Owing to different axial settings, the a axis of
seidozerite corresponds to b of gotzenite and bgeidozerite
corresponds to Cgsizenite- The unit cell of gotzenite may
be transformed into that of seidozerite (approximately)
by [010/00-1/-2-%-1].

Christiansen et al. (1999) pointed out the polytypic
relationship between gotzenite-rosenbuschite and
seidozerite. They are considered two maximally ordered
polytypes in the configurational or heterochemical sense
(Makovicky 1997) in that the chemical compositions of
the minerals differ significantly. If one forgets about the
chemical compositions, the two structures can be con-
sidered as stackings of identical HOH layers parallel to
(001) (in the axial setting of seidozerite), as shown on
Figure 3. The layers are bordered by planes cutting
through the ribbons of octahedra, and each HOH layer
is thus composed of an O layer sandwiched between two
heterogeneous layers (H layers) comprising the Si,O7
groups and M(1,3) octahedra. The pseudosymmetry of

TABLE 4. SITE-SCATTERING VALUES (epfu), SITE ASSIGNMENT (apfu), COORDINATION NUMBER (CN),
BOND-VALENCE" SUM (BVS), VALENCE SUM (VS), AVERAGE BOND-LENGTHS (ABL) AND
IDEAL** BOND-LENGTHS (IBL) FOR ROSENBUSCHITE-GROUP MINERALS

site  epfit apfu CN BVS VS ABL IBL site  epfu apfu CN BVS VS ABL  IBL
WBC-13 (gotzenite) LF-AS (rosenbuschite)
M1 482  Ca, oREE ;Mg Zr,0oYoos 6 216 218 2344 2344  Mla 758  Zr,;CagpsHf 0 6 347 372 2144 2128
M2 329  Ca,»Nagsg 6 144 161 2370 2347  Mlb 454  Ca Mny,Y,,sCeop 6 200 209 2359 2341
M3 445  Ca 4REE,, 6 1.82 206 2412 2366 M2a 29.6 Na,Cae 6 136 142 2375 2358
7 1.88 2.06 2494 2428 M2b 31.5 Ca, oNay o4 6 1.47 1.53 2.365 2.356
M4 127 NaggCag o 8 144 119 2470 2471 M3a 354  Ca Nay;, 6 138 175 2470 2367
M5 228 Tige,FeqqsNbggs 6 380 394 1972 1977 8§ 159 175 2545 2501
M3b 39.0  CaNa,,, 6 178 195 2399 2363
WBC-12 (kochite) Maa 127 NageCay 8 137 119 2477 2531
Mdb 123 NaygCagy, 8 124 1.4 2518 2534
Mla 68.5  Zr ;CagyFeys, 6 329 336 2148 2162  MSa 356  ZroeTig,sNbgee 6 407 408 2045 2058
Mlb 492 Mn, ,Ca,s5Ceq 0, Yo0s 6 201 206 2294 2276  MSb 258  Tip,Feq; 1 Zr,Nbg 6 366 3.8 2001 2005
Ma 265 Na,:Cas 6 129 125 2366 2362
M2b 298  Na,,;Cayg 6 1.46 143 2353 2359 TYROS (rosenbuschite)
M3a 353  Ca,,Nays, 6 147 174 2444 2370
8 1.65 174 2537 2504 Mla 743 Zr;4Cayy3 Yo 0Hp s 6 341 3.65 2.151  2.138
M3b 392 Ca 4Nag g 6 1.81 1.96 2395 2366 Mib 452 Ca, 5Mng,,Yo,5Ceq0s 6 2~93 209 2352 2339
Mda 122 NaggCay s 8§ 136 114 2469 2534  Ma 289 NanCap 6 133 138 2375 2357
Mab 117 Naye,Cayog 8 123 108 2502 2538 M2b 309 Na,Caye 6 145 150 2363 2355
MSa 256  TigNby 371,66 6 405 413 1978 1990 M3a 361 Ca ;Nay, 6 143 178 2462 2366
M5b 236 TigoNbyes 6 396 408 1970 1976 8 164 178 2541 2499
M3b 39.5  CajgNayos 6 183 197 2393 2362
LF-A2 (hainite) M4a 133 Nay,Cag, 8 1.45 1.26 2468 2.527
M4b 125 NaggCag,, 8§ 127 117 2510 2533
Ml 592 Ca Yo REF,Zr,,Mny,, 6 246 246 2312 2316  MSa 324 7ryqTigsNby g 6 409 415 2019 2030
M2 309 Na g Cayg 6 137 149 2374 2350  MSb 242 TijgNbyyFeye 6 372 399 1988 1.985
M G S 15 30 i aas 199318 Geidoerite)
M4 125 NaggCay), 8 136 1.17 2482 2472 L
i R K M1 139.6  Zr,5;Ti56Feq:6MEooeNbgos 6 3.75 3.80 2.080 2.072
M5 250 Tig5Nby ggFeq 0521 06 6 378 392 198 1993 A 407 MznqgshlyingeongawNam, 6 133 104 s 2iva
M2b 232  Na,gCay,s 6 1.04 106 2426 2368
M3 455 Na,guCa, 6 1.05 1.04 2.449 2381
8 116 1.04 2.553  2.527
M4 218 Najg 8 1.19 0.99 2.493 2511
M5 448 Ti|gNbges 6 393 402 1971 1979

* Bond-valence parameters taken from Brese & O’Keeffe (1991). ** Ideal bond-lengths are calculated on the basis of the ionic radii of Shannon (1976).
The bond lengths are quoted in A; epfis: electrons per formula unit, apfi: atoms per formula unit.
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the HOH layer is represented by the layer group
P 1 2/m (1) with the two-fold axis parallel to b. On the
boundary between the M1 octahedra, the two adjacent
layers are related by a center of inversion displacing
them by Ya + Y%b (= 7). The symmetry of the single
HOH layer generates an alternative position for the
interlayer center of inversion, located on the opposite
side of the local mirror (Fig. 3). In this way, the center
of inversion may, after each HOH layer, be located in
one of these two positions, changing only the direction
of shift T of the following, adjacent HOH layer. The
local mirror plane stands perpendicular to the b axis,
and it is only the b component of T that is affected. In
gotzenite, the directions of T are uniform, and the stack-
ing of layers can in this way be represented as +Ty+Tp.
In this stacking sequence, the local centers of inversion
of the HOH layer are consistent for the whole structure,
and gotzenite thus has triclinic symmetry. Seidozerite
is characterized by a stacking sequence of +T,—Tp, in
which the local two-fold axes become total ones, result-
ing in monoclinic symmetry. In this structure, the local
centers of inversion within the HOH layers become ex-
tinct as a result, resulting in two crystallographically
distinct M2 positions, situated on a two-fold axis (M2a
and M2b). The M4 and M5 positions are also situated
on a two-fold axis.

The present relationship has been described using
the formalism for OD structures by Betti (1998)
(S. Merlino, pers. commun.).

OVERVIEW OF THE DISTRIBUTION OF CATIONS

A graphical overview of the distribution of cations
in the five specimens investigated is given in Figure 4.
Each specimen represents a member in the rosenbuschite
group (Table 4). Common to all members is the pres-
ence of sodium as the main occupant of the M4 site.

In gotzenite (WBC-13), M1, M2 and M3 are all
dominated by Ca, and Ti occupies M5. Substantial
amount of Na enters the M2 position. In specimen LF-
A2, the Na:Caratio just exceeds 1 in this particular site,

TABLE 5. BOND-VALENCE SUMS FOR SILICON AND ANION POSITIONS
IN ROSENBUSCHITE-GROUP SAMPLES

WBC-13  WBC-12  LF-A2 LF-A5 TYROS 1993.158
gdtzenite kochite hainite rosenbuschite rosenbuschite seidoz.
site\suffix a b a b a b a
Silvu 401 405 404 400 403 398 408 402 403
Si2 405 413 407 407 409 399 409 405 4.03
01 219 224 218 220 221 215 222 214 220
02 199 205 19 192 202 192 204 196 205
o3 196 19 189 200 196 18 198 189 192
04 184 183 187 18 183 184 1.8 1.8 193
05 193 18 198 196 194 196 195 199 2.02
06 203 209 209 203 212 202 213 201 2.09
07 203 216 207 203 219 202 220 203 214
A8* 125/ 1.60/ 138/ 131/ 1.66/ 136/ 162/ 137/ 1.70/
125 17 15 1.3 1.7 1.4 1.6 1.4 1.7
I3 096 1.02 099 09 101 098 1.04 103 098

* Mixed site occupied by both oxygen and fluorine. The BVS/VS ratio is given.
The results are expressed in valence units (viz). Seidoz.: seidozerite.
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whereas the remaining sites are dominated by the same
cations. However, in the M1 position, only 60% of the
occupants are Ca, because Y, REE and Zr also enter this
site. The overall Na/Ca value of this specimen corre-
sponds to that of hainite (Johan & Cech 1989), and we
therefore consider LF-A2 as hainite. In the work of
Rastsvetaeva et al. (1995), ordering of the two cations
at two crystallographically distinct M2 positions causes
a loss of centrosymmetry (see also Atencio ef al. 1999).
In the present work, no evidence of such order was ob-
served. Samples WBC-13 and LF-A2 contain signifi-
cant amounts of REE. This group of elements enters the
M1 and M3 sites only. As pointed out by Christiansen
& Rgnsbo (2000), the concentration of REE in these
positions plays a key role in the relationship of gbtzenite
to the closely associated and REE-rich rinkite group.
This relationship is beyond the scope of this paper.

In rosenbuschite (LF-AS5 and TYROS), substantial
amounts of Zr enter one of the two M1 positions, result-
ing in an ordering of Ca and Zr. M1a in this way is domi-
nated by Zr, and M1b, by Ca. Order involving Ti and Zr
also is observed in the two M5 positions, in that M5a
contain significant amounts of Zr, and M5b is occupied
by Ti. In sample LF-AS, M5a is clearly dominated by
Zr, whereas the Zr/Ti value equals 1 in the type-locality
rosenbuschite (TYROS). The type material is therefore
ambiguous in defining whether rosenbuschite is Ti- or
Zr-dominant in M5a. We recommend that rosenbuschite
be considered Zr-dominant at this site, because the
Zr-Ti order is observed in the type material of rosen-
buschite, and a more advanced stage of this order is
observed in specimen LF-AS.

In kochite (WBC-12), order at the M1 sites similar
to that in rosenbuschite is observed. In this mineral, Zr
also dominates the M1a site, whereas Mn and Ca enter
the M1b site, with Mn as the dominant element. Kochite
differs furthermore from sample LF-AS5 and TYROS in
that Ti is by far the dominant element at M5a.

The cation distributions in the remaining M2 and M3
sites are similar in all the variants of the rosenbuschite
structure. Calcium is dominant at both the M3a and M3b
sites. However, 25% of the M3a site is occupied by Na
(Table 4), whereas M3b is fully occupied by Ca. In the
M2 sites, the Na/Ca values are all close to one, except
for the M2a in sample WBC-12, which contains 75%
Na.

In seidozerite (1993.158), no cation order is observed
at M1, and the site is dominated by Zr, with Ti and Fe as
important substituents. Like kochite, seidozerite con-
tains a Mn-dominant site. However, in seidozerite, Mn
enters the M2a site, which also hosts minor amounts of
Mg and Fe. Unlike the other members of the group,
seidozerite is very poor in Ca. This is compensated for
by a high content of Na, which is distributed over the
M2b and M3 sites in addition to the M4 site. The M5
site is occupied by Ti. These results is in good agree-
ment with the cation distribution found in a different
specimen of seidozerite by Pushcharovskii et al. (2002)
except for the M2b position, which in their specimen is
dominated by Ca.
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CRYSTAL CHEMISTRY OF THE ROSENBUSCHITE GROUP

DISCUSSION OF THE SITES

The variety of cations occupying the M positions in
the rosenbuschite group of minerals have quite differ-
ent ionic radii and valences. These cations are accom-
modated in coordination polyhedra of considerable
differences in sizes and bond strengths. In order to

F1G. 4. The distribution of cations within the ribbons of octa-
hedra (upper) and the layer of octahedra (lower) for the
specimens of the rosenbuschite group investigated. The
cation occupancies are represented by differently colored
polyhedra. The setting of the figure corresponds to
Figure 5. The scheme is inspired by Cannillo et al. (1972).
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combine these octahedra into edge-sharing ribbons and
layers, a misfit between their ideal dimensions must be
compensated for. In Table 6, a distortion parameter (v)
is given for each polyhedron. This parameter is defined
as the deviation from the volume of an ideal polyhe-
dron in percent (Makovicky & Bali¢-Zuni¢ 1998). Not
surprisingly, the relatively small and strongly bonded
Si tetrahedra and Ti and Zr octahedra are close to being
ideal (v in the range 0.07-0.87%), whereas the larger
Na and Ca polyhedra may be quite distorted (v in the
range 2.73-11.1%).

The M1 site
The M1 site is octahedrally coordinated to five at-

oms of oxygen and one mixed fluorine—oxygen site
(X8). The five atoms of oxygen constitute the ligands

TABLE 6. BOND LENGTHS (A), POLYHEDRON VOLUMES (A% AND DISTORTION
PARAMETERS* (%) FOR A/ POSITIONS IN SAMPLES WBC-13 (GOTZENITE),
LF-AS (ROSENBUSCHITE) AND 1993.153 (SEIDOZERITE)

WBC-13 M1a-O5b  2.088(4)
M1-05 2.277(2) Mla-04b  2.109(4)
M1-04 2.291(2) Mla-O2a  2.168(4)
M1-03 2.368(2) M1a-O3a  2.170(3)
M1-F8 2.373(2) Mla-O3b  2.257(4)
M1-02 2.374(2) Vol[6] 12.97

M1-03 2.379(2) vf6] 0.79

Vol[6] 16.49 M1b-O5a  2.285(4)
v[6] 3.28 M1b-Oda  2.292(4)
M2-F9 2341(2) M1b-X8b  2331(3)
M2-F9 2.347(2) Mi1b-02b  2.381(4)
M2-07 2.374(2) M1b-03a  2.416(4)
M2-F8 2.376(2) M1b-03b  2.450(3)
M2-06 2.384(2) Vol[6] 16.91

M2-F3 2.398(2) v[6] 2.76

Vol[6] 16.36 M2a-F9a  2.304(4)
v[6] 167 M2a-06a  2.340(4)
M3-05 2.344(2) M2a-X8b  2.352(4)
M3-F9 2.343(2) M2a-FOb  2.362(4)
M3-04 2.357(2) M2a-OTb  2.409(4)
M3-02 2.359(2) M2a-X8a  2.483(4)
M3-02 2.533(2) Vol{6] 16.81

M3-03 2.534(2) v[6] 5.85

M3-01 2.986(2) M2b-Foa  2.306(4)
Vol[6] 17.62 M2b-07a  2.330(4)
v[6] 5.26 M2b-FOb  2.344(4)
Vol[7]  21.43 M2b-06b  2.359(4)
v[7] 6.76 M2b-X8b  2.365(4)
MA-F9 2.225(2) M2b-X8a  2.488(3)
MA4-F9 2.225(2) Vol[6] 16.54

M4-01 2.379(2) v[6] 5.98

M4-01 2.379(2) M3a-Foa  2.268(3)
M4-07 2.547(2) M3a-02b  2.352(4)
MA-O7 2.547(2) M3a-05b  2.433(4)
M4-06 2.728(2) M3a-O4b  2.505(4)
MA4-06 2.728(2) M3a-02a  2.603(4)
Vol[8]  24.79 M3a-03a  2.658(4)
v[8] 6.12 M3a-Ola  2.712(4)
M5-07 1.957(2) M3a-Olb  2.827(5)
M5-07 1.957(2) Vol[6] 18.47

M5-06 1.964(2) v[6] 7.70

M5-06 1.964(2) Voi[8] 26.08

M5-F8 1.995(2) v[8] 937

M5-F3 1.995(2) M3b-Fob  2.277(3)
Vol[6] 10.2 M3b-O5a  2.318(4)
v[6] 0.25 M3b-Oda  2.335(4)
LF-AS M3b-02a  2.389(4)
Mla-X8a  2.071(3) M3b-02b  2.486(4)

M3b-03b  2.590(4) M2a-F9  2.088(2)
Vol[6] 17.52 M2a-F9  2.088(2)
v[6] 4.26 M22-06  2.146Q2)
M4a-F9a  2213(3) M2a-06  2.146(2)
Mda-Foa  2.213(3) M2a-X8  2312(2)
M4a-O7a  2.509(4) M2a-X8  2312(2)
M4a-O7a  2.509(4) Vol[6] 13.34
Mda-Ola  2.545(4) v[6] 3.89
M4a-Ola  2.545(4) M2-07 23432
Mda-06a  2.639(4) M2b-07  2343(2)
Mda-O6a  2.639(4) M2b-Fo  2353(2)
Vol[8] 24.57 M2b-F9  2353(2)
u[8] 7.69 M2b-X3  2.582(2)
Mab-Fob  2.191(3) M2b-X8  2.582(2)
M4b-F9b  2.191(3) Vol[6] 17.45
M4b-0Tb  2.584(4) v[6] 7.86
MAb-OTb  2.584(4) M3-F9 2217(2)
M4b-06b  2.620(4) M3-02 2.361(2)
M4b-O6b  2.620(4) M3-05 2.423(2)
M4b-O1b  2.676(4) M3-04 2.484(2)
M4b-Olb  2.676(4) M3-02 2.548(2)
Vol[8] 25.96 M3-03 2.661(2)
v[8] 7.14 M3-01 2.848(2)
M52-O7a  2.038(3) M3-01 2.882(2)
M5a-07a  2.038(3) Vol[6] 17.70
Ms5a-O6a  2.044(3) v[6] 931
M5a-06a  2.044(3) Vol[8] 2620
M5a-X8a  2.053(3) u[8] 9.88
M5a-X8a  2.053(3) MA-F9 2.204(2)
Vol[6] 11.38 M4-Fo 2.204(2)
v[6] 0.19 MA-07 2.521(2)
M5b-X8b  1.992(3) M4-07 2.521(2)
M5b-X8b  1.992(3) M4-06 2.555(2)
M5b-06b  2.004(4) M4-06 2.555(2)
M5b-06b  2.004(4) M4-01 2.693(2)
M5b-07b  2.008(3) M4-01 2.693(2)
M5b-07b  2.008(3) Vol[8]  25.03
Vol[6] 10.68 u[8] 7.88
v[6] 011 M5-017 1.923(2)
1993.153 M5-07 1.923(2)
M1-X8 1.988(2) M5-X8 1.979(2)
M1-04 1.999(2) M5-X8 1.979(2)
M1-05 2.007(2) M5-06 2.011(1)
M1-02 2.053(2) M5-06 2.011(1)
M1-03 2.178(1) Vol[6] 10.18
M1-03 2.257(2) v[6] 0.37
Vol[6] 11.80

v[6] 0.67

* Distortion parameter (Makovicky & Bali¢-Zuni¢ 1998): v = (V;~ V,)/V;¥100, V,=ideal volume of polyhedron,
V, = real volume of polyhedron. The ideal polyhedra are octahedron for CN = [6], pentagonal bipyramid for CN
= [7] and square antiprism with maximum volume for CN = [8].



1214

common to the octahedra sharing edges with M1, and
link furthermore to five tetrahedra. One M1 and three
M3 octahedra are joined to the edges of the same M1
octahedron, whereas the mixed X8 site is shared with
three octahedra in the O layer (Fig. 5).

Ca, Zr, Mn and Y are the main elements occupying
the M1 sites, and the volumes of these octahedra are the
most variable in the structures (Table 6).

The smallest M1 octahedron is to be found in
seidozerite. It hosts primarily Zr (70%) and Ti (20%)
and has a volume of 11.8 A3. The degree of distortion
of the octahedron is 0.67%, and thus close to ideal.
However, the individual Zr—O bonds vary within the
octahedron, the bonds to the two ligands (O3) common
to two M1 octahedra being longer (Fig. 6). Seidozerite
is one of the very rare minerals in which two Zr octahe-
dra share an edge, and the longer bonds to O3 compen-
sate for the direct repulsion between the two Zr cations
and for the overbonding of O3.

In the variants of the rosenbuschite structure, the two
distinct M1 octahedra have significantly different vol-
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umes. The Zr-dominant M1a octahedron has a volume
of ~13 A3, whereas the volume of the Ca-dominant M1b
octahedron is ~17 A3. The M1b octahedron in kochite
(WBC-12) is smaller (15.7 A3, not listed), in accordance
with Mn as the dominant element at this site. The Zr-
dominated M1a octahedra are slightly larger than the
M1 of seidozerite, owing to minor incorporation of Ca.

With respect of volume (16.49 A3) and distortion,
the Ca-dominant M1 octahedron in gotzenite is almost
identical to the M1b octahedron in rosenbuschite. The
M1 octahedron in sample LF-A2 differs from the one
in WBC-13 only by being slightly smaller (15.95 A3,
not listed), owing to the incorporation of significant
amounts of Y.

The M5 site

The M5 octahedron is part of the layer of octahedra,
and shares the edges of four M2 octahedra and two M4
polyhedra. The four corners shared with the M4 poly-
hedra also link to four Si tetrahedra (Fig. 5). The two

Fi6. 5. The O-H-H layer of the gotzenite structure projected onto (100). The O layers are
indicated by grey polyhedra, whereas the tetrahedra, atoms and bonds shown in black
and white indicate, respectively, the upper and lower H layers.
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remaining ligands are the mixed X8 sites, which are also
shared by M1 octahedra. Ti is by far the most common
occupant of the site in rosenbuschite, though significant
amounts of Zr are present. The volumes of the octahe-
dra vary little, from 10.18 to 11.38 A3, the larger octa-
hedra being occupied mainly by Zr.

The average bond-lengths of the Ti-dominated octa-
hedra vary between 1.970 to 2.001 A, which are longer
than the ideal Ti'®-OM! distance of 1.965 A. Minor re-
placement of Ti by Fe, Nb and Zr partly explains this,
but still a systematically deviation between the BVS and
VS of these sites is observed (Table 4). This deviation
is associated with high displacement-factors of Ti,
which is elongate along the X8-X8 diagonal of the co-
ordination octahedra, as shown in Figure 7a. If this phe-
nomenon is interpreted as a static disorder, Ti would be
displaced from the center of symmetry toward one of
the corners, which changes the individual bond-lengths
to an asymmetrical coordination. Figure 7b shows the
estimated effect of such a displacement on the devia-
tion of BVS and VS, and of the ideal and average bond-
lengths. Note that the BVS is more sensitive to the
displacement, whereas the average bond-length changes
only slightly. The Zr-dominated M5 site has signifi-
cantly lower displacement-factors and better VS-BVS
balance.

The Si;O7 group

Table 7 lists some geometrical features of the Si,O7
groups. The average Si—O bond length for the tetrahe-

X8 06 ﬁ
1,964 07
1.9

1.958

a)

M5
1,958
1.964

07 06 X8

1.995

FiG. 6.

The two edge-sharing Zr-bearing octahedra in

seidozerite seen perpendicular to (001). Interatomic dis-
tances are given in Angstroms.

b) 10

% deviation

8.

— Y=(BVS-VS)*100%

—Y=(Ave. bond -
Ideal bond)*100%

o

Displacement distance [A]

F1G.7. a)Inclined view of the M5 polyhedron showing the central Ti cation and the coordinating anions as ellipsoids to indicate
their thermal vibrations. Bond lengths are given in A. Sample WBC—13 (gétzenite) is shown. b) Graph showing the calculated
effect of a displacement of the central Ti upon its bond-valence summation (BVS) and average bond-length. The basis for the
calculation is an ideal octahedron with a bond length of 1.985 A to the non-displaced Ti and a displacement direction toward
X8. In this hypothetical case, Ti is likely to be displaced ~0.2 A off the center.
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M1 M3 M1 a)
3.58 3.76 3.58
o1
4.52
\ Sil 2.82 Si2 Sil 2.82 Si2
M4

3.46 .
b 3.87 3.46
C
2 M1 M3 M1

Fic. 8. The rows of disilicate
groups along with their sur-

ol rounding cations, showing
\ the degree of distortion of
Si2 the disilicate groups in rela-

tion to the size of the M1 and
MS cations. The letters rep-
resents a) WBC-13 [gotze-
nite], b, ¢) LF-AS5 [rosen-
buschite], and d) 1993.158
[seidozerite]. The atoms are
represented by blue (Ca),
yellow (Na), grey (Zr) and
red (Ti) spheres.
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dra are within the ranges of 1.6162 to 1.6265 A. The
bonds to the bridging oxygen atoms (O1) are generally
significantly longer than the remaining Si—O bonds, but
in the seidozerite structure, no clear distinction among
the bond lengths is apparent.

The BVS calculations invariably show evidence of
overbonding of O1 by approximately 0.2 valence units
(Table 5). A similar overbonding of the bridging oxy-
gen has also been observed in members of the lavenite—
wohlerite group (Mellini 1981, Perchiazzi et al. 2000).
As Mellini pointed out, these systematic deviations may
be due to the correlation between bond valence and bond
length, which does not take into account other param-
eters like bond angles and mutual screening among an-
ions.

The Si—O-Si angle and the angles between the two
basal planes of the Si;O; dimers (Table 7) are closely
related to the size of the M1 and M5 octahedra (Fig. 8).
Two M1 and one M5 octahedra link the basal corners of
adjacent disilicate groups, and any difference in size
between the three octahedra sets the corners in one basal
plane at different levels of ¢, resulting in an inclination
between the two basal faces at the ends of the disilicate
group. In seidozerite, the presence of three small Zr- and
Ti-bearing octahedra result in a small inclination of
2.82°, whereas rosenbuschite and gotzenite have,
respectively, one and two large Ca octahedra in M1, re-
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TABLE 7. BOND LENGTHS (A), VOLUMES (A*) AND SELECTED OTHER
PROPERTIES OF 8i0, TETRAHEDRA AND $i,0, GROUPS
IN MINERALS OF THE ROSENBUSCHITE GROUP

Sample no. 'WBC-13 WBC-12 WBC-12 LF-A2 LF-AS LF-AS 1993.158

Si site Sil Sila  Silb 81 Sila  Silb Sil
01 1651(2; 1.641(3) 1.643(3) 1.641(2) 1.644(4) 1.642(4) 1.626(1)
0 1.611(2) 1.625(2) 1.605(3) 1.618(3) 1.624(3) 1.609(4) 1.612(2)
04 1.605(2) 1.594(3) 1.618(2) 1.609(3) 1.604(4) 1.627(4) 1.622(1)
06 1.626(2) 1.621(2) 1.618(2) 1.629(2) 1.614(3) 1.628(4) 1.626(1)
Ave(d) 1623 ~ 1620 1621 1624 1621 1627  1.622
Volume 2171 2164 2167 2178 2166 2189  2.177

[001]rot.  5.56 3.13 57 478 2.61 6.21 276

Si site Si2 Si2a Si2b Si2 Siza Sizb Si2
o1 1.652(2) 1.627(3) 1.627(2) 1.644(2) 1.636(4) 1.635(4) 1.622(1)
03 1.603(2) 1.614(2) 1.614(2) 1.611(3) 1.627(3) 1.628(3) 1.635(2)
05 1.600(2) 1.590(3) 1.612(2) 1.600(3) 1.583(4) 1.625(4) 1.605(1)
o7 1.626(2) 1.620(3) 1.618(3) 1.618(3) 1.618(3) 1.611(3) 1.622(1)
Ave.(4) 1.620 1.613 1.618 1.618 1.616 1.625 1.621
Volume 2.156 2.133 2.156 2.153 2.142 2.185 2.174
{001] rot.* 9.20 731 10.78 8.51 6.43 11.27 9.69
Si-O-Si  154.1 161.3 163.7 157.9 157.6 163.6 1733
Basal plane

angle** 1622 167.7 167.9 164.6 165.9 167.4 1772

* Rotation of tetrahedra around [001] (°), measured as the angle between (100) and
the 02-04 edge to Si1 and 03-05 to Si2. ** Angle between basal faces (°) of the
diorthosilicate groups. All volumes and angles are calculated using the program
TVTON (Bali¢-Zuni¢ & Vickovic 1986). Interconnected tetrahedra are listed in same
column. Sample TYROS is not listed.

FiG. 9. A ball-and-stick model of the coordination polyhedra to the M3a, M3b and M4a
positions in rosenbuschite (sample LF-AS5), in an oblique view. The cation-O1 bonds
are indicated in black, and their lengths are given in A. Light blue and purple spheres
represent O and F, respectively.
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sulting in a larger inclination (12.6° to 17.77°). The dif-
ference between the Si—O-Si angle and the basal angle
is due to distortion within the individual tetrahedra.

The M3 and M4 sites

Figure 8 also shows that the disilicate groups are
riding on the edges of the M3 and M4 polyhedra. Each
(M3, M4) polyhedron is attached to two disilicate
groups. The distances between the pairs of vertices of
the Si,07 group and the ¢ dimension of these polyhedra
are thus coincident (Fig. 8). For the ideal Ca-bearing
octahedron and Si»O7 group, this dimension would de-
viate by ~1 A (3.34 and 4.32 A, respectively). This mis-
fit is compensated by bending the Si,O; groups and by
a high degree of distortion of the (M3, M4) polyhedra.
The polyhedra are stretched along ¢, and in order to
maintain realistic bond-lengths within the polyhedra,
they are flattened perpendicular to the ribbon or layer.
The edges shared with M1 or M5 become shorter in this
way, and assume dimensions equal to that of a Zr or Ti
octahedron. Owing to this stretch, v is relative large for
these octahedra, and varies between 4.26 and 11.1%.

The bridging oxygen (O1) in the disilicate group is
located centrally between two M3 and one M4 positions.
The distance to these three cations varies between 2.379
to 3.2 A. This variation is geometrically correlated with
the Si—O-Si angle, and its orientation. Since the obtuse
part of the angle points in the direction of the O layer,
the O1-M4 distance is the shorter of the three (2.379 to
2.693 A). M4 is therefore considered to be in an eight-
fold coordination, which can best be described as a dis-
torted hexagonal bipyramid. The distance to the two M3
positions is in the range 2.7 — 3.2 A. In the structure of
rosenbuschite variants (Fig. 9), the O1-M3a distance,
~2.8 A, is significantly shorter than O1-M3b, ~3.2 A.
Correlated with this difference are also the distortion
parameters for their octahedral coordination, v being
higher for the M3a octahedra and lower for the M3b
octahedra. The occupancies of the two M3 positions also
differ in that 25% Na enters M3a, whereas M3b is fully
occupied by Ca. The M3a polyhedron shares edges with
two high-charge Zr-bearing octahedra, whereas M3b is
only linked to one, and a lower valence on the M3a site
may therefore be preferred.

The M2 sites

The M2 positions are octahedrally coordinated by
two F9, two X8 and two atoms of oxygen (06 and O7),
the oxygen atoms being shared with two SiOy tetrahe-
dra. Through the two edges composed of the F9 and X8
ligands, M2 octahedra link into columns parallel to the
c axis. Besides the edges shared with the two adjacent
M2 octahedra, each M2 octahedron also shares edges
with two relatively small M5 octahedra on one side and
two larger M4 polyhedra on the other side (Fig. 5).
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In the triclinic structures, the geometrical properties
of the M2 octahedra are fairly constant, their volumes
ranging between 16.27 and 16.81 A3, and the degree of
distortion, between 5.9 and 7.7%. These octahedra plus
the M2b octahedron in seidozerite all accommodate Na
and Ca, whereas the M2a octahedron of seidozerite is
occupied by Mn and Mg, and thus is significantly
smaller (13.34 A%). As mentioned above, seidozerite
deviates from the other members of the group by hav-
ing only relatively small M1 octahedra, which results in
a b dimension shorter than that in the triclinic structure-
types (7.0752 A versus 7.202-7.3307 A). This differ-
ence is in accordance with the incorporation of a small
Mn octahedron into the M2 column.

DiscuUsSION ON THE SOLID SOLUTION INVOLVING
THE MEMBERS OF THE ROSENBUSCHITE GROUP

Cannillo et al. (1972) introduced the idea of an iso-
morphous series between gotzenite and seidozerite.
Such a series would, however, imply fully replaceable
Ca and Zr. Coupled with Ca—Zr substitution, the charge
balance would be maintained by also substituting Ca by
Na, and F by O. Two plots of chemical data (Fig. 10)
show the degree of solid solution between these two
end-members. A series of intermediate compositions
exists between gotzenite and rosenbuschite, whereas a
compositional gap exists between rosenbuschite and
seidozerite. In structures with mixed (Ca, Zr) occupancy
of the M1 positions, half of the M1 positions thus are
invariably occupied by Ca. Thus, two Zr octahedra need
not share edges, as in seidozerite. The incorporation of
a smaller Zr octahedron in M1 in the structure of
rosenbuschite is compensated by adjusting the shape of
surrounding polyhedra (especially the M3 positions)
allowing, however, the same type of cations (Na, Ca) in
these polyhedra. The two edge-sharing Zr-bearing octa-
hedra in seidozerite lead to a pronounced contraction of
the structure, which is furthermore enhanced by the
presence of a Mn octahedron in one of the M2 sites. This
configuration leads to the monoclinic mode of stacking
of the HOH layers in seidozerite, whereas the triclinic
mode of stacking characterizes the members with M1
fully or partially occupied by Ca. These geometrical
differences result in a dimensional misfit between the
rosenbuschite and seidozerite structures, which cannot
be compensated, and the two configurational polytypes
may not combine, resulting in the compositional gap
observed in Figure 10.

THE ROLE OF ZIRCONIUM

A plot of Zr versus Ti + Nb is shown in Figure 11.
Except for the composition of seidozerite, all points fall
within one of two trends. For Zr < 1.5 apfu, the sum Ti
+ Nb has a fairly constant value, just below 2 apfu,
whereas a negative 1:1 correlation is observed at higher
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values of Zr. In the compositions poor in Zr, the M5
sites are occupied by Ti and Nb. With increasing Zr, the
sum Ti + Nb remains unaffected because Zr enters the
structure at the expense of Ca at the M1 site. At Zr> 1.5
apfu, the Mla site is saturated with respect of Zr, and
this element now enters the structure at the expense of
Ti. Notice that Ti does not drop below 1 apfu in the
specimens examined, which indicates that one of the two
M5 positions (M5b) is occupied by Ti. The sum of Ti,
Zr and Nb never exceeds 4, which is in accordance with
the total number of M1a and MS5 sites in the unit cell of
rosenbuschite.

The data plotted suggest two compositional series
involving three end-members, one series between
gotzenite and kochite, which differ in Ca/Zr in the M1a

Na/(Ca+Na)
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FiG. 10. a) Concentrations of Ti + Zr + Nb versus Na/(Ca +

Na), and b) concentration of Ca versus that of Na, showing
the compositional range of the specimens investigated. The
numbers refer to the specimens investigated structurally: 1:
WBC-12 (kochite), 2: WBC-13 (gotzenite), 3: LF-A2
(hainite), 4: LF-AS5 (rosenbuschite), 5: TYROS (rosen-
buschite), and 6: 1993.158 (seidozerite).
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sites, and another series between kochite and rosen-
buschite, with variable Ti/Zr in the M5a site. Conse-
quently, Figure 11 indicates that Zr enters the M5a site
only in samples with a high Zr content at the M1a site.
The relationship may, however, not be universal, as the
chemical compositions of Ca-rich samples of gotzenite
indicate significant amounts of Zr in the M5 site (up to
25%) in the work of Sharygin et al. (1996).

The degree of order of Zr and Ti at the MS sites in
rosenbuschite can be correlated with the distribution of
Zr and Ca at the M1 sites. In Figure 12, the two M5
octahedra are shown in relation with the M1 octahedra
linked to their corners. The M5a octahedron is linked to
two M1a octahedra through the X8a anion, and the M5b
octahedron is linked to two M1b octahedra through X8b.
As described above, the Zr-dominant M1a octahedron
is considerably smaller than the Ca-dominant M1b oc-
tahedron. The contraction of the M1a octahedra has an
expanding effect on the M5a octahedron, whereas the
large M1b octahedra are combined with a slightly
smaller M5b octahedron. As the ionic radius of Zr is
slightly larger than Ti, the two cations are ordered at the
two distinct M5 sites.

In addition to this finding, the oxygen:fluorine ratio
in the X8a and X8b sites varies. X8a, which is bonded to
Zr at the M1asite, is dominated by oxygen, and the X8b,
bonded to Ca at the M1b site, is dominated by fluorine
(Table 5). Thus the M5a position is primarily bonded to
two atoms of oxygen in the X8 positions, whereas M5b
primarily is bonded to fluorine, which differentiates the
crystal-chemical character of the M5 positions even
further.

THE Two CONFIGURATIONAL POLYTYPES

The main crystal-chemical features of the rosen-
buschite group of minerals have now been outlined. The
existence of the two configurational polytypes remains
to be explained. The two modes of stacking are each
characterized by certain crystal-chemical properties.
Especially important in this respect is the difference in
size of M2a and M2b in seidozerite versus the fairly
constant sizes of the M2 octahedra in the triclinic struc-
tures. A chain of arguments can be made by combining
the sizes of the M2 octahedra with the rotations of the
Si tetrahedra and the mode of stacking.

The monoclinic structure

The first step is to understand the relationship be-
tween sizes of the two M2 octahedra and the degree of
rotation around [010] of the two tetrahedra attached to
them. In seidozerite, the rotation of the Sil tetrahedron
is 2.76°, and the Si2 tetrahedron is rotated 9.69°
(Table 7). As shown in Figure 13, the relatively small
M?2a octahedron is linked to two Sil tetrahedra with a
small degree of rotation, whereas the larger M2b octa-
hedron is linked to two Si2 tetrahedra with a more pro-
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FiG. 12.  Part of the structure of rosenbuschite seen along the ¢ axis. The figure shows the
relationship between the degree of order of the cations in the M1 and M5 octahedra.
Black arrows indicate the direction of movement of the ligands from their “ideal” posi-
tion. The dimensions are given in A.
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nounced rotation. The small rotation of the Sil tetrahe-
dron correlates in this way with a relatively shorter edge-
length (0O6-X8) of the M2a octahedron (3.30 A), and
the larger rotation of the Si2 tetrahedron correlates with
a longer edge-length (O7-X8) of the M2b octahedron
(3.56 A). However, the configuration with the Si2 tetra-
hedra more rotated than the Sil tetrahedra is valid for
the whole group. The degree of rotation thus cannot only
be due to the sizes of the M2 octahedra.

The two tetrahedra also differ in the attachment to
the immediately adjacent H-layer. The Sil tetrahedron
is linked to the M3 octahedron (not shown in Fig. 13),
and the Si2 tetrahedron is linked to the M1 octahedron.
In Figure 13, the apex by which the Si2 tetrahedron is
linked to the adjacent H-layer is indicated by a black
circle (O3). A white arrow indicates that this point is
pulled toward the relatively small M1 octahedra, caus-
ing a larger degree of rotation of the Si2 tetrahedron.
The Sil tetrahedron is attached to the relatively larger
M3 octahedron (not shown in the figure), and thus has a
smaller degree of rotation.

Seidozerite: P2/n

==

L
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. Two fold axis

Fic. 13.
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In seidozerite, the smaller size of the M2a octahe-
dron is therefore best accommodated by being linked to
two Sil tetrahedra. The situation on both sides of an
HOH layer thus will be equivalent, resulting in the dis-
placement of two adjacent HOH-layers in the same di-
rection (both +T, or —,) relative to the HOH layer
sandwiched between them. This arrangement produces
the monoclinic mode of stacking.

The triclinic structures

The triclinic structures are characterized by having
uniform sizes of all M2 octahedra. The overall effects
of the rotations of the tetrahedra are therefore not corre-
lated with any difference in size of the M2 octahedra, as
was observed in seidozerite. The respective enlarge-
ments and reductions resulting from the rotation of the
tetrahedra are compensated by linking one Sil tetrahe-
dron with a relatively small rotation and one Si2 tetra-
hedron with a larger rotation to each M2 octahedron.
Consequently, the displacements of the two adjacent

Rosenbuschite: PT

Part of the structures of seidozerite and rosenbuschite showing the relationship among the sizes of the M2 octahedra,

rotations of the Si tetrahedra and the attachment of tetrahedra to the adjacent H layer. The O3 positions are indicated by a
black circle. The H and O layers are indicated to the left. The distances between X8 and the tetrahedron vertices common to

the O layer are given in A.
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HOH-layers are in opposite directions relative to the
central HOH-layer, resulting in the triclinic mode of
stacking.

In the triclinic structures, the difference in the rota-
tions of the tetrahedra is not as distinct as in seidozerite.
In the variants of the rosenbuschite structure, the Zr—Ca
order at the M1 sites also has a significant effect upon
these rotations (Fig. 13). The Sila tetrahedron has a low
degree of rotation (2.97°), the Si2a and Silb tetrahedra
are rotated 6.21-6.43°, and the Si2b tetrahedron has a
high degree of rotation (11.27°). With respect of the Sila
and Si2a tetrahedra, their edges facing the M5 octahe-
dron are also connected to the relatively small M1a oc-
tahedron, whereas the corresponding edges of Silb
and Si2b are connected to the larger M1b octahedron.
The combination of one small M5 and one large M1b
octahedron joined to the same tetrahedron-edge favors
a higher degree of rotation of the tetrahedron, when
compared to the case with the small M1a octahedron
joined to the same tetrahedron-edge as the M5 octahe-
dron. Furthermore, the O3b corner of the Si2b tetrahe-
dron is pulled toward the small M1a octahedron of the
immediately adjacent H-layer, resulting in the largest
rotation of the tetrahedra.

CONCLUSIONS:

1) Gotzenite, hainite, kochite, rosenbuschite and
seidozerite are based on the same fundamental struc-
ture, and they are considered members of the rosen-
buschite group. _

2) All members are triclinic, with space group P1,
except for seidozerite, which has monoclinic symmetry
P2/n. Seidozerite is a configurational polytype to the
other members of the group.

3) In this work, five different members of the group
have been established. The general formula for the
group can be represented by (M1)s(M2)4(M3)4(M4),
(M5),(Si,07)4F4X4. Gotzenite and hainite have unit cells
half the size of those of rosenbuschite and seidozerite,
and their general formulae are accordingly halved.
Simplified formulas for each member, following the
scheme, are:

Gotzenite: Cay(Ca,Na),Ca,NaTi(Si,O7),F>F,
Hainite: (Ca,Zr,Y),(Na,Ca),Ca,NaTi(Si,07),F,F,

Kochite:
Zry(Mn,Zr),(Na,Ca)4CasgNa,Tin(Si,07)4F404

Rosenbuschite:
Zr,Cay(Na,Ca)4CayNayZrTi(Si,07)4F404

Seidozerite: Zrs;Na,Mn,NayNa,Tir(Si,07)4F404
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4) The M1 site hosts a variety of cations of different
crystal-chemical properties: Ca, Zr, Mn and Y. The
octahedron assumes different dimensions in order to
accommodate these cations. This flexibility has a sig-
nificant effect upon the size and deformation of the
adjacent polyhedra and Si»O7 groups: a) The size of the
MS5 octahedron does not vary much, but the M5a octa-
hedron connected to the Zr-dominated M1a octahedra
differs from M5b in that it may contain significant
amount of Zr. The M5a octahedron is slightly larger than
MS5b and has a higher O:F ratio in the X8 sites. b) The
Si,07 groups show three modes of bending, depending
on the size of the two M1 octahedra. c) The degree of
bending relates directly to a stretching of the M3 and
M4 polyhedra, and also to the interatomic distance
between these cations and O1. In the rosenbuschite vari-
ant of the structure, the M3 site, with the shortest dis-
tance to O1, contains significant amount of Na (25%).
M4 is invariably within bonding distance to O1 and
dominated by Na.

5) The column of M2 octahedra hosts Na and Ca
only in the triclinic structure-type. In the monoclinic
seidozerite, a smaller Mn octahedron is incorporated
into this column, resulting in its shorter periodicity.

6) Our data indicate that Ca and Zr in the M1 posi-
tion are only partially replacable. Chemical data sug-
gest a solid-solution series between gotzenite and
rosenbuschite, and a compositional gap between
rosenbuschite and seidozerite. Such a gap between
rosenbuschite and seidozerite is explained by a dimen-
sional misfit between the two structures, which cannot
be compensated. This misfit results from differently
sized octahedra and different mode of stacking of HOH
layers. The Ca < Zr replacement in the gotzenite—
rosenbuschite compositional series is compensated by
adjusting the shape of the surrounding octahedra.

7) Zirconium may both replace Ca in the M1a site
and substitute for Ti in M5a. This results in two compo-
sitional series. One series occurs between gotzenite and
kochite, in which Zr replaces Ca, and another between
kochite and rosenbuschite, in which Zr substitutes for
Ti. The Zr < Ti substitution is only observed in the M5a
position in those specimens in which Zr dominates at
the M1a site.

8) The two modes of stacking of HOH layers in the
configurational polytypes are related to the sizes of the
M?2 octahedra and the occupancy of the M1 positions.
The monoclinic polytype is favored by two differently
sized M2 octahedra and domination of Zr in the M1 sites,
whereas the triclinic polytype is correlated with equally
sized M2 octahedra and full or partial occupancy of Ca
at the M1 sites.
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