
The Canadian Mineralogist
Vol. 48, pp. 1-16 (2010) 
DOI : 10.3749/canmin.48.1.1

THE CRYSTAL STRUCTURES OF NIOBOPHYLLITE, KUPLETSKITE-(Cs)  
AND Sn-RICH ASTROPHYLLITE: REVISIONS TO THE CRYSTAL CHEMISTRY  

OF THE ASTROPHYLLITE-GROUP MINERALS

Fernando CÁMARA§

Department of Geological Sciences, University of Manitoba, Winnipeg, Manitoba R3T 2N2, Canada

Elena SOKOLOVA

Department of Geological Sciences, University of Manitoba, Winnipeg, Manitoba R3T 2N2, Canada and Institute of Geology 
of Ore Deposits, Petrography, Mineralogy and Geochemistry, Moscow, 119017, Russia

Yassir ABDU and Frank C. HAWTHORNE

Department of Geological Sciences, University of Manitoba, Winnipeg, Manitoba R3T 2N2, Canada

Abstract

The crystal structures of niobophyllite, K2 Na Fe2+
7 (NbTi) (Si4O12)2 O2 (OH)4 O, kupletskite-(Cs), Cs2 Na Mn7 Ti2 (Si4O12)2 

O2 (OH)4 F, and Sn-rich astrophyllite, K2 Na Fe2+
7 Ti2 (Si4O12)2 O2 (OH)4 F, all members of the astrophyllite group, have been 

refined in space group P1 to R1 values 5.96, 3.33 and 3.53% for 3576, 3490 and 3791 observed [Fo > 4sF] unique reflections 
measured with MoKa radiation on a Bruker AXS diffractometer with a CCD SMART APEX detector. The crystal structures 
of all three minerals are topologically identical to that of triclinic astrophyllite. The crystals used in the collection of the X-ray 
intensity data were analyzed by electron microprobe, Fe3+ : (Fe2+ + Fe3+) ratios were measured by Mössbauer spectroscopy, and 
Li was determined by laser-ablation – inductively coupled plasma – mass spectrometry (LA–ICP–MS). The empirical formulae 
were calculated on an anion basis, (O + OH + F) = 31 apfu: niobophyllite, (K1.79 Cs0.03)S1.82 Na1.01 (Fe2+

4.02 Mn1.98 Fe3+
0.55)S6.55 

(Nb1.46Ti0.55Ta0.01)S2.02 [(Si7.77 Al0.20)S7.97O24] O2.73 [(OH)4.13F0.13]S4.26; kupletskite-(Cs), (Cs1.42K0.36Ca0.08Pb0.06Na0.05Sr0.02)S1.99 
(Na0.73Ca0.27)S1 (Mn3.74 Fe2+

1.82Li0.68Zn0.50Fe3+
0.13Mg0.11)S6.99 (Ti1.54Nb0.45Zr0.02)S2.01 [(Si7.90Al0.05)S7.95O24] O2.03 [(OH)4.26

F0.71]S4.97; Sn-rich astrophyllite, (K1.70Ca0.04Cs0.03Pb0.01)S1.78 (Na0.96Ca0.04)S1 (Fe2+
6.18Mn0.45Fe3+

0.26Ca0.09Zn0.02)S7 (Ti0.74Sn0.62
Nb0.44Zr0.16Ta0.02Mg0.02)S2.00 [(Si7.75 Al0.16)S7.91O24] O2 [(OH)4.356F0.65]S5.00; Z = 1. In Sn-rich astrophyllite, Sn4+ replaces Ti4+ at 
the D site, and there is a corresponding expansion of the D octahedron: <D–w> = 1.979 Å, where w represents O, F, OH. The 
discovery of Sn-rich astrophyllite indicates that there is potential for a new species in the astrophyllite group with Sn4+ as the 
dominant cation at the D site. We have identified three distinct A sites, A(1), A(2) and A(3) with coordinations [13], [5] and [13], 
respectively, that are separated by ≤1.2 Å such that locally adjacent sites cannot both be occupied. We suggest the possibility 
of Ca occupying the B site via the substitution BCa2+ + A□ ! BNa+ + AK+ and producing a potential new mineral of the astro-
phyllite group. The general formula of the astrophyllite-group minerals should be written as A2 B C7 D2 (T4O12)2 O2 (OH)4 X0–1 
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F, kupletskite-(Cs), (Cs,K)2 Na (Mn,Fe,Li)7 (Ti,Nb)2 
Si8 O26 (OH)4 F, niobokupletskite, K2 Na (Mn,Zn,Fe2+)7 
(Nb,Zr,Ti)2 Si8 O26 (OH)4 (O,F) [the latter formula was 
taken unchanged from Piilonen et al. (2000)], and 
zircophyllite, K2 (Na,Ca) (Mn, Fe2+)7 (Zr,Nb)2 Si8 O26 
(OH)4 F. Piilonen et al. (2003a) listed niobophyllite, 
kupletskite-(Cs) and zircophyllite as minerals lacking 
structure data. Recent work on the crystal chemistry 
of the astrophyllite group includes crystal-structure 
refinement of a Zn-rich astrophyllite (Piilonen et 
al. 2004), re-investigation of the crystal structure of 
magnesiumastrophyllite (Sokolova & Cámara 2008), 
and description and crystal structure of a new lithium-
dominant member, nalivkinite, ideally Li2 Na Fe2+

7 Ti2 
[Si8 O24] O2 (OH)4 F (Agakhanov et al. 2008, Uvarova 
et al. 2008).

This work is a continuation of our interest in the 
crystal chemistry of the astrophyllite-group minerals. A 
natural next step is structural work on the three minerals 
lacking structure data, niobophyllite, kupletskite-(Cs) 
and zircophyllite. We were unable to obtain any sample 
of zircophyllite. The sample of kupletskite-(Cs) was 
kindly provided by Adriana and Renato Pagano, Milan, 
Italy, from their mineral collection (Collezione Miner-

as this (i) preserves the correct formula of the silicate radical in the structure, and (ii) identifies the O2 anion component of the 
structure as not bonded to Si.

Keywords: niobophyllite, kupletskite-(Cs), Sn-rich astrophyllite, astrophyllite group, crystal structure, electron-microprobe 
analysis, Mössbauer spectroscopy.

Sommaire

Nous avons affiné la structure cristalline de niobophyllite, K2 Na Fe2+
7 (NbTi) (Si4O12)2 O2 (OH)4 O, kupletskite-(Cs), Cs2 

Na Mn7 Ti2 (Si4O12)2 O2 (OH)4 F, et astrophyllite riche en étain, K2 Na Fe2+
7 Ti2 (Si4O12)2 O2 (OH)4 F, tous membres du groupe 

de l’astrophyllite, dans le groupe spatial P1 jusqu’à un résidu R1 de 5.96, 3.33 et 3.53%. Ces affinements sont fondés sur 3576, 
3490 et 3791 réflexions uniques observées [Fo > 4sF] mesurées en rayonnement MoKa avec un diffractomètre Bruker AXS 
muni d’un détecteur CCD SMART APEX. Ces trois structures sont topologiquement identiques à celle de l’astrophyllite tricli-
nique. Les cristaux utilisés pour le prélèvement des données en diffraction X ont par la suite été analysés avec une microsonde 
électronique, les rapports Fe3+ : (Fe2+ + Fe3+) ont été établis par spectroscopie de Mössbauer, et la teneur en Li a été mesurée par 
plasma inductif couplé avec spectrométrie de masse et ablation au laser (LA–ICP–MS). Les formules empiriques ont été calculées 
sur une base de 31 anions O + OH + F par unité formulaire: niobophyllite, (K1.79 Cs0.03)S1.82 Na1.01 (Fe2+

4.02Mn1.98Fe3+
0.55)S6.55 

(Nb1.46Ti0.55Ta0.01)S2.02 [(Si7.77 Al0.20)S7.97O24] O2.73 [(OH)4.13F0.13]S4.26; kupletskite-(Cs), (Cs1.42K0.36Ca0.08Pb0.06Na0.05Sr0.02)S1.99 
(Na0.73Ca0.27)S1 (Mn3.74Fe2+

1.82Li0.68Zn0.50Fe3+
0.13Mg0.11)S6.99 (Ti1.54Nb0.45Zr0.02)S2.01 [(Si7.90 Al0.05)S7.95 O24] O2.03 [(OH)4.26

F0.71]S4.97; astrophyllite riche en Sn, (K1.70Ca0.04 Cs0.03Pb0.01)S1.78 (Na0.96Ca0.04)S1 (Fe2+
6.18Mn0.45Fe3+

0.26Ca0.09Zn0.02)S7 (Ti0.74
Sn0.62Nb0.44Zr0.16Ta0.02Mg0.02)S2.00 [(Si7.75 Al0.16)S7.91O24] O2 [(OH)4.356F0.65]S5.00; Z = 1. Dans l’astrophyllite enrichie en étain, 
Sn4+ remplace Ti4+ au site D, et l’octaèdre D s’en trouve gonflé: <D–w> = 1.979 Å, où w représente O, F, OH. La découverte 
de l’astrophyllite ainsi enrichie en Sn montre qu’il pourrait y avoir d’autres espèces à découvrir ayant une prédominance de 
Sn4+ au site D. Nous avons identifié trois sites A distincts, A(1), A(2) et A(3), en coordinences [13], [5] et [13], respectivement; 
ceux-ci sont séparés par ≤1.2 Å, de sorte que deux sites adjacents ne pourraient pas être occupés simultanément. Nous proposons 
comme possibilité l’incorporation du Ca au site B via la substitution BCa2+ + A□ ! BNa+ + AK+, ce qui créerait un nouveau 
membre du groupe de l’astrophyllite. La formule des minéraux de ce groupe devrait s’écrire A2 B C7 D2 (T4O12)2 O2 (OH)4 X0–1; 
cette version démontre la formule correcte du radical silicaté dans la structure, et montre que la composante anionique O2 dans 
la structure n’est pas liée au Si.

	 (Traduit par la Rédaction)

Mots-clés: niobophyllite, kupletskite-(Cs), astrophyllite riche en Sn, groupe de l’astrophyllite, structure cristalline, analyses avec 
microsonde électronique, spectroscopie de Mössbauer.

Introduction

The astrophyllite-group minerals are alkali titano-
silicates; they are divided into two main subgroups 
on the basis of the dominance of Fe2+ (astrophyllite, 
Weibye 1848) or Mn2+ (kupletskite, Semenov 1956) at 
the octahedrally coordinated sites in the structure. There 
has been extensive work on the structure and composi-
tion of the astrophyllite-group minerals. Piilonen et 
al. (2003a, b) reviewed previous work, presented a 
considerable amount of data (crystal-structure refine-
ments, electron-microprobe analyses and Mössbauer 
spectra), and generalized the crystal chemistry of the 
astrophyllite-group minerals. They wrote the general 
formula as A2 B C7 D2 T8 O26 (OH)4 X0–1, where A = 
[10]–[13](K, Rb, Cs, Na, H3O+, H2O or □), B = [10](Na 
or Ca); C = [6](Fe2+, Mn, Fe3+, Na, Mg or Zn); D = 
[6](Ti, Nb, Zr); T = Si, Al and X = F, OH, O, □. In 
accord with the general formula, Piilonen et al. (2003a) 
revised formulae for astrophyllite, K2 Na (Fe2+,Mn)7 
Ti2 Si8 O26 (OH)4 F, magnesiumastrophyllite, K2 Na 
[Na (Fe2+,Mn)4 Mg2] Ti2 Si8 O26 (OH)4 □, niobophyl-
lite, K2 Na (Fe2+,Mn)7 (Nb,Ti)2 Si8 O26 (OH)4 (F,O), 
kupletskite, K2 Na (Mn,Fe2+)7 (Ti,Nb)2 Si8 O26 (OH)4 
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alogica, sample 5621B). This sample of kupletskite-
(Cs) came from the type locality, the moraine of the 
Dara-i-Pioz glacier, Tien–Shan mountains, northern 
Tajikistan (Yefimov et al. 1971). We started with two 
niobophyllite samples: (1) a holotype sample of niobo-
phyllite from Seal Lake, Labrador (Nickel et al. 1964) 
obtained from the Royal Ontario Museum, sample 
M26148, and (2) a sample of niobophyllite from the 
Zomba–Malosa pegmatite, Monte Malosa, Zomba, 
Malawi, from the mineral collection of Adriana and 
Renato Pagano (sample 8714). The niobophyllite from 
Malawi, described as such by Guastoni et al. (2003), 
turned out to be Sn-rich astrophyllite. In this paper, we 
present the crystal-structure, Mössbauer and electron-
microprobe data for niobophyllite, kupletskite-(Cs) and 
Sn-rich astrophyllite, and revise some aspects of the 
crystal chemistry of the astrophyllite group. 

Chemical Composition

Mössbauer spectroscopy

Mössbauer spectra for these minerals were collected 
at room temperature (RT) using a 57Co(Rh) point 
source. A single crystal (size ~300 mm) was used for 
the collection of the Sn-rich astrophyllite spectrum, 
and powdered absorbers containing ~2 mg Fe/cm2 
were used for kupletskite-(Cs) and niobophyllite. The 
spectrometer was calibrated using the spectrum of 
a-Fe at RT. The spectra were fitted to a model having 
two generalized sites, one for Fe2+ (with two Gaussian 
components) and the other for Fe3+ (with one Gaussian 
component), using a Voigt-based quadrupole splitting 
distribution (QSD) analysis. The fitted spectra are 
shown in Figure 1, together with the QSD curves for 
Fe2+; selected hyperfine parameters are listed in Table 
1. The Mössbauer parameters and the QSD curves for 
Fe2+ will be discussed in detail in a separate paper. 
Assuming equal recoil-free fractions for Fe2+ and Fe3+, 
the Fe3+:Fetot ratio is 0.12(2), 0.07(2) and 0.04(2) for 
niobophyllite, kupletskite-(Cs) and Sn-rich astrophyl-
lite, respectively. The ratio of the spectral areas of 
the low-velocity peak to the high-velocity peak (A–/
A+) was allowed to vary for the Fe2+ site, whereas 
it was constrained to be equal to unity for the minor 
Fe3+ peaks because of the presence of a small residual 
texture effect.

Electron-microprobe analysis

The crystals used for collection of the X-ray inten-
sity data were mounted on a Perspex disc, ground, 
polished, carbon-coated and analyzed with a Cameca 
SX 100 electron microprobe operating in wavelength-
dispersion mode with an accelerating voltage of 15 kV, 
a specimen current of 20 nA, a beam size of 10 mm, 
and count times on peak and background of 20 and 10 
s, respectively. The following standards were used for 

K and L X-ray lines: Si, Ca: diopside, Al: andalusite, 
Na: albite, K: orthoclase, F: fluororiebeckite, Mg: 
forsterite, Ti: titanite, Mn: spessartine, Fe: fayalite, 
Zn: gahnite, Nb: Ba2NaNb5O15, Ta: MnNb2TaO9, Sn: 
SnO2, Cs: pollucite, Zr: zircon, Pb: PbTe, Sr: SrTiO3, 
Rb: RbAlSi2O6, Ba: barite, Ce: CePO4, La: LaPO4, 
and Nd: NdPO4. The data were reduced and corrected 
with the PAP method of Pouchou & Pichoir (1985). 
The amount of H2O was calculated from the structure 
refinement (see discussion below). For kupletskite-(Cs) 
and Sn-rich astrophyllite, OH + F = 5 apfu (atoms per 
formula unit). For niobophyllite, OH + F = {5 – [O2– (= 
0.5 Nb)]} apfu. The single crystal of kupletskite-(Cs) 
was analyzed by laser ablation – inductively coupled 
plasma – mass spectrometry (LA–ICP–MS) and gave 
0.69 wt. % Li2O. The empirical formulae were calcu-
lated on an anion basis of (O + OH + F) = 31 apfu: 
niobophyllite, (K1.79 Cs0.03)S1.82 Na1.01 (Fe2+

4.02Mn1.98 
Fe3+

0.55)S6.55 (Nb1.46Ti0.55Ta0.01)S2.02 (Si7.77Al0.20)S7.97 
O24] O2.73 [(OH)4.13F0.13]S4.26; kupletskite-(Cs), (Cs1.42
K0.36Ca0.08Pb0.06Na0.05 Sr0.02)S1.99 (Na0.73Ca0.27)S1 
(Mn3.74 Fe2+

1.82Li0.68Zn0.50Fe3+
0.13Mg0.11)S6.99 (Ti1.54

Nb0.45Zr0.02)S2.01 (Si7.90 Al0.05)S7.95 O24]  O2.03 
[(OH)4.26F0.71]S4.97; Sn-rich astrophyllite, (K1.70Ca0.04 
Cs0.03Pb0.01)S1.78 (Na0.96Ca0.04)S1 (Fe2+

6.18Mn0.45Fe3+
0.26

Ca0.09Zn0.02)S7 (Ti0.74Sn0.62Nb0.44Zr0.16Ta0.02Mg0.02)
S2.00 (Si7.75 Al0.16)S7.91 O24] O2 [(OH)4.356F0.65]S5.00, 
Z = 1 (Table 2). 

Crystal Structure

X-ray data collection and structure refinement

X-ray diffraction data were collected with a Bruker 
AXS diffractometer equipped with a SMART APEX 
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CCD detector (MoK radiation). The intensities of 
~10000–15000 reflections with –7 < h < 7, –16 < k < 
15, –16 < l < 16 were collected to 60°2u using 0.2° 
frame and integration time of 60 s for niobophyllite, 5 
s for kupletskite-(Cs) and 15 s for Sn-rich astrophyllite. 

The refined unit-cell parameters were obtained from 
reflections with I > 10sI (4422 for niobophyllite, 7244 
for kupletskite-(Cs) and 9986 for Sn-rich astrophyllite). 
An empirical absorption correction (SADABS, Shel-
drick 1998) was applied for niobophyllite and Sn-rich 

Fig. 1.  Room-temperature Mossbauer spectra and profiles of Voigt-based quadrupole-splitting distributions (QSD) for Fe2+ in 
(a) niobophyllite, (b) kupletskite-(Cs), and (c) Sn-rich astrophyllite.



	 the crystal chemistry of the astrophyllite-group minerals	 5

astrophyllite. Crystals of kupletskite-(Cs) were found 
to be twinned (twin law |1 0 0, 1 0 1, –0.43 0 –0.854|): 
both components of the twin were integrated and, 
after correcting for absorption using Twinabs v1.02 
(Bruker Nonius ®), only non-overlapping reflections 
corresponding to the highest-volume component (80:20) 
were used for the refinement. Using atom coordinates 
from Piilonen et al. (2000), the crystal structures of 
niobophyllite, kupletskite-(Cs) and Sn-rich astrophyl-
lite were refined to R1 values of 3.33–5.96% and 
GoF values of 1.064–1.231 with the Bruker Shelxtl 
version 5.1 system of programs (Sheldrick 1997). For 
kupletskite-(Cs) and Sn-rich astrophyllite, we observed 
a splitting of the A site into two and three sites, respec-
tively, separated by short distances. For further refine-
ment, displacement parameters for A(1,2) and A(1,2,3) 

sites in kupletskite-(Cs) and Sn-rich astrophyllite 
were constrained to be equal. Site-scattering values 
were refined (1) in all structures for the M (scattering 
curve of Fe) and B sites (scattering curve of Na); (2) 
for the D site, with scattering curves of Nb, Ti and Sn 
for niobophyllite, kupletskite-(Cs) and Sn-rich astro-
phyllite, respectively; (3) niobophyllite: for the A site 
(scattering curve of K); kupletskite-(Cs): for the A(1) 
and A(2) sites (scattering curves of K and Cs); Sn-rich 
astrophyllite: for the A(1), A(2) and A(3) sites (scattering 
curves of K, K and Cs). Hydrogen atoms were included 
at the final stages of refinement, and both H positions 
were softly constrained by setting the O–H distances 
equal to 0.98 Å. Details of data collection and structure 
refinement are given in Table 3, final atom parameters 
are given in Table 4, selected interatomic distances 
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in Table 5, refined site-scattering values and assigned 
populations for selected cation sites are given in Table 
6, positional disorder at the A site is presented in Table 
7, details of hydrogen bonding in Table 8, and bond-
valence values for selected anions in Table 9. A table of 
structure factors may be obtained from the Depository 
of Unpublished Data on the MAC website [document 
Astrophyllite group CM48_1]. 

Topology of the structure

The crystal structures of niobophyllite, kupletskite-
(Cs) and Sn-rich astrophyllite are topologically identical 
to that of astrophyllite (Piilonen et al. 2003b). The M(1), 
M(2), M(3) and M(4) octahedra (C-group atoms) share 
edges to form a sheet of close-packed octahedra (O) 
of ideal composition C7O14. The characteristic feature 
of the astrophyllite structure is the (Si4O12) ribbon [a 
branched silicate chain in the terminology of Liebau 
(1985)] that extends along [100]. These (Si4O12) ribbons 
share common vertices with D octahedra to form the 
heteropolyhedral (H) sheet. In the crystal structure of 
astrophyllite-group minerals, the O sheet and two H 
sheets form an HOH block of composition C7 D2 (Si4 
O12)2 O2 (OH)4 X0–1. Along [001], these HOH blocks 
connect via common X anions of D octahedra and 
interstitial cations at the A and B sites (Fig. 2a). 

Cation sites

Site populations were assigned on the basis of the 
refined site-scattering values (Table 6), the chemical 
formulae (Table 2) derived from electron-microprobe 
analysis, and the Mössbauer results (Table 1), and the 
observed mean bond-lengths (Table 5). 

The D site: This site is usually occupied by the high-
charge cations Ti4+ and Nb (Piilonen et al. 2003b), and 
in Sn-rich astrophyllite, we expect Sn4+ to occupy this 
site. The higher refined site-scattering value for this site 
in Sn-rich astrophyllite relative to the values in niobo-
phyllite and kupletskite-(Cs) (Table 6) shows that this is 
the case. Moreover, the radius of Sn4+ (0.69 Å, Shannon 
1976) is significantly larger than that of Ti4+ (0.605 
Å) and Nb (0.64 Å), and this difference is reflected in 
the <D–O> distance, 1.979 Å, in Sn-rich astrophyllite 
relative to those in niobophyllite and kupletskite-(Cs) 
(Table 5). The ideal compositions of the D site are 
(NbTi) (niobophyllite) and Ti2 apfu [kupletskite-(Cs) 
and Sn-rich astrophyllite]. 

The A and B sites: In the structure of the astrophyl-
lite-group minerals, there are two interstitial sites, the 
K-dominant A site and the Na-dominant B site. The 
B site is [10]-coordinated with a <B–w> distance of 
2.633–2.645 Å, where w represents O, F, OH (Table 5). 
In accord with previous work summarized in Piilonen 
et al. (2003b), we assigned mainly Na and less Ca to 
fill this site in accord with the refined site-scattering 
values (Table 6).

The stereochemistry of the A site is more compli-
cated. The cavity in which the A site occurs is 
surrounded by 13 anions with a <A–w> distance of 
~3.3 Å. It is mainly occupied by K (e.g., astrophyllite, 
kupletskite, Piilonen et al. 2003a, b), rarely Cs [e.g., 
kupletskite-(Cs), Yefimov et al. 1971], Li (nalivkinite, 
Uvarova et al. 2008), and Na and Rb in minor amounts 
(e.g., kupletskite-1A, Christiansen et al. 1998; nioboku-
pletskite, Piilonen et al. 2000) (Table 7). The details of 
the coordination depend on the constituent cation(s). 
Christiansen et al. (1998) and Piilonen et al. (2003b) 
described the splitting of the A site into two sites, a 
[12–13]-coordinated site and a [5]-(or [13]) coordinated 
site, within the A cavity, denoted A(1a) and A(1b) by 
Piilonen et al. (2003b) . These two sites are separated 
by <1 Å, and hence cannot both be occupied at the local 
scale [i.e., occupancy of one site precludes occupancy 
of the locally adjacent site]. Here, we have identified 
one A site in niobophyllite (Fig. 2b), the splitting of the 
A site into two sites in kupletskite-(Cs) (Fig. 2c), and 
the presence of three sites in Sn-rich astrophyllite (Fig. 
2d) (Table 6). The nomenclature A(1a) and A(1b) seems 
needlessly complicated, and we have renamed these 
sites A(1) and A(2), the latter being invariably [5]-coor-
dinated, and we have added the A(3) site. Therefore, 
there are A(1) and A(2) sites in kupletskite-(Cs), and 
A(1), A(2) and A(3) sites in Sn-rich astrophyllite (Tables 
5, 6; Figs. 2c, d). The occupancies of the A sites are 
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summarized in Table 7. Results of previous work show 
that the [13]-coordinated A(1) site is occupied mainly 
by K and □ (vacancy), the [5]-coordinated A(2) site 
is occupied by Li as a dominant constituent in nalivki-
nite, and the [13]-coordinated A(3) site is occupied by 
□ (vacancy) and K in niobokupletskite. Here the site 
populations were assigned according to this pattern 
of distribution. The refined site-scattering values at 
the A(1), A(2) and A(3) sites are given in Table 6. For 
niobophyllite, the sum of the alkali and alkaline-earth 
cations remaining after assignment of cations to the B 
site is assigned to the A site, and the effective scattering 
of these cations (46.7 epfu) is close to the refined site-
scattering (49.8 epfu). For kupletskite-(Cs), the sum of 
the alkali and alkaline-earth constituents in the formula 
is 3.67 apfu (Table 2). As the sum of the constituents 
of the A and B sites cannot exceed 3 apfu, at least 0.67 
apfu alkali and alkaline-earth cations must be assigned 
to other sites in the structure. The refined site-scattering 
value at the A site indicates that Cs dominates this site. 
We assume that K, Sr and Pb also occur at this site to 
give an effective scattering of 92.8 epfu compared with 
the refined value of 87.6 epfu. For Sn-rich astrophyl-
lite, the A(1) and A(2,3) sites are dominated by K and 

vacancy (Table 6). The ideal compositions of the A site 
are K2 (niobophyllite and Sn-rich astrophyllite) and Cs2 
apfu [kupletskite-(Cs)].

The M sites: In Sn-rich astrophyllite, the sum of the 
medium-sized divalent (Fe2+, Mn2+) and trivalent (Fe3+) 
cations is 6.89 apfu, indicating that the M(1–4) sites are 
filled with Fe2+, Mn2+ and Fe3+, except possibly for a 
small amount of an additional component (0.11 pfu, 0.09 
Ca and 0.02 Zn according to the formula, Table 2). This 
observation is in accord with the refined site-scattering 
values at the M(1–4) sites (Table 6). In astrophyllite-
group minerals, the size of the M polyhedra follows 
the pattern M(1) > M(2) > M(3) > M(4) (Piilonen et al. 
2003b). In Sn-rich astrophyllite, <M–w> distances vary 
from 2.158 [M(1)] to 2.133 Å [M(4)], and we assign 
more Mn2+ (r = 0.83 Å) to the M(1) and M(2) sites and 
Fe3+ (r = 0.645 Å) to the M(3) and M(4) sites, Fe2+ 
being the dominant cation at all four M sites (Table 6). 
The M(1–4) sites give Fe2+

6.18Mn0.45Fe3+
0.26Ca0.09 Zn0.02 

(total charge 14.26+), which is in good agreement with 
ideal composition Fe2+

7 pfu (charge 14+). 
In niobophyllite and kupletskite-(Cs), the sum of 

the medium-sized divalent and trivalent cations is << 7 
apfu, suggesting (1) vacancies at the M sites (partial 
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Fig. 2.  General view of the crystal structure of kupletskite-
(Cs) (a) and arrangement of interstitial cations in the niobo-
phyllite (b), kupletskite-(Cs) (c) and Sn-rich astrophyllite 
(d) structure viewed down [001]. In (a), (SiO4) tetrahedra 
are orange, Mn-dominant M(1,3) and Fe2+-dominant M(2) 
octahedra are raspberry and green, and labeled Mn and Fe. 
The (Zn, Fe2+) M(4) octahedron is apple-green (labeled 
Zn), Ti-dominant D octahedra are yellow. The F atoms 
are shown as small yellow circles; O and H atoms of OH 
groups are shown as small red and white circles, hydrogen 
bonds are shown as black dashed lines. In (a) and (c), A(1) 
= Cs, A(2) = (□,K) and B = Na atoms are shown as large 
red circles, white circles with a green rim and navy blue 
circles, respectively; in (b), A = K atoms and O atoms at the 
O(16) site are shown as large green and small red circles. 
In (d), the legend is as in (b), with A(1) = K atoms, A(2) = 
(□,K) and A(3) = (□,Cs) atoms are shown as large green 
circles, white circles with a green rim, and white circles 
with a red rim, respectively.
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dioctahedral character), or (2) incorporation of addi-
tional cations at the M sites. In this regard, Piilonen et 
al. (2003b) assigned sufficient Na to the M(1) site in 
astrophyllite-group minerals to bring the cation sum 
to 7 apfu at the M(1–4) sites. Moreover, Na is the sole 

occupant of the M(1) site in magnesiumastrophyllite 
(Sokolova & Cámara 2008). 

In niobophyllite, the sum of the dominant type of 
M cations (Fe2+, Mn2+ and Fe3+) is 6.55 apfu. The total 
refined site-scattering at the A and B sites is 49.8 e, 
and the total effective scattering of the alkali cations 
(K, Cs and Na) is 46.7 e. Hence there is no excess of 
alkali cations that we can assign to the M sites, and the 
difference between the total number of M sites and the 
sum of the small divalent and trivalent cations must 
represent a true vacancy component, 0.45 □. The total 
refined site-scattering at the M sites in niobophyllite is 
169.4 epfu, and the total effective scattering of Fe2+, 
Mn2+ and Fe3+ is 168.4 epfu, in accord with the previous 
conclusion that there is no excess of alkali cations to 
assign to the M sites. Hence the site populations were 
assigned in accord with the range in <M–w> distances 
for the M polyhedra: M(1), 2.184 – M(4), 2.131 Å: 
significant Mn was assigned to the M(1,2) sites, and 
all Fe3+ to the M(3,4) sites according to the refined 
site-scattering values (Table 6). In niobophyllite, Mn 
is dominant at the one M(1) site, and Fe2+ is domi-
nant at the three sites M(2,3,4). The four M sites give 
Fe2+

4.02Mn1.98Fe3+
0.55□0.45 (charge 13.62+) or ideally 

Fe2+
7 pfu (charge 14+). 

In kupletskite-(Cs), the sum of dominant M cations 
(Fe2+, Mn2+, Fe3+, Mg and Zn) is 6.31 apfu. The 
difference between this sum and the total available at 
the M sites, 7 – 6.31 = 0.69 pfu, is essentially equal 
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to the excess of alkali cations, 0.67 apfu, that cannot 
be accommodated at the A and B sites. This excess of 
alkali cations is due to 0.68 apfu Li (Table 2), and we 
assign all Li (r = 0.76 Å) to the M sites of the O sheet. 
Consider first the M(1) site. The refined site-scattering, 
42.9 epfu (Table 6), is compatible with a site popula-
tion of 1.68 Mn + 0.32 Li, and the large <M(1)–w> 
distance, 2.193 Å, is in accord with the dominance of 
Mn (r = 0.83 Å) at this site. This leaves 0.36 Li pfu to be 
assigned to the M(2–4) sites. The refined site-scattering 
values, 49.1, 46.5 and 25.2 epfu, respectively, indicate 
that M(3) contains the largest amount of a scattering 
species of low scattering-power, i.e., Li. In accord with 
findings of Piilonen et al. (2004), we assign all 0.50 Zn 
apfu to the M(4) site. For the M(2–4) sites, the assigned 
site-occupancies show good correlations between 
refined and calculated site-scattering and observed and 
calculated mean bond-lengths (Table 6). The M(1–4) 
sites give Mn3.74Fe2+

1.82Li0.68Zn0.50Fe3+
0.14Mg0.11□0.01 

(total charge 13.44+), which is in good agreement with 
the ideal composition Mn7 pfu (charge 14+).

We write an ideal cation component, A2 B C7 D2, of 
the structure for the niobophyllite, kupletskite-(Cs) and 
Sn-rich astrophyllite as follows: K2 Na Fe2+

7 (NbTi), Cs2 
Na Mn7 Ti2 and K2 Na Fe2+

7 Ti2, respectively.

Hydrogen bonding

Details of hydrogen bonding are given in Table 8. 
Weak hydrogen bonds occur between OH groups of the 
O sheet, central atoms O(4) and O(5), and O atoms, 
which are common anions for D octahedra and (SiO4) 
tetrahedra, O(9,11,12,15) (see Fig. 2a). Each H atom 
is involved in a bifurcated hydrogen bond. The H…O 
distances in niobophyllite, kupletskite-(Cs) and Sn-rich 
astrophyllite are 2.74–2.92 Å, and ∠DHA varies from 
118 to 128°.

Anion consideration

In niobophyllite, kupletskite-(Cs) and Sn-rich astro-
phyllite, there are twelve sites, O(1), O(3), O(6–15), 
occupied by O atoms which belong to (SiO4) tetrahedra 
and give 24 O atoms pfu. Those 24 O atoms correspond 
to two astrophyllite (Si4O12) ribbons. There is one 
site, O(2), which receives bond valence from three M 
octahedra and a D octahedron, giving O2 pfu. There are 
two sites, O(4) and O(5), which are occupied by OH 
groups (see discussion above). Bond valence incident at 
each of these two sites (including contribution from an 
H atom) sums to 1.96–2.05 and 2.02–1.93 vu (valence 
unit) (Table 9). The two O(4) and O(5) sites give (OH)4 
pfu. There is one X site that can be occupied by F, OH, 
O and □ (Piilonen et al. 2003a, b). In niobophyllite, 
the X site is [6]-coordinated; it receives bond valence 
from two D, two A(1) and two B cations. In niobophyl-
lite, the bond valence incident at the X site is 1.88 vu 
(Table 9), and it reflects the composition of the X site, 

O0.74F0.13OH0.13, ideally O apfu. The amount of O2– 
atoms at the X site correlates with the content of Nb at 
the D site, 0.73 apfu. Therefore, we write the anion part 
of the niobophyllite structure as (Si4O12)2 O2 (OH)4 O. 
In kupletskite-(Cs) and Sn-rich astrophyllite, the X atom 
is [6]-coordinated; it receives bond valence from two D, 
two A(1) [or alternatively two A(2)] and two B cations, 
1.20 and 1.22 vu, respectively (Table 9). In kupletskite-
(Cs) and Sn-rich astrophyllite, the composition of the 
X site is F0.71OH0.29 and F0.65OH0.35, ideally F1.00 apfu. 
For kupletskite-(Cs) and Sn-rich astrophyllite, we write 
the anion part of the structure as (Si4O12)2 O2 (OH)4 F.

Discussion

Chemical formulae

Niobophyllite, kupletskite-(Cs) and Sn-rich astro-
phyllite: We write their ideal chemical formulae as the 
sum of the cation and anion parts: niobophyllite, K2 Na 
Fe2+

7 (NbTi) (Si4O12)2 O2 (OH)4 O, kupletskite-(Cs), 
Cs2 Na Mn7 Ti2 (Si4O12)2 O2 (OH)4 F, and Sn-rich 
astrophyllite, K2 Na Fe2+

7 Ti2 (Si4O12)2 O2 (OH)4 F. 
Compare our formulae with those revised by (Piilonen 
et al. 2003a) for niobophyllite, K2 Na (Fe2+,Mn)7 
(Nb,Ti)2 Si8 O26 (OH)4 (F,O); kupletskite-(Cs), (Cs,K)2 
Na (Mn,Fe,Li)7 (Ti,Nb)2 Si8 O26 (OH)4 F and astrophyl-
lite, K2 Na (Fe2+,Mn)7 Ti2 Si8 O26 (OH)4 F. Our formulae 
for kupletskite-(Cs) and Sn-rich astrophyllite (= astro-
phyllite) are compatible with those of Piilonen et al. 
(2003a). Based on the structural data, X in the formula 
for niobophyllite is given as O (= O0.74F0.13OH0.13, see 
above). Revised ideal formulae and unit-cell parameters 
for astrophyllite-group minerals are given in Table 10.

Zircophyllite: Zircophyllite is the only astrophyllite-
group mineral that lacks structural characterization. 
Kapustin (1973) carried out a chemical analysis of 
zircophyllite, and we calculated its empirical formula 
unit based on 31 (O+OH+F) anions (the content 
of H2O was changed from 3.20 to 2.70 wt.% to 
achieve OH + F = 5 apfu): K1.66 (Na0.70 Ca0.23)S0.93 
(Fe2+

3.51Mn3.71Zr0.26)S7.48 (Zr1.28Ti0.40Nb0.24Hf0.08)S2.00 
(Si7.59O24) O2 (OH4.19F0.88)S5.07. This empirical formula 
tells us that Si is low, 7.59 instead of 8 apfu, and there 
is an excess of C cations, 7.48 instead of the maximum 
allowed, 7 apfu. Therefore, it is not possible to write 
a simplified or ideal formula, or to revise it with any 
confidence. Zircophyllite was originally described as an 
Fe2+-dominant mineral (Kapustin 1973). Piilonen et al. 
(2003a) listed it as a Mn2+-dominant mineral and gave 
a revised chemical formula: K2 (Na,Ca) (Mn, Fe2+)7 
(Zr,Nb)2 Si8 O26 (OH)4 F. Although in the empirical 
formula, Mn – Fe2+ = 0.20 apfu (see above), the excess 
of 0.48 apfu for the C cations makes the evaluation 
of zircophyllite as a Fe2+- or Mn-dominant mineral 
problematic.

The astrophyllite-ribbon component: There is one 
conceptual difference concerning presentation of the 
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Si–O radical: (Si4O12)2 (this work) versus Si8 O26 
[Piilonen et al. (2003a)]. We write the astrophyllite-
ribbon component of the formula as (Si4O12)2 in order 
to emphasize that (1) the translational repeat fragment 
of the ribbon has the formula (Si4O12); (2) there are 
two ribbons (corresponding to two H sheets) attached 
to the central O sheet; (3) the O2 anions do not link 
to Si, and this information should be preserved in the 
chemical formula by writing them separately from the 
silicate radical: (Si4O12)2O2. In the first publication 
on the crystal structure of astrophyllite, Peng & Ma 
(1963) wrote the astrophyllite-ribbon component as 
[Si4O12]2. In his discussion of common features for 
micas, astrophyllite-group minerals and Ti disilicates 
of the bafertisite group, Belov (1976) also gave the 
astrophyllite-ribbon formula as [Si4O12]. We propose 
to maintain the original crystal-chemical form of the 
astrophyllite group and write all formulae with the 
component (Si4O12)2O2.

A-site disorder and potential new species in the 
astrophyllite group

Table 7 gives details of the A-site disorder in 
minerals of the astrophyllite group. To summarize, the 
interstitial A site can occur as a single site or may be 
split into two or three sites separated by short distances 
and hence partly occupied. The [13–12]-coordinated 
A(1) site is occupied mainly by K and □ (vacancy) 

as dominant constituents, and Li, Rb and Na in minor 
amounts. The [5]-coordinated A(2) site is occupied by 
Li as a dominant constituent, and K, Na, Ca, Pb and Sr 
as minor constituents. The [13]-coordinated A(3) site 
is occupied by □ (vacancy) and K as major constitu-
ents, and Cs as a minor constituent. The presence of 
vacancy at all three sites makes it possible to predict 
potential compositions that are currently unknown. 
For example, the Na-dominant B site commonly hosts 
minor Ca (Piilonen et al. 2003b). The ions Ca2+ and 
Na+ have a similar size [[10]r = 1.29 (Na) and 1.23 Å 
(Ca)], suggesting that a Ca-dominant astrophyllite-
group mineral is possible. Excess positive charge at 
the B site can be compensated by vacancy at the A site: 
BCa2+ + A□ → BNa+ + AK+, leading to (K □) Ca Fe2+

7 
Ti2 (Si4O12)2 O2 (OH)4 F. Note that Sokolova & Cámara 
(2008) proposed another potential new composition, 
ideally K2 Ca (Fe4 Mg2 Na) Ti2 (Si4O12)2 O2 (OH)4 
F, with the topology of the magnesiumastrophyllite 
structure and related to magnesiumastrophyllite by the 
substitution BNa+ + X□ ! BCa2+ + XF–.

Summary

Three minerals of the astrophyllite group, niobo-
phyllite, K2 Na Fe2+

7 (NbTi) (Si4O12)2 O2 (OH)4 O, 
kupletskite-(Cs), Cs2 Na Mn7 Ti2 (Si4O12)2 O2 (OH)4 
F, and Sn-rich astrophyllite, K2 Na Fe2+

7 Ti2 (Si4O12)2 
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O2 (OH)4 F, have been structurally and chemically 
characterized.

(1) We suggest that the general formula of the 
astrophyllite-group minerals be written as A2 B C7 D2 
(T4O12)2 O2 (OH)4 X0–1 as this (i) preserves the correct 
formula of the silicate radical in the structure, and (ii) 
identifies the O2 anion component of the structure as 
not bonded to Si.

(2) The discovery of Sn-rich astrophyllite tells us 
that there is potential for a new mineral species of the 
astrophyllite group where Sn4+ is a dominant cation at 
the D site.

(3) We have identified three distinct A sites, A(1), 
A(2) and A(3) with coordinations [13], [5] and [12–13], 
respectively, that are separated by ≤1.28 Å such that 
locally adjacent sites cannot both be occupied.

(4) We suggest the possibility of Ca occupying the 
B site via the substitution BCa2+ + A□ ! BNa+ + AK+, 
producing a potential new mineral species.
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In the above article [Can. Mineral. 48 (2010), 1-16], 
the four bond-lengths reported in Table 5 for the A(2) 
site of the Sn-rich astrophyllite and the A(2)–Xi bond-
length of kupletskite-(Cs) are incorrect. We report here 
the correct values:

In Table 6, in the <A–f>** (Å) column, <A(2)–f> 
= 2.57 for Sn-rich astrophyllite. In Table 7, in the <A–
f>obs** (Å) column, <A(2)–f>obs = 2.57 for Sn-rich 
astrophyllite. In the A–A (Å)*** column, A(2)–A(3) = 
0.99 for Sn-rich astrophyllite.

We apologize to readers. We thank Robert T. Downs, 
University of Arizona, who compiles and maintains 
The American Mineralogist Crystal Structure Database, 

for calling our attention to the inconsistencies in these 
tables.
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