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ABSTRACT

Niobokupletskite is a new member of the astrophyllite group found in nepheline syenite pegmatites at Mont Saint-Hilaire,
Quebec, in association with aegirine, albite, analcime, calcio-ancylite-(Ce), calcite, catapleiite, epididymite, fluorite, genthelvite,
microcline, natrolite, pyrochlore, rhodochrosite and wurtzite. It is transparent, with a vitreous luster, brittle with a perfect {001}
cleavage, and has an uneven to splintery fracture. Niobokupletskite is biaxial positive, a 1.718(1), b 1.733(1), gcalc 1.750(1),
2Vmeas = 87(2)°. It is triclinic, P1̄, a 5.4303(9), b 11.924(2), c 11.747(2) Å, a 112.927(3), b 94.750(3), g 103.175(3)°,
V 669.5(3) Å3. The average result of three electron-microprobe analyses is: Na2O 2.62, K2O 5.97, Rb2O 0.82, Cs2O 0.12,
MgO 0.15, MnO 26.37, FeO 2.64, ZnO 4.08, Al2O3 1.14, TiO2 1.34, ZrO2 3.43, Nb2O5 12.13, Ta2O5 0.63, SiO2 31.85, F 0.14,
H2O(calc.) 2.48, total 95.85 wt.%, corresponding to (K1.84Rb0.13Cs0.01)S1.98Na0.95 (Mn5.40Zn0.73Fe0.53Na0.28Mg0.05)S6.99
(Nb1.33Zr0.40Ti0.24Ta0.04)S2.01 (Si7.71Al 0.32)S8.03 O26(OH)4.00(O0.89F0.11)S1.00 on the basis of 31 anions, or, ideally,
K2Na(Mn,Zn,Fe)7(Nb,Zr,Ti)2Si8O26(OH)4(O,F). Niobokupletskite is a heterophyllosilicate with a HOH-structure consisting of a
sheet of close-packed octahedra (O-sheet) sandwiched between two heterogeneous sheets (H-sheets) with a Si:Nb ratio of 4:1. It
forms a solid-solution series with kupletskite via the coupled substitution Ti4+ + F– or OH– ⇔ Nb5+ + O2–. Niobokupletskite is a
postmagmatic phase and possibly the result of late-stage remobilization of Nb via late oxidized aqueous fluids.

Keywords: niobokupletskite, astrophyllite-group mineral, new mineral species, crystal structure, heterophyllosilicate, solid-
solution series, kupletskite, Mont Saint-Hilaire, Quebec.

SOMMAIRE

La niobokupletskite est une nouvelle espèce minérale, membre du groupe de l’astrophyllite, que l’on retrouve dans les
pegmatites syénitiques à néphéline du Mont Saint-Hilaire, Québec, en association avec aegyrine, analcime, calcite, catapléite,
épididymite, fluorite, genthelvite, microcline, natrolite, pyrochlore, rhodochrosite et wurtzite. C’est un minéral transparent, avec
éclat vitreux, cassant, avec un clivage {001} parfait et une fracture irrégulière à fibreuse. La niobokupletskite est biaxe positive,
avec a 1.718(1), b 1.733(1), gcalc 1.750(1), 2Vobservé = 87(2)°. Le minéral est triclinique, groupe spatial P1̄, avec paramètres
réticulaires a 5.4303(9), b 11.924(2), c 11.747(2) Å, a 112. 927(3), b 94.750(3), g 103.175(3)°, et V 669.5(3) Å3. La moyenne de
trois déterminations de la composition par microsonde électronique a donné: Na2O 2.62, K2O 5.97, Rb2O 0.82, Cs2O 0.12, MgO
0.15, MnO 26.37, FeO 2.64, ZnO 4.08, Al2O3 1.14, TiO2 1.34, ZrO2 3.43, Nb2O5 12.13, Ta2O5 0.63, SiO2 31.85, F 0.14, H2O(calc.)
2.48, somme 95.85% en poids, ce qui correspond à la formule structurale (K1.84Rb0.13Cs0.01)S1.98Na0.95(Mn5.40Zn0.73Fe0.53Na0.28
Mg0.05)S6.99 (Nb1.33Zr0.40Ti0.24Ta0.04)S2.01 (Si7.71Al0.32)S8.03O26(OH)4.00(O0.89F0.11)S1.00 sur une base de 31 anions, ou, de façon
idéale, K2Na(Mn,Zn,Fe)7(Nb,Zr,Ti)2Si8O26(OH)4(O,F). La niobokupletskite est un hétérophyllosilicate ayant une struture HOH
composée d’une couche d’octaèdres avec entassement maximal se retrouvant entre deux couches hétérogènes (couches H) ayant
un rapport Si:Nb de 4:1. Elle fait partie d’une solution solide avec la kupletskite selon la substitution Ti4+ + F– ou OH– ⇔  Nb5+

+ O2–. La niobokupletskite est d’origine postmagmatique et provient possiblement d’une remobilisation tardive du Nb par le biais
d’une phase aqueuse tardive oxydée.

Mots-clés: niobokupletskite, minéral du groupe de l’astrophyllite, Mont Saint-Hilaire, Québec, nouvelle espèce minérale, struc-
ture cristalline, hétérophyllosilicate, solution solide, kupletskite.
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INTRODUCTION

Niobokupletskite, ideally K2Na(Mn,Zn,Fe)7
(Nb,Zr,Ti)2Si8O26(OH)4(O,F), is a new member of the
astrophyllite group discovered in the nepheline syenite
pegmatites in the Poudrette Quarry at Mont Saint-
Hilaire, Québec. With the addition of niobokupletskite,
the Nb-dominant analogue of kupletskite, eight species
of astrophyllite-group minerals are now recognized
(Table 1). Niobokupletskite is the third member of the
astrophyllite group, along with astrophyllite and
kupletskite, to be described from this locality (Horváth
& Gault 1990). The name niobokupletskite comes from
the fact that it is the Nb-analogue of kupletskite
(Semenov 1956). The mineral species and the name
have been approved by the IMA Commission on New
Minerals and New Mineral Names. Holotype material
has been deposited at the Canadian Museum of Nature,
Ottawa (catalogue no. CMNMC 82924). The purpose
in this paper is to describe niobokupletskite, discuss its
structure in relation to kupletskite, and to comment on
its paragenesis. Extensive information concerning the
structure and chemical variations of a large suite
of astrophyllite-group minerals, including nioboku-
pletskite, will be presented in future papers.

OCCURRENCE AND DESCRIPTION

Mont Saint-Hilaire (MSH), located 40 km east
of Montreal, Quebec, is one of ten early Cretaceous
alkaline intrusions collectively referred to as the
Monteregian Hills (Adams 1903). The peralkaline East
Hill Suite is host to a variety of petrological microenvi-
ronments (Piilonen et al. 1998), all of which contain
astrophyllite-group minerals except for the so-called
marble xenoliths. Niobokupletskite occurs in nepheline
syenite pegmatites as a late-stage mineral.

Three distinct types of niobokupletskite have been
discovered, each with its own specific occurrence and
associated mineral assemblage. Type-I niobokupletskite
(holotype material) occurs as anhedral to subhedral,
platy to tabular, light beige to yellow epitaxic
overgrowths on primary, dark brown kupletskite asso-
ciated with aegirine, albite, microcline and pyrochlore.
The primary kupletskite is zoned; it possesses a rela-
tively Ti-rich core and a Nb-enriched rim; this zonation
is indicated by an arrow in Figure 1B, with dark zones
in this back-scattered electron (BSE) image correspond-
ing to Ti-enrichment, and light zones indication of Nb-
enrichment. Type-II niobokupletskite occurs as a dense,
fibrous, light yellow-brown overgrowth on coarse-

FIG. 1. Back-scattered electron images of type-I nioboku-
pletskite. A. Nb-rich kupletskite (Kpt, dark grey) with
irregular zonation and a sharp contact with nioboku-
pletskite (Nkpt, light grey). Note the pyrochlore inclusions
(white) along fractures in the kupletskite. B. Nioboku-
pletskite (Nkpt) rimming kupletskite (Kpt). The zoning in
the kupletskite is from Nb-poor to Nb-rich in the direction
of the arrow (dark to medium grey). Scale bar: 100 mm.

627 38#3-juin00-2150-07 27/07/00, 11:18628



NIOBOKUPLETSKITE FROM MONT SAINT-HILAIRE 629

grained primary kupletskite associated with primary and
secondary aegirine, albite, calcio-ancylite-(Ce),
catapleiite, microcline, natrolite, pyrochlore and rhodo-
chrosite. Type-III niobokupletskite occurs as an over-
growth on primary kupletskite as very fine-grained
bronze to silvery brown acicular crystals in sheaf-like
aggregates, originally described as “witch’s broom
astrophyllite” (Wight & Chao 1986). Type-III nioboku-
pletskite is associated with primary and secondary
aegirine, albite, analcime, calcio-ancylite-(Ce), calcite,
catapleiite, epididymite, fluorite, genthelvite, micro-
cline, natrolite, pyrochlore, rhodochrosite, and wurtzite.

Niobokupletskite has a perfect {001} cleavage, is
vitreous, brittle, and has an uneven to splintery fracture.
It does not fluoresce under either short- or long-wave
ultraviolet light. It has a Mohs hardness of 3 to 4.
Niobokupletskite sinks in methylene iodide (density of
3.325 g/cm3) and has a calculated density of 3.46 g/cm3.

Niobokupletskite is biaxial positive, with indices
of refraction a 1.718(1), b 1.733(1), and gcalc 1.750
(for l = 598 nm); 2Vmeas = 87(2)° (Kamb’s method).
A measured value for g could not be obtained owing to
the orientation of the selected grain on the spindle. The
optical orientation is Z = c with X and Y in the (001)
plane. It is pleochroic with X ≈ Y light orange-yellow,
and Z red-brown. A Gladstone–Dale calculation gives a
compatibility index of 0.005, which is regarded as
superior (Mandarino 1981).

CHEMICAL COMPOSITION

Chemical analyses of type-I, -II and -III nioboku-
pletskite were done on a JEOL 733 electron microprobe
at the Canadian Museum of Nature using Tracor North-
ern 5500 and 5600 automation in wavelength-dispersion
mode. The operating conditions were as follows: beam
diameter 20 mm, operating voltage 15 kV, and a beam
current of 20 nA. Data reduction was performed using a
PAP routine in XMAQNT (C. Davidson, CSIRO).
Overlap corrections for Si(Ka)–Sr(La), Zr(Lb)–Nb(La)
and Mn(Kb)–Nb(La) were done. A total of 24 elements
were sought, and the following standards were
employed: Na-amphibole (NaKa, SiKa), sanidine
(KKa, AlKa), diopside (CaKa, MgKa), tephroite
(MnKa), almandine (FeKa), rutile (TiKa), synthetic
MnNb2O6 (NbLa), vlasovite (ZrLa), zincite (ZnLa),
phlogopite (FKa), pollucite (CsLa), celestite (SrLa),
sanbornite (BaLa), synthetic rubicline (RbLa), synthetic
NiTa2O6 (TaMa), and hafnon (HfMa). Count times for
all elements were 25 seconds or 0.5% precision, which-
ever was obtained first, except for Cs and Rb (100 sec-
onds), and Hf (50 seconds). Also sought but not detected
were La, Ce, Yb, P, Th, Pb, Ni, V, U, W, Sc, S and Mo.
Complete electron-microprobe data can be found in
Table 2. Chemical formulae were calculated on the basis
of 31 anions, as determined during crystal-structure
analysis. The average of three compositions of type-I
niobokupletskite gives the empirical formula (K1.84

Rb0.13Cs0.01)S1.98 Na0.95(Mn5.40Zn0.73Fe0.53Na0.28
Mg0.05)S6.99 (Nb1.33Zr0.40Ti0.24Ta0.04)S2.01 (Si7.71Al0.32)
S8.03 O26(OH)4.00(O0.89F0.11)S1.00, or, ideally, K2Na
(Mn,Zn,Fe)7 (Nb,Zr,Ti)2Si8O26 (OH)4(O,F). Chemi-
cally, type-II and type-III niobokupletskite differ from
the type material only by being deficient in Zn (<0.04
atoms per formula unit, apfu, Table 2).

INFRARED ANALYSIS

The infrared spectrum of niobokupletskite was
obtained using a Bomem Michelson MB–100 Fourier
transform infrared spectrometer equipped with a mer-
cury cadmium telluride (MCT) detector. A single crys-
tal of the type material was initially dried in an oven at
50°C for 30 minutes, mounted in a diamond-anvil
microsample cell, and the spectrum collected over the
range of 4000 to 400 cm–1. The absorbance spectrum
(Fig. 2) shows broad peaks in the high-frequency range
(4000 to 1000 cm–1) attributable to O–H stretching
(3626 cm–1 and associated shoulder centered at 3396
cm–1), and a weak peak at 1647 cm–1 attributable to
H–O–H bending of absorbed or molecular H2O (Farmer
1974). The lack of recognizable H2O in the structure
refinement suggests that this contribution is likely due
to adsorbed water not driven off during the drying pro-
cess. The middle- to lower-frequency end of the spec-
trum (1000 to 400 cm–1) is characterized by symmetric
Si–O stretching (964 and 812 cm–1) and bending
(696 and 654 cm–1). Low-frequency bands at 457, 418
and 405 cm–1 can be attributed to Mn–O stretching
(Farmer 1974).

MÖSSBAUER SPECTROSCOPY

The wide range of chemical compositions and the
presence of structural vacancies preclude the possibil-
ity of using stoichiometry to calculate Fe2+/Fe3+ values
in astrophyllite-group minerals. Mössbauer spectros-
copy was therefore employed to determine the propor-
tion and distribution of Fe2+ and Fe3+ in niobokupletskite

FIG. 2. Infrared transmittance spectrum of niobokupletskite.
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and to shed light on the oxidation conditions at the time
of crystallization. Insufficient quantities of holotype
(type-I) niobokupletskite precluded the possibility of
obtaining a Mössbauer spectrum; an absorber for a
sample of fibrous type-II niobokupletskite was there-
fore prepared by crushing an ideal mass of sample
[55.1 mg, calculated using the technique of Rancourt et
al. (1993)]. Crushing was done in acetone to minimize
oxidation in the presence of atmospheric oxygen. The
powdered niobokupletskite was suspended in petroleum
jelly to ensure a random orientation of crystals within
the circular aluminum mount (aperture: 1.0 cm, thick-
ness: 0.6 cm).

The spectrum was obtained using a 57Co source in a
rhodium matrix at room temperature (21°C). The trans-
ducer was employed in constant-acceleration mode over
a Doppler velocity range of ±4.0 mm/s, with fixed dis-
tances between the absorber and source and between the
absorber and detector of 3.0 and 7.0 cm, respectively.
Spectra were calibrated with an 57Fe-enriched iron foil.
Data were collected in 1024 channels and folded to

obtain a flat background. Spectra were fitted with the
Voigt-based quadrupole-splitting distribution method of
Rancourt & Ping (1991), as implemented in the program
RECOIL (Lagarec & Rancourt 1998).

The Mössbauer spectrum of niobokupletskite is
shown in Figure 3, and the site-distribution parameters
and associated errors, in Table 3. The spectrum is char-
acterized by three main absorption peaks at approxi-
mately –0.07, 0.81 and 2.33 mm/s, corresponding to:
(1) the sum of the low-energy lines from [6]Fe2+

and [6]Fe3+ doublets, (2) the high-energy lines from
[6]Fe3+ doublets, and (3) the high-energy lines from
[6]Fe2+ doublets, respectively. All Fe is found to be
located in the sheet of octahedra (see below). The domi-
nant feature in the spectrum is a wide doublet, attribut-
able to [6]Fe2+ (modeled as having three Gaussian
components), which has an average center shift (CS) of
1.13 mm/s (with respect to a-Fe at room temperature)
and an average quadrupole-splitting distribution (QSD)
of 2.33 mm/s. The low-energy side of this doublet dis-
plays a pronounced shoulder as a result of the presence
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of a second doublet (modeled as two Gaussian compo-
nents), with an average CS of 0.38 mm/s and an aver-
age QSD of 0.81 mm/s, corresponding [6]Fe3+. There is
no evidence for [4]Fe3+. The resultant Fe3+/Fetot ratio

obtained from analysis of the spectral areas is 0.215(7),
corresponding to 0.33 apfu Fe3+, a high value compared
to those obtained for other samples of astrophyllite-
group minerals from a variety of intrusive complexes
(average Fe3+/Fetot ≈ 0.07, P. Piilonen, unpubl. data).

X-RAY CRYSTALLOGRAPHY

A chemically homogeneous grain of type-I niobo-
kupletskite (0.21 3 0.19 3 0.02 mm) was selected from
those within the electron-microprobe epoxy mount for
a single-crystal X-ray-diffraction study. X-ray powder-
diffraction data were collected with a 114.6 mm Debye–
Scherrer camera with CuKa radiation (Ni-filtered),
operating at 45 kV and 20 mA, and are presented
in Table 4. X-ray intensity data were collected using
the Siemens SMART (Siemens Molecule Analysis
Research Tool) system at the University of Ottawa; it
consists of a PLATFORM three-circle goniometer and
a 1 K (diameter: 9 cm (512 pixel) charge-coupled de-
vice (CCD) area-detector. Data were collected at room
temperature using monochromatic MoKa X-radiation

FIG. 3. Mössbauer spectrum of Type-II niobokupletskite. The solid line through the spectral
data represents the best fit. The subspectral contributions corresponding to [6]Fe2+ and
[6]Fe3+ are shown superimposed on the data. The difference between the observed and
calculated spectrum is shown on an exaggerated vertical scale at the top of the figure.
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(40 kV, 30 mA) and a fixed detector-crystal distance of
12.621 cm. A frame width (v) of 0.3° and count expo-
sure times of 30 seconds per frame were the standard
setting. A hemisphere of data was collected for 4.82 ≤
2u ≤ 57.26, with minimum and maximum indices –7 ≤
h ≤ 7, –11 ≤ k ≤ 16, and –15 ≤ l ≤15. The data were
reduced, filtered, integrated, and corrected for Lorentz,
polarization and background effects using the Siemens
program SAINT. A C-scan data set of 724 reflections
was used during absorption corrections, using the pro-
gram XPREP with the crystal modeled as an ellipsoid
using the program XPREP. The merging R decreased
from 14.14% before the absorption correction to 7.89%
after the absorption correction, giving minimum and
maximum transmission-factors of 0.343 and 0.664,
respectively. Phasing of a set of normalized structure-
factors gave a mean value |E2 – 1| of 0.985, suggesting
the centrosymmetric space-group P1̄, a feature consis-
tent with other studies of triclinic astrophyllite-
group minerals (Peng & Ma 1963, Woodrow 1967,
Christiansen et al. 1998). Information pertinent to the

data collection and crystal structure can be found in
Table 5. The structure of niobokupletskite was refined
by least-squares methods using the SHELXL–93 set of
programs (Sheldrick 1993), with starting parameters
taken from Christiansen et al. (1998) for kupletskite
from Kangerdlugssuaq, Greenland. During the initial
refinement, Mn, the dominant octahedrally coordinated
cation indicated by the analytical results, was assigned
to M(1) – M(4), whereas Nb was assigned to the D site
on the basis of the analytical data. Refinement of the
site-occupancy factors resulted in values less than unity
for M(1) and D, and values greater than unity for M(2),
M(3), and M(4). Sodium was assigned to M(1), and Ti
was assigned to D. Zinc, a heavier X-ray scatterer than
Mn and the second most abundant element in C accord-
ing to the electron-microprobe data, was assigned to
M(2), M(3) and M(4); the pattern of order of Zn over
these four sites is discussed below. The shape of the
anisotropic displacement ellipsoid of the site to which
K is assigned suggests that it is positionally disordered;
it was therefore modeled as two split sites, [9]K(1a) and
[10]K(1b), displaced 0.36 Å from each other along X.
Displacement factors for K(1a) and K(1b) were con-
strained to be equal and refined isotropically. The struc-
ture refined to R = 9.40% and wR2 = 26.11% with
isotropic displacement factors, and to R = 5.97% and
wR2 = 19.22% with anisotropic displacement factors.
An isotropic extinction correction was applied but did
not improve the results. The high final R value is attrib-
utable to slippage along the {001} cleavage, imposed
during extraction of the crystal from the epoxy mount,
and also to microfractures observed in the crystal in BSE
images (Fig. 1A). The final positional and isotropic dis-
placement parameters are given in Table 6, and selected
bond-lengths are given in Table 7. Bond-valence sums
were calculated using parameters taken from Brese &
O’Keeffe (1991) and can be found in Table 8. The
observed and calculated structure-factors are available
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from the Depository of Unpublished Data, CISTI,
National Research Council of Canada, Ottawa, Ontario
K1A 0S2, Canada.

DESCRIPTION OF THE STRUCTURE

Astrophyllite-group minerals are generally triclinic
(but also monoclinic) alkali titano-, zircono-, and

niobosilicates that occur in SiO2-oversaturated- and un-
dersaturated alkaline rocks ranging in composition from
alkali granites to peralkaline nepheline syenites. The
crystal structure of astrophyllite was first determined by
Peng & Ma (1963) and later elaborated on by Woodrow
(1967). Since then, structural studies of members of the
astrophyllite group have been performed by Chris-
tiansen et al. (1998; kupletskite) and Shi et al. (1998;
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tween the O- and H-sheets, resulting in tilting and rota-
tion of SiO4 tetrahedra and distortion or corrugation of
the O-sheet. The degree to which this misfit occurs is
directly dependent on the composition of the O-sheet
and decreases with increasing size of the O-sheet cat-
ions (Woodrow 1967, Christiansen et al. 1998, Shi et
al. 1998).

The interlayer

The interlayer of niobokupletskite contains both Na
and K in two distinct sites. Sodium is [10]-coordinated
and located between bridging apices of the NbO6 octa-
hedra. Bond lengths range from 2.64(1) to 2.715(0) Å.
Refinement of the site-occupancy factor gives 0.90, sug-
gesting the presence of vacancies or of a lighter scat-
terer (e.g., H2O, H3O+). Electron-microprobe data
indicate 1.23 apfu of Na in niobokupletskite, suggest-
ing an “excess” of Na if compared with results obtained
from the structure refinement. This excess Na has been
accounted for in the M(1) octahedral site. Substitution
of Ca for Na within the interlayer is common in more
Fe-rich astrophyllite-group minerals (e.g., Christiansen
et al. 1998), but was not detected in type-I nioboku-
pletskite. Bond lengths to the two split sites to which K
is assigned are as follows: [9]K(1a) 2.83(2) to 3.41(2) Å,
[10]K(1b) 2.84(2) to 3.57(2) Å. A high site-occupancy
factor for K(1b) (0.62) indicates the presence of a
heavier scatterer. Rubidium, determined by electron-
microprobe analysis to be 0.13 apfu, was therefore
assigned to this site.

The O sheet

The O sheet of niobokupletskite is identical to that
in kupletskite, except for additional Zn, Fe, Na and Mg.
In the largest and least distorted of the four octahedra,
M(1), the M cation is coordinated by five O2– and one
OH– [OH(5)], with a <M(1)–O> distance of 2.207 Å
[volume: 13.990 Å3, calculated in IVTON (Balić-Žunić
& Vickovic 1996); distortion (D): 1.041, calculated us-
ing the equation for quadratic elongation (Brown &
Shannon 1973)]. The M(1) site in niobokupletskite is
slightly larger than that of kupletskite (<M(1)–O>: 2.203
Å, volume: 13.858 Å3; Christiansen et al. 1998) owing
to the presence of Na. Site-scattering refinements
(SREF) of M(1) consistently yielded occupancies less
than unity, indicating the presence of a weaker scatterer
or of vacancies. Electron-microprobe data, and a low
site-occupancy factor for the site assigned to Na, indi-
cate an “excess” of Na. The occupancy of M(1) was
therefore refined with both Mn and Na, resulting in site
populations consistent with the EMPA data (SREF: 0.18
apfu, EMPA: 0.28 apfu) and a bond-valence sum of 1.95
vu. The presence of Na within the M(1) site is not an
uncommon feature in astrophyllite-group minerals. For
example, magnesium astrophyllite (Shi et al. 1998),
which is monoclinic, exhibits a dominance of Na within

monoclinic magnesium astrophyllite). All triclinic spe-
cies have the general formula A2BC7D2T8O26(OH)4(F,
O,OH), where A = [13]K, Rb, Cs, M or H3O; B = [10]Na
and Ca; C = four distinct octahedrally coordinated sites
[M(1), M(2), M(3) and M(4)], D = [6]Ti, Nb or Zr, and T
= [4]Si and Al. Following a modular approach applied to
structures of similar titanosilicates (i.e., nafertisite,
lamprophyllite), Ferraris et al. (1996) have described
astrophyllite-group minerals as heterophyllosilicates
having a HOH-structure (Fig. 4) consisting of a sheet of
close-packed octahedra (O-sheet; Fig. 5), composed of
MnO6, FeO6, NaO6 or MgO6 octahedra, sandwiched be-
tween two heterogeneous sheets (H-sheets). The H-sheet
consists of open-branched zweier single chains of
[Si4O12]8– (Liebau 1985) running parallel to X, which
are in turn cross-linked by corner-sharing DO6 octahe-
dra (D: Nb,Ti,Zr) (Fig. 6). Individual DO6 octahedra are
linked across the interlayer via a common apical anion
[O(16), special position 1a (0,0,0)]. A misfit exists be-

627 38#3-juin00-2150-07 27/07/00, 11:18634



NIOBOKUPLETSKITE FROM MONT SAINT-HILAIRE 635

a single octahedrally coordinated site equivalent of M(1)
in the triclinic species; this dominance has also been
noted in other astrophyllite-group minerals from Mont
Saint-Hilaire (P. Piilonen, unpubl. data). Substitution of
Na for Mn in octahedral coordination, although not com-
mon, also has been noted in other minerals, including
samuelsonite (Moore & Araki 1977), barytolam-
prophyllite (Rastsvetaeva & Dorfman 1995), vuon-
nemite (Ercit et al. 1998), and in alkali clinoamphiboles
from Mont Saint-Hilaire (Taylor 1999). This phenom-
enon may be attributable to high activities of Na within
the crystallizing magma.

The M(2), M(3) and M(4) sites are larger and less
distorted than those observed in kupletskite, probably
owing to the increased extent of substitution of Mn for
Fe in niobokupletskite. The M(2) and M(3) sites have a
cis configuration [M(2): OH(5) 3 2, M(3): OH(4) 3 2],
with average <M–O> distances of 2.188 and 2.175 Å
respectively, whereas M(4) is a trans site [OH(4) 3 2],
with an average <M(4)–O> distance of 2.142 Å. The
M(2) octahedra, the most distorted in the O-sheet of
astrophyllite-group minerals (D: 6.059), are unusual, as
they form continuous zigzag chains parallel to the X
axis; all other M sites share at most one common edge
with crystallographically equivalent octahedra (Fig. 5).
The combination of continuous chains of M(2) octahe-
dra and open-branched zweier single chains parallel to
X in the H-sheet has a pronounced effect on the mor-

phology of astrophyllite-group minerals: a preferential
elongation of crystals in the X direction, the develop-
ment of a secondary, moderate parting along {010}, and
the formation of acicular to tabular crystals.

Site-scattering refinements indicate departures from
ideal Mn occupancies and the presence of a stronger
X-ray scatterer in all of M(2), M(3) and M(4). Zinc, the
second most abundant octahedrally coordinated cation
recorded in the EMPA data, was refined in all three of
these sites, with the total site-occupancy constrained to
be unity. Zinc populations are as follows: M(2) 0.10,
M(3) 0.15, M(4) 0.34, resulting in a total Zn content in
agreement with that obtained by electron microprobe
(SREF: 0.84, EMPA: 0.73 apfu). Bond-valence sums
indicate these site-occupancy factors to be reasonable
[M(2): 2.01 vu, M(3): 2.02 vu, M(4): 2.16 vu]. Results
of this refinement suggest that Zn, a cation significantly
smaller than Mn ([6]Zn2+: 0.74 Å , [6]Mn2+: 0.83 Å;
Shannon 1976) preferentially orders at M(4), the small-
est of the four M sites [volumes: M(2) 13.687, M(3)
13.460, M(4) 12.902 Å3].

The H-sheet

There are four distinct tetrahedrally coordinated sites
(T) in the niobokupletskite structure. As EMPA results
reveal only minor Al3+ (average: 0.34 apfu), and
Mössbauer spectroscopy did not indicate [4]Fe3+, all four
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T sites were modeled with only Si4+ during the structure
refinement. Bond lengths within the four tetrahedral
sites range from 1.585(9) to 1.654(8) Å. In niobo-
kupletskite, T(1) and T(4) each share two basal, non-
bridging (nb) oxygen atoms with the basal plane of the
NbO6 octahedra [T(1): O(15), O(11) and T(4): O(9),
O(12)]. Shorter bond-lengths to these basal oxygen at-
oms (<T(1)–Onb> 1.590 Å, <T(4)–Onb> 1.591 Å) result
in a tilting of T(1) and T(4) 7.73° and 7.65° out of the

(001) plane, respectively, toward the NbO6 octahedra.
However, the T(2) and T(3) bridging tetrahedra, which
do not share common oxygen atoms with the NbO6 oc-
tahedra, are tilted only 7.11 and 7.05° out of the (001)
plane, respectively, and display slightly longer basal
<T–O> bond lengths than T(1) and T(4) (<T(2)–Obasal>
1.629 Å, <T(3)–Obasal> 1.635 Å).

In niobokupletskite, bond valence sums (Table 8)
indicate the presence of a divalent anion in the O(16)

c
s
in

ß

bsinß

M(2) M(4)M(3) M(1)

a

bsinß

OH(5)

OH(4)

FIG. 4. The structure of niobokupletskite showing the HOH structure and interlayer cati-
ons (K light blue, Na green). The coloring of the polyhedra are as follows: T red, D dark
blue, M(1) yellow, M(2) orange, M(4) deep pink. Note that M(3) is not observed in this
projection.

FIG. 5. The O-sheet of niobokupletskite showing the indi-
vidual M octahedra. Note the continuous zigzag chains of
M(2) octahedra (orange) parallel to the X axis (a).

a

b

FIG. 6. The H-sheet of niobokupletskite showing open-
branched zweier single chains of [Si4O12]8– parallel to the
X axis (a) (red) cross-linked by NbO6 octahedra (blue).
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position (1.86 vu), unlike Ti-dominant astrophyllite-
group minerals, for which bond-valence calculations
indicate a monovalent anion (OH or F: Christiansen
et al. 1998). The incorporation of O2– at the O(16)
position is required in order to balance the excess posi-
tive charge attributable to Nb5+ resulting from the
Nb5+ ⇔ Ti4+ substitution. The following coupled sub-
stitution is therefore suggested for the incorporation of
Nb5+ into the structure:

Ti4+ + F– or OH– ⇔ Nb5+ + O2– (1)

The same mechanism of substitution has been sug-
gested for the incorporation of Ti and F into the
wöhlerite structure (Mellini & Merlino 1979). The pres-
ence of O2– at the O(16) position results in a local
increase in symmetry along Z within the DO6 octahedra
due to the presence of a strong O(2)–Nb–O(16) bond
rather than the weaker, asymmetrical O(2)–Ti–F bond
observed in Ti-dominant astrophyllite-group minerals.
The subsequent shortening of D–O(16) and lengthen-
ing of D–O(2) are direct results of Nb being position-
ally more central within the polyhedra, rather than being
displaced along Z toward the O-layer, as is the case with
Ti-dominant polyhedra (P. Piilonen, unpubl. data). The
<O(16)–D–Obasal> bond angles are increased [85.4°,
niobokupletskite; 80.8°, kupletskite (Christiansen et al.
1998)] and <O(2)–D–Obasal> are decreased [niobo-
kupletskite: 94.6°; kupletskite: 99.2° (Christiansen et al.
1998)] as a result of this displacement. The net result of
all these modifications is the significant decrease in
distortion of the D polyhedra [D(niobokupletskite):
1.526 versus D(kupletskite): 17.840].

DISCUSSION

The proposed coupled substitution between kuplet-
skite and niobokupletskite appears to be extensive. In
samples of Mn-dominant astrophyllite-group minerals

from a variety of SiO2-undersaturated complexes, in-
cluding Mont Saint-Hilaire, Lovozero (Kola Peninsula,
Russia) and the Oslo rift (Langesundsfjord area, Nor-
way), a strong negative correlation exists between lev-
els of Nb and Ti (Fig. 7) and between Nb and F (Fig. 8).
The average Nb content of Mn-dominant astrophyllite-
group minerals from these localities ranges from 0.06
to 1.33 apfu (67% Nb-for-Ti substitution) with an aver-
age F content of 0.11 to 0.95 apfu (89% O-for-F substi-
tution; P. Piilonen, unpubl. data).

The incorporation of Zn into the niobokupletskite
structure, and into astrophyllite-group minerals in gen-
eral, may offer an indication of the sulfur fugacity, f(S2),
at the time of crystallization. Electron-microprobe
analyses indicate a bimodal distribution of Zn in
niobokupletskite (Table 1); type-I niobokupletskite con-
tains 0.73 apfu Zn, whereas type-II and type-III
niobokupletskite do not contain essential Zn (Table 2).
Type-III niobokupletskite is associated with wurtzite
and genthelvite [Zn4Be3(SiO4)3S], two of only six Zn-
bearing species to be described from Mont Saint-Hilaire
(Horváth & Gault 1990). The presence of a (Zn,S)-bear-
ing species in association with Zn-free niobokupletskite
(type III) and of Zn-bearing niobokupletskite in the ab-
sence of associated Zn–S species (type I), suggests that
Zn readily enters into the astrophyllite-group mineral
structure in conditions where the f(S2) is too low to al-
low for the crystallization of a separate Zn–S species.
The presence of wurtzite (the S-deficient hexagonal
polymorph of ZnS) rather than sphalerite is of interest
in this respect. Hydrothermal synthesis studies of the
univariant wurtzite–sphalerite boundary have shown
wurtzite to be stable at low f(S2) (< 10–10 atm), and over
a wide range of temperatures, as low as 100°C in diage-
netic environments, thus contradicting the previously
established inversion temperature of 1020°C (Scott &
Barnes 1972). At higher values of f(S2) (> 10–10 atm)
and low temperatures (<465°C), sphalerite is the domi-
nant ZnS polymorph. Sphalerite is ubiquitous at Mont

FIG. 7. Content of Ti4+ versus that of Nb5+ in the kupletskite–
niobokupletskite solid-solution series. (Linear fit, R2:
0.742).

FIG. 8. Content of Nb5+ versus that of F– in the kupletskite–
niobokupletskite solid-solution series. (Linear fit, R2:
0.893).
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Saint-Hilaire as a late-stage phase in all the microenvi-
ronments, most commonly associated with other S-bear-
ing species (i.e., pyrite, pyrrhotite; Horváth & Gault
1990). The absence of sphalerite in samples containing
niobokupletskite suggests that the f(S2) was too low to
permit the formation of sphalerite, resulting in the for-
mation of either S-deficient wurtzite or of zincian
niobokupletskite.

The controls on the distribution of high-field-
strength elements in the magma, and subsequently into
alkali titano-, zircono- and niobosilicates such as those
of the astrophyllite group, may contribute to an under-
standing of the parageneses of these minerals. For ex-
ample, in peralkaline systems, zirconium shows a high
solubility and a highly incompatible nature in the melt
until the final stages of crystallization (Bowden 1966,
Larsen 1973, Watson 1979, Dunn & McCallum 1982,
Linthout 1984, Rubin et al. 1993). The high solubility
of Zr in alkali-rich magmas can be attributed to the fact
that Zr acts as a network modifier (Linthout 1984). An
increase in the alkali content in the melt (Na + K) re-
sults in an increase in the proportion of non-bridging
oxygen atoms to which Zr will preferentially bond, in-
hibition of [7]Zr and [8]Zr, and promotion of [6]Zr, lead-
ing to the incorporation of minor Zr into silicates such
as pyroxenes and amphiboles, which have [6]-coordi-
nated sites similar to those occupied by Zr in the melt
polymers (e.g., aegirine; Piilonen et al. 1998). Decreas-
ing temperature, increased Ca, and increased f(O2) re-
sult in melt polymerization, decreased solubility of Zr,
increased bonding between ZrO6 and SiO4 groups, and
the formation of charge-balanced [6]Zr–O–(Si,Na) bonds
within the melt (Linthout 1984, Farges et al. 1994). In
all samples of niobokupletskite, the Zr:Ti ratio is greater
than one (Zr/Ti: 1.38 to 1.91), suggesting that condi-
tions were such to allow for decreased Zr solubility and
preferential incorporation of Zr rather than Ti into the
niobokupletskite structure. The high Fe3+/Fetot ratio ob-
tained by Mössbauer spectroscopy and the coupled sub-
stitution of Nb5+ and O2– in the niobokupletskite series
both suggest a highly oxidizing environment of forma-
tion of niobokupletskite. As such, it appears that Zr and
Nb may behave similarly in a peralkaline melt, unlike
Zr and Ti which behave independently and either parti-
tion into discrete Zr or Ti phases or else are strongly
ordered into separate sites in a given mineral structure
(Pyatenko & Voronkov 1978). The late-stage develop-
ment of (Ca+Si+Nb)-bearing pyrochlore-group miner-
als in fractures within both niobokupletskite and primary
kupletskite, and the presence of abundant late-stage
catapleiite in association with niobokupletskite, suggest
an increase in the (Ca+Zr+Nb) concentration during the
final stages of crystallization from a residual melt, fol-
lowed by the formation of niobo- and zirconosilicates.
Zirconium-rich niobokupletskite may represent an in-
termediate phase between early Zr-rich pyroxene and
late-stage Zr–Nb minerals (e.g., catapleiite, franconite).
The source of Nb in niobokupletskite may be attributed

to the local dissolution of primary Nb-rich kupletskite
(on which fibers of the former have nucleated) or Nb-
bearing minerals such as those of eudialyte group. More
information regarding the distribution of Nb at Mont
Saint-Hilaire is required before these hypotheses can be
tested.
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