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ABSTRACT
The composition of 135 samples of astrophyllite-group minerals from 15 localities has been established by EMPA, ICP–AES,
FTIR, TGA, thermal decomposition, NRA and Mössbauer spectroscopy. A standardized general formula has been developed and
is of the form A2BC7D2T8O26(OH)4X0–1, where [10]–[13]A = K, Rb, Cs, H3O+, H2O, Na or 䡺; [10]B = Na or Ca; [6]C = Mn, Fe2+, Fe3+,
Na, Mg, or Zn; [6]D = Ti, Nb, or Zr; [4]T = Si or Al, X =  = F, OH, O, or 䡺. Data acquired by Mössbauer spectroscopy,
thermodynamic approximations, and EMP analyses have been used to demonstrate that F orders at the (16) site and does not
occur at the two general OH sites within the O sheet. On this basis, formulas of the eight species of astrophyllite-group minerals
have been redefined. Results from Mössbauer spectroscopy indicate Fe3+/Fetot values in the range from 0.01 to 0.21, corresponding to 0.05 to 0.56 apfu Fe3+, confirming that Fe2+ is the dominant valence state for iron in the structure. Minerals from silicaoversaturated and -undersaturated alkaline intrusions are distinct in chemical composition. In oversaturated rocks, the dominant
member of the group is astrophyllite sensu stricto, which occurs as a late-stage postmagmatic phase, enriched in Rb, Fe2+, Ti, Si
and F. In contrast, undersaturated intrusions, in particular Mont Saint-Hilaire, Quebec, show the greatest diversity in species and
range in chemical composition. Kupletskite-subgroup samples are enriched in Na, Mn, Fe3+, Zn, Zr and Nb, whereas astrophyllitesubgroup samples are enriched in K, Ca, Fe2+, Ti, Zr and Al. Enrichment of kupletskite-subgroup samples in Fe3+, Mn and Nb
suggests crystallization under more oxidizing conditions than those of the astrophyllite subgroup. Incorporation of Nb into the
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structure and the formation of Nb-bearing kupletskite and niobokupletskite are the result of the substitution M(1)2+ + M(2,3)2+ +
(Zr,Ti) + F ⇔ M(1)Na + M(2,3)Fe3+ + Nb + O.
Keywords: astrophyllite-group minerals, kupletskite subgroup, astrophyllite subgroup, structural formula, crystal chemistry.

SOMMAIRE
Nous avons établi la composition de 135 échantillons de minéraux du groupe de l’astrophyllite provenant de 151 endroits au
moyen de la microsonde électronique, des analyses ICP–AES, spectrométrie infra-rouge avec transformation de Fourier, analyse
thermogravimétrique, décomposition thermique, analyse par réactions nucléaires, et spectroscopie de Mössbauer. Nous proposons
une formule générale standardisée, A2BC7D2T8O26(OH)4X0–1, dans laquelle [10]–[13]A = K, Rb, Cs, H3O+, H2O, Na ou 䡺; [10]B = Na
ou Ca; [6]C = Mn, Fe2+, Fe3+, Na, Mg, ou Zn; [6]D = Ti, Nb, ou Zr; [4]T = Si ou Al, X =  = F, OH, O, ou 䡺. Les données acquises
par spectroscopie de Mössbauer, approximations thermodynamiques, et analyses à la microsonde électronique ont servi à
démontrer que le F est ordonné au site (16) mais non aux deux sites OH au sein du feuillet d’octaèdres. Ainsi, nous redéfinissons
la formule des huit espèces de minéraux du groupe de l’astrophyllite. Les résultats obtenus par spectroscopie de Mössbauer
indiquent des valeurs Fe3+/Fetot entre 0.01 et 0.21, ou bien entre 0.05 et 0.56 atomes de Fe3+ par unité formulaire, confirmant ainsi
que le Fe2+ est prédominant dans la structure. Les minéraux provenant de complexes ignés sursaturés et sous-saturés en silice sont
distincts en composition chimique. Dans les roches sursaturées, le membre dominant du groupe est l’astrophyllite sensu stricto,
qui se présente comme phase tardive post-magmatique, enrichie en Rb, Fe2+, Ti, Si et F. En revanche, les complexes intrusifs
sous-saturés, et en particulier le Mont Saint-Hilaire, Québec, fait preuve d’une plus grande diversité dans les espèces et dans leur
variabilité en composition chimique. Les échantillons du sous-groupe de la kupletskite sont enrichis en Na, Mn, Fe3+, Zn, Zr et
Nb, tandis que les échantillons du sous-groupe de l’astrophyllite sont enrichis en K, Ca, Fe2+, Ti, Zr et Al. L’enrichissement des
minéraux du sous-groupe de la kupletskite en Fe3+, Mn et Nb découlerait d’une cristallisation sous conditions plus oxydantes que
dans le cas des minéraux du sous-groupe de l’astrophyllite. L’incorporation du Nb dans la structure et la formation de la kupletskite
niobifère ou bien de la niobokupletskite résultent de la substitution M(1)2+ + M(2,3)2+ + (Zr,Ti) + F ⇔ M(1)Na + M(2,3)Fe3+ + Nb + O.
(Traduit par la Rédaction)
Mots-clés: minéraux du groupe de l’astrophyllite, sous-groupe de la kupletskite, sous-groupe de l’astrophyllite, formule
structurale, chimie cristalline.

INTRODUCTION
Astrophyllite sensu stricto is a Fe-dominant alkali
titanosilicate first discovered in 1844 in a nepheline
syenite pegmatite on the island of Låven, part of the
Larvik complex of the Oslo Rift Valley, southeastern
Norway, and later described as a “brown mica” (Weibye
1848). Astrophyllite was later named and formally described by Scheerer (1854) and Brøgger (1890). Eight
species of astrophyllite-group minerals (AGM) are
known; the most recently discovered, niobokupletskite,
was described from Mont Saint-Hilaire (MSH; Piilonen
et al. 2000). Astrophyllite-group minerals have been
described from many alkaline intrusions, most commonly as accessory or rock-forming minerals in quartz
or nepheline syenites, alkaline granites and their associated pegmatites, but also from metamorphic rocks such
as nepheline syenite gneiss and riebeckite gneiss.
Although the existence of astrophyllite has been
known since the late 19th century, considerable debate
still exists regarding the anionic scheme, method of calculation of the general formula, and contrasts in compositional trends between over- and undersaturated
alkaline. In this paper, we present the results of an extensive study on the chemical variations observed in
astrophyllite-group minerals from a large number of
over- and undersaturated alkaline intrusions (Table 1).
Our main objectives are to (1) establish a systematic
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crystal-chemical nomenclature for the astrophyllite
group of minerals, and (2) describe the chemical variations observed, particularly with respect to Na, Mn, Fe,
Zn, Mg, Ti, Zr, Nb and F, in the various parageneses
and localities. This is the first in a series of papers dealing with the crystal chemistry and paragenesis of
astrophyllite-group minerals; details regarding crystalstructure variations, Mössbauer spectroscopy, and
paragenesis will be presented in forthcoming papers.

BACKGROUND INFORMATION
Members of the astrophyllite group have been documented from a number of alkaline intrusions including,
most importantly, Mont Saint-Hilaire (Quebec), Strange
Lake and Seal Lake (Labrador), the Khibina and
Lovozero massifs, Kola Peninsula (Russia), Ilímaussaq,
Kangerdlugssuaq, Narssarssuk and the Werner Bjerge
complex (Greenland), and Mount Rosa, Pikes Peak
(Colorado). Following Brøgger’s original description in
1890, there have been relatively few detailed crystalchemical studies of the astrophyllite group. The crystal
structure of magnesium astrophyllite was first determined by Peng & Ma (1963), and the structure of triclinic astrophyllite (sensu stricto) was later determined
by Woodrow (1967), who described it as a layered
titanosilicate with strong affinities to biotite. Until recently, most compositions reported in the literature were
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done as part of larger studies on the petrogenesis of the
alkaline complexes in which they occur.
Ganzeyev et al. (1969) were among the first researchers to specifically investigate the isomorphous
substitution of alkali cations such as Rb, Cs and Li for
K in the interlayer. Similarly, Chelishchev (1972) carried out the only known experimental work on
astrophyllite-group minerals, examining the extent of
ion exchange of K with Na, Rb and Cs in an aqueous
fluid under supercritical conditions (400 to 600°C).
Results indicate increasing Na-for-K substitution with
increasing temperature, the high temperatures (600°C)
favoring exchange of Rb and Cs for K.
Macdonald & Saunders (1973) produced the first
extensive compilation of chemical data on astrophyllitegroup minerals and attempted to correlate chemical
composition with paragenesis. Those minerals from

3

undersaturated rocks were found to be characterized by
higher Al, Ca, Mg, Mn, OH, F, K, Na and Zr compared
to those from oversaturated rocks. No attempt was made
to distinguish between Mn-dominant species and Fedominant species, which display strongly contrasting
chemical characteristics within a single petrogenetic
environment.
Layne et al. (1982) carried out electron-microprobe
analyses on astrophyllite from silica-oversaturated and
-undersaturated pegmatite dikes at Bagnæsset and
Kramers Island, Kangerdlugssuaq (East Greenland) and
were the first to document correlations among composition, habit and paragenesis. Tabular crystals of
astrophyllite from the oversaturated dike were found to
be enriched in Si, Ti, Fe, K and Na relative to prismatic,
acicular crystals of astrophyllite from the undersaturated
dike.
Abdel-Rahman (1992) studied astrophyllite from
peralkaline granites and associated metasomatized
wallrocks of the Mount Gharib intrusion (Egypt) and
concluded that astrophyllite is the product of a metasomatic reaction, forming at the expense of arfvedsonite.
Christiansen (1998) studied chemical variations in a
suite of astrophyllite-group minerals from various localities in Greenland and carried out a single-crystal Xray refinement on the structure of kupletskite from
Kangerdlugssuaq (Christiansen et al. 1998).

ANALYTICAL METHODS
Electron-microprobe analyses
A total of 659 electron-microprobe analyses (EMPA)
were done on a JEOL 733 electron microprobe, operating in wavelength-dispersion mode, using Tracor Northern 5500 and 5600 automation software. The operating
conditions were as follows: beam diameter 20 m, operating voltage 15 kV, and beam current 20 nA. Data
reduction was performed using a PAP routine in
XMAQNT (C. Davidson, CSIRO, pers. commun.). A
total of 24 elements were sought, and the following standards were employed: sodic amphibole (NaK, SiK),
sanidine (KK, AlK), diopside (CaK, MgK),
tephroite (MnK), almandine (FeK), rutile (TiK),
synthetic MnNb2O6 (NbL), vlasovite (ZrL), zincite
(ZnL), phlogopite (FK), pollucite (CsL), celestine
(SrL), sanbornite (BaL), rubicline (RbL), synthetic
NiTa2O6 (TaM), and hafnon (HfM). Count times for
all elements were 25 seconds or 0.5% precision, whichever was obtained first, except for Cs and Rb (100 s),
and Hf (50 s). Overlap corrections for Si(K)–Sr(L),
Zr(L)–Nb(L) and Mn(K)–Nb(L) were performed.
Also sought but not detected were Cl, La, Ce, Yb, P,
Th, Pb, Ni, V, U, W, Sc, S and Mo.
Many of the crystals, in particular those from Mont
Saint-Hilaire, show extensive chemical zoning, as
viewed in back-scattered electron images. An attempt
was made to establish the composition of all zones at a
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scale of >20 m. It was not possible to analyze smaller
zones owing to constraints on the beam diameter; analyses performed with a beam diameter <20 m resulted
in extensive volatilization of the sample.
The effects of electron-beam
diameter used in the analyses
During the course of the study, we obtained low analytical totals (≈ 96 to 98 wt.%) with a standard
defocused beam 20 m in diameter. We suspected that
migration of light elements (e.g., Na and Si) might be
responsible. Beam-induced heating and charging effects

are common in minerals, their synthetic analogues and
glasses, particularly in K- and Na-bearing silicates
(Nielsen & Sigurdsson 1981, Spray & Rae 1995). We
investigated the time-dependent decomposition of
astrophyllite-group minerals at a fixed diameter of the
beam.
Two separate samples were chosen for analysis on
the basis of chemical homogeneity and lack of inclusions: NOR3 and RUS1. The three elements most likely
to undergo volatilization or migration, Si, Na, and K,
were monitored at three-second intervals for a total of
105 s (Fig. 1). Volatilization of these elements during
the specified time-period and at the operating conditions

FIG. 1. Intensities of the K1 line of Si, Na and K as a function of time taken for analysis of kupletskite (closed circles) and
astrophyllite (open diamonds). Dashed lines indicate ±3 for each sample.
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specified is insignificant at the 3 level and can therefore be ruled out as a potential cause of low analytical
totals. Previous work on astrophyllite-group minerals
(T.S. Ercit, pers. commun.) using both a point-focused
(1 m) and a 20 m defocused beam over a period of
360 s indicates loss of Si, Na and K only with the pointfocused beam.
Although analytical totals for the majority of our
samples range from 95 to 98%, the resultant sums of
the cations are excellent (~19.85 to 20.00 apfu), which
suggests that the low totals are not entirely the result of
errors in the experimentally determined Na2O + K2O
contents, or that instrument calibration was inadequate.
Rather, the counts for all the elements monitored are
depressed. The cause of the low totals is therefore likely
due to a combination of factors that may or may not
include: (1) selection of standards, (2) differing conditions of carbon coating of samples and standards, (3)
micrometric scratches and abrasion of the grains during
polishing, (4) sample charging, (5) the presence of undetected constituents other than H2O, (6) the presence
of errors in the astrophyllite structure due to polysomatism, or (7) the presence of undetected structural or
adsorbed H2O, either on the surface or in the interior of
the crystals.
We conclude that the last factor is the largest contributor to the low totals; interpretation of Fourier-transform infrared (FTIR) spectra and thermal gravitational
analysis (TGA) has confirmed the presence of adsorbed
H2O in all samples (~0.2 wt.%). Analysis of such grains
by EMPA will result in analytical totals less than ideal,
but as the adsorbed H2O is not structural, calculations
of empirical formulas will still yield excellent sums of
cations.
ICP–AES analyses for Li
A suite of 15 samples from MSH were analyzed for
Li using inductively coupled plasma – atomic emission
spectroscopy (ICP–AES). Samples were ground in a
mortar and pestle, weighed (range: 6.1 to 81.0 mg depending on availability of material), and rinsed with
deionized water. Digestions were done as follows: 5 mL
of hydrofluoric acid was added to each sample, and the
mixture allowed to digest for one hour at room temperature (RT). Nitric acid (2 mL) and perchloric acid (1 mL)
were then added to the solution and allowed to further
digest for 24 hours (RT). An additional 5 mL of hydrofluoric acid, 2 mL nitric acid, and 1 mL perchloric acid
were added to the solution and left to further digest the
residue for one hour on a hot plate until all the liquid
had evaporated. The final residue was mixed with 3 mL
hydrochloric acid in a volumetric flask and filled to
25 mL with deionized water. Three standards were used
during the analysis procedure: SY–3 (syenite rock, 92
ppm Li), MRG–1 (Mount Royal gabbro, 4.2 ppm Li)
and Mica–Fe (1200 ppm Li). Lithium contents in the
samples studied range from 42.7 to 453.3 ppm.
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Fourier-transform infrared spectroscopy
Fourier-transform infrared (FTIR) spectroscopy was
done on selected samples in order to evaluate the presence of OH– and to ascertain the presence of species
such as H2O or CO32–. Samples were hand-picked under the binocular microscope and then ground under
acetone in a mortar and pestle to a coarse powder
(~20 m). All analyses were performed on a Bomem
Michelson MB–100 Fourier transform infrared spectrometer equipped with a mercury cadmium telluride
(MCT) detector at the Canadian Conservation Institute
(Ottawa, Canada). A small mass of powder was
mounted in a diamond-anvil microsample cell, and pressure was applied to crush the sample further. The diamond cell was then positioned in the microbeam
chamber of the spectrometer. A room-temperature spectrum was collected from 4000 to 400 cm–1 using the
spectrum of the empty diamond anvil cell collected with
the same parameters as a reference.
The absorbance spectra of all astrophyllite-group
minerals examined show broad peaks in the high-frequency range (4000 to 1000 cm–1) attributable to O–H
stretching (~3600 cm–1 and an associated shoulder centered at ~3300 cm–1), adsorbed H2O (~3400 cm–1), and
a weak peak at ~1650 cm–1 attributable to H-O-H bending of absorbed or molecular H2O (Farmer 1974). Some
of the spectra show a small peak at 1900 cm–1, which
may be attributed to molecular H2O. The middle- to
lower-frequency end of the spectrum (1000 to 400 cm–1)
is characterized by symmetric Si–O stretching (~1000
cm–1) and bending (~690 and 650 cm–1) bonds. The two
samples of niobokupletskite (MSH10B and MSH42)
show one asymmetric Si–O stretching band (~965 cm–1),
whereas samples that are Ti-dominant have two prominent Si–O stretching bands (~1050 and 960 cm–1). Lowfrequency bands between 400 and 450 cm–1 can be
attributed to (Mn,Fe)–O stretching (Farmer 1974).
Infrared spectra for a suite of representative samples are
shown in Figure 2.
Nuclear reaction analysis
Nuclear reaction analysis (NRA) is a technique that
has the ability to accurately determine hydrogen contents in solids with a sensitivity on the order of 10 ppm.
Nuclear reaction analysis employs MeV ion beams to
induce nuclear reactions in solid materials (Cohen et al.
1972). The most common ion beam used for hydrogen
determination is 15N, using the reaction:
15

N + 1H ⇒ 4He + -ray

(1).

A beam of 15N ions is used to bombard the sample,
placed under vacuum, and the number of characteristic
-rays produced (i.e., those that achieve resonance of
6.385 MeV) is measured. The -rays are detected by a
scintillation detector located approximately 2 cm behind
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the sample. The number of -rays produced is directly
proportional to the number of H atoms on the surface of
the sample. Conversion of raw counts to H contents (H/
cm2) is given by
H content = KY –E/–x

(2)

where Y is the -ray yield (counts/concentration of incident ions), K is an experimental constant independent
of the material being analyzed, and –E/–x is the energy
loss of the incident beam of ions (Lanford 1992). Increasing the energy of the beam allows for analysis of
the sample at depth, such that as the higher-energy beam
loses energy through surface-level collisions, resonance
can only occur at increasing depth. In this way, depth
profiling of H can be accomplished (Lanford 1992) and

care taken to avoid analyzing for surface H2O. For the
purpose of determining H contents in astrophyllitegroup minerals, an average H content was measured
assuming an average density of 3.2 g/cm3.
Results from NRA give a range of 4.4 to 7.4  1021
H/cm3, corresponding to 3.1 to 5.0 H apfu, respectively.
The range in H contents can be primarily explained by
the two anion substitutions F– ⇔ OH– and F– ⇔ O2–,
and the chemical heterogeneity that is inherent in the
samples studied.
Thermal decomposition and
thermal gravitational analyses
Five samples were studied by a combination of thermal decomposition and thermal gravitational analyses
(TGA). Thermal decomposition analysis were performed on a LECO RC–412 multiphase analyzer using
0.07 to 0.12 g of sample material. Samples were heated
in an oxygen combustion chamber to 1000°C, and the
quantity of expelled H2O was detected using an IR spectrometer and calibrated using known standards. The
range of measured H2O contents given by thermal decomposition is 3.55 to 3.99 ± 0.1 wt.% H2O, approximately 1 to 1.5 wt.% higher than calculated H2O values.
Thermal gravitational analysis of the same samples indicated that ~0.2 wt.% H2O is given off below 105°C,
whereas the majority of the H2O was lost between 120°
and 850°C. The gradual loss of H2O over a wide range
of temperatures indicates that bond strengths to the H2O
groups are quite variable, suggesting that the H2O may
be adsorbed on surfaces or weakly bonded in the
interlayer. The small component of molecular H2O (1
to 1.5 wt.%) does not seem to be important on a structural level and was not detectable during single-crystal
X-ray structure refinements.
Mössbauer spectroscopy

FIG. 2. FTIR absorbance spectra of representative astrophyllite-group of minerals.
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Calculation of Fe2+/Fe3+ in astrophyllite-group minerals is complicated by the wide range of both cation
and anion contents observed, as well as the presence of
vacancies in the structure. Until recently, Fe3+ was considered to be a minor component in these minerals, a
conclusion based primarily on wet-chemical determinations (Macdonald & Saunders 1973) and charge-balance
calculations. Mössbauer spectroscopy was used in an
effort to determine Fe2+/Fe3+, and to provide information on the coordination number of both Fe2+ and Fe3+
in the astrophyllite structure, and on variations in the
local electronic environment around the Fe cations.
Samples studied by Mössbauer spectroscopy have
Mn# [Mn/(Mn + Fetot)] values in the range from 0.10 to
0.81. Whereas there is wide variation in chemical composition among the samples, the Mössbauer spectra of
all minerals examined are remarkably similar. The spectra display two strong absorption peaks centered at
~–0.1 and 2.3 mm/s and a third, weaker shoulder at
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~0.9 mm/s. These peaks correspond, respectively, to (1)
the sum of the low-energy lines from [6]Fe2+ and [6]Fe3+
doublets, (2) the high-energy lines from [6]Fe2+ doublets,
and (3) the high-energy lines from [6]Fe3+ doublets.
Manning (1969) performed an optical spectroscopic
study of a sample of astrophyllite from St. Peter’s Dome
(Colorado) and suggested that the observed pleochroism is the result of Ti3+–Ti4+ intervalence electron transfer, rather than electron transfer between Fe2+ and Fe3+.
The lack of an absorption band at ~14,000 cm–1, corresponding to an Fe2+–Fe3+ electron transfer, suggested
that the two cations are not located in the same sheet
and, as such, Manning (1969) proposed a Fe3+ ⇔ Ti4+
substitution in D. Results from the Mössbauer spectroscopic study indicates that Fe3+ is restricted to the O
sheet (C) and does not substitute for the high-fieldstrength elements (HFSE) in D. Furthermore, [4]Fe3+
does not appear to play a role in the astrophyllite structure; the characteristic [4]Fe3+ contribution in mica spectra, occurring at ~0.4 to 0.5 mm/s (Rancourt et al. 1992,
Lalonde et al. 1996), is not observed in any of our
spectra.

OVERVIEW OF THE STRUCTURE
The structure of astrophyllite-group minerals (Figs.
3a, b) can be considered as two composite sheets stacked
along [001] in a 2:1 ratio. The first is a sheet of octahedra (O sheet) extending from z ≈ 0.40 to 0.60 in triclinic
species and from z ≈ –0.05 to 0.05 in monoclinic species (kupletskite), which consists of a closest-packed
sheet of MO6 octahedra (where M may represent Mn,
Fe2+, Fe3+, Mg or Na). There are four crystallographically distinct sites, designated M(1) through M(4). The
O sheet is sandwiched between two H sheets, extending
from z ≈ –0.15 to –0.05. The H sheets consist of openbranched zweier [100] single chains of [Si 4O 12 ] 8–
(Liebau 1985), which are in turn cross-linked by corner-sharing D6 octahedra [: unspecified anion], or
DO5 polyhedra as in magnesium astrophyllite (Shi et
al. 1998), where D represents Nb, Ti, and Zr. The resultant Si:D ratio is 4:1. Individual D6 octahedra are
linked across the interlayer space via (16). The
interlayer space contains two crystallographically distinct cation sites, A and B, which are host to [11]- to
[13]-coordinated K + Na and [10]-coordinated Na, respectively.

FIG. 3a. Crystal structure of triclinic astrophyllite-group mineral (P1̄) projected down
[100] (unit cell outlined). O sheet: yellow, D: blue, T: red, A: magenta, B: green. The
four T sites are indicated to show symmetry across the interlayer.
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NOMENCLATURE OF THE ASTROPHYLLITE GROUP
AND STANDARDIZED GENERAL FORMULA
Previous work
There has been little consensus among researchers
regarding the correct general formula to be used for
astrophyllite-group minerals. In fact, some investigators
have considered these minerals to be non-stoichiometric owing to the presence of vacancies and cation sums
regularly less than the ideal 20.00 apfu. The problem
with defining a general formula relates to a combination of slightly non-stoichiometric compositions exhibited by most samples (i.e., vacancies in the interlayer
and a variable composition at the anion site), a lack of
complete and accurate chemical data, and a lack of indepth single-crystal X-ray refinements of the structure
of members of the group. The general formula currently
accepted by most researchers is A3B7C2D8X31, with formulae typically being calculated based on 31(O + OH +
F). However, a number of ideal anion compositions have
been proposed including X = 31(O,OH,F) (Woodrow
1967, Nickel et al. 1964), 30O (Layne et al. 1982), 27O
and 4(OH,F) (Kapustin 1973), 26O and 5(OH,F)
(Macdonald & Saunders 1973, Martin 1975, AbdelRahman 1992), 24O and 7(OH,F) (Layne et al. 1982),
26O, 4(OH) and F (Christiansen et al. 1998), and 26O
and 4(OH,F) (Shi et al. 1998).
The most commonly accepted scheme used to calculate empirical formulae is 24O and 7(OH,F). This
scheme may have been used to compensate for the characteristically low analytical totals exhibited by most
astrophyllite-group minerals; specifically, calculation of
formulae on the basis of 7(OH,F) results in sums that
are ~2 wt.% higher relative to those calculated with
5(OH,F) (i.e., ~100 wt.% versus 96–98 wt.%, respectively). However, resultant cation totals are deficient by
as much as 0.50 atoms per formula unit (apfu; i.e.,
cations < 20.00 apfu).
Results of the current study:
anionic scheme and the (16) site
Previously, direct measurement of the volatile contents in these minerals, in particular H2O, have been limited to TGA (Martin 1975) and wet-chemical analyses
(Macdonald & Saunders 1973). In order to establish the
anion composition of minerals of the astrophyllite
group, selected samples were analyzed by FTIR, NRA,
TGA and thermal decomposition. In addition, bond-valence sum (BVS) calculations were done using data
obtained from single-crystal X-ray refinements of the
structure (Piilonen et al. 2003).
Single-crystal X-ray structure refinements and bondvalence calculations of 19 triclinic samples and of
kupletskite-Ma2b2c (Piilonen et al. 2003) indicate the
presence of 13 sites in general positions occupied by
divalent anions (BVS range: 1.842 to 2.140 vu), two
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sites in general positions occupied by monovalent anions [O(4) and O(5), BVS range: 0.985 to 1.177 vu],
and a mixed-valence site, (16) (BVS range: 1.105 to
1.86 vu). The corresponding anionic scheme, based
solely on results from single-crystal X-ray refinements
of the structure, is O26(OH,F,O)5.
The occupancy of the two monovalent anion sites in
the O sheet [O(4) and O(5)] and questions related to the
mixed valence (16) site have been the subject of debate
in past studies, the focus of which concerns the degree of
ordering of OH and F over these three sites. It has been
previously suggested that F orders preferentially at the
(16) site and does not substitute for OH in the O sheet
(Christiansen et al. 1998). This inference is based on the
fact that F contents in all astrophyllite-group minerals
(both from this study and in the literature) exhibit a limited range, from below the detection limit to one apfu,
suggesting a single site for F. Owing to their similarity in
scattering powers (MoK radiation), site refinement involving F– and O2– could not be performed. However,
bond-valence sums for O(4) and O(5) range from 0.985
to 1.177 vu (average: 1.089 vu), whereas for (16), they
range from 1.105 to 1.86 vu (average: 1.293 vu), suggesting monovalent anions only in O(4) and O(5) and a mixed
valence in (16). Further evidence, including Mössbauer
spectroscopy, thermodynamic estimates of Grxn for F
compounds, and results from EMPA, are presented to
resolve the issue of ordering of OH, F and O.
Mössbauer spectroscopic studies of synthetic micas
along the annite–fluorannite join have shown the F content to be negatively correlated with the average quadrupole splitting (<QS>; Fig. 4; Rancourt et al. 1996).
In these micas, the variations observed in the quadrupole splitting distributions (QSD) are due to local distortions imposed on the Fe6 octahedron, the result of
OH ⇔ F substitution, and the formation of local FeO4F2,
FeO4(OH)F and FeO4(OH)2 configurations. The negative trend between <QS> and F content is also observed
in biotite from granites (Shabani 1999; Fig. 4), although
not as well developed. Mössbauer spectroscopy was
done on a suite of astrophyllite-group minerals with F
contents ranging from 0.15 to 0.97 apfu. If substitution
involving F and OH was occurring in the O sheet [i.e.,
O(4) and O(5)], a similar trend might be expected. However, data for these minerals (Fig. 4) plot far from the
trend line defined by the OH ⇔ F substitution, suggesting that (1) F does not substitute for OH, and (2) it is not
present within the O sheet, but is located at an anion site
that does not coordinate with a Fe cation [i.e., (16)].
The Fe–F avoidance principle is a well-known phenomenon in mafic silicate minerals (Mason 1992). Iron–
fluorine avoidance results in significant controls on cation
order in minerals containing both species owing to the
greater strength of Mg–F bonds compared to Fe–F bonds.
A thermodynamic approach can be used to quantify the
preference of Mg over Fe for F (Munoz 1984):
FeF2 + Mg(OH)2 = Fe(OH)2 + MgF2
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FIG. 3b. Crystal structure of kupletskite (monoclinic, C2/c) projected down [100] (unit
cell outlined). O sheet: yellow, D: blue, T: red, K: magenta, Na: green. The four T sites
are indicated to show symmetry across the interlayer.

The resultant Grxn for this exothermic reaction is
–21.06 kcal (25°C), indicating that the reaction proceeds
to the right and that Mg–F bonds are more likely to form.
In astrophyllite-group minerals, the Mn ⇔ Fe substitution predominates, and Mg is generally not present in
significant concentrations. As such, a similar approach
should be applicable in evaluating the degree of Mn–F
avoidance. Equilibrium values of MnF2 were calculated
using additive sums of free energies for Mn2+ and F
(owing to the lack of experimentally derived values for
complexes involving Mn). The preference of Mn and
Fe for F can be calculated using:
FeF2 + Mn(OH)2 = Fe(OH)2 + MnF2

(4).

The Grxn for (4) is –4 kcal (i.e., slightly exothermic,
25°C), indicating no significant preference for Mn–F or
Fe–F bonds. Experiments involving aqueous solutions
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with both Mn and Fe indicate that the two elements
behave similarly and will generally avoid bonding with
F (Munoz & Ludington 1974, Mason 1992), hence implying not only Fe–F avoidance, but Mn–F avoidance
as well. The existence of Fe–F and Mn–F avoidance,
coupled with the lack of a strong negative correlation
between Fe–F and Mn–F, suggest that the monovalent
anion sites O(4) and O(5), both of which are ligands to
Mn and Fe cations within the O sheet, are occupied
solely by OH.
Similar thermodynamic experiments involving aqueous solutions of Ti, OH and F have been conducted
(McAuliffe & Barratt 1987, Mason 1992). Results indicate that Ti–F complexes can be readily synthesized,
whereas those of Ti–OH are difficult to produce, suggesting a Ti–OH avoidance. This can be shown qualitatively using the equation
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2FeF2 + Ti(OH)4 = 2Fe(OH)2 + TiF4

(5)

calculated using additive sums of the free energies for
Ti4+, F–, and OH–. The Grxn for Eqn. 5 is –44 kcal
(25°C), indicating a strong preference of Ti over Fe for
F. A similar situation exists for Zr. Both Zr and Ti, because of their low electronegativities, form stable complexes with F except in cases where extremely high aH+
or aCO2 exist (Crerar et al. 1985, Aja et al. 1995). Thermodynamic and solubility calculations for various temperatures show that Zr preferentially complexes with
OH over a wide range of pH conditions and temperatures, but will complex with F in F-rich and Ca-poor
hydrothermal brines (Aja et al. 1995, Salvi & WilliamsJones 1995) with mixed hydroxyfluoride complexes
[e.g., Zr(OH)2F2] as the dominant species in solution
(Salvi et al. 2000).
On the basis of data acquired by Mössbauer spectroscopy, thermodynamic approximations, and given the
restricted range of F contents observed in astrophyllitegroup minerals, we propose that F orders at the (16)
site and does not occur at the two general OH sites
within the O sheet. It must be emphasized here that the
values of free energy used in our calculations were derived from experiments at 25°C and are (at best) only

estimates for the processes that are at work in a magma
or hydrothermal fluid. The lack of equilibrium conditions in such complex environments, coupled with the
wide range of temperature, preclude the possibility of
quantitatively using thermodynamic data based on standard conditions to predict complexing in melts. Nevertheless, the use of sums of additive free energies has
been shown to give reasonable approximations for compounds for which thermodynamic data are not available
(i.e. TiF4, Krauskopf 1967), and therefore considered to
be useful in this context as long as the qualitative aspect
of the results is recognized.
The above results suggest the anionic scheme applicable to any mineral of the atrophyllite group to be
O26(OH)4(F,O,OH,䡺). For all members except magnesium astrophyllite, the anionic scheme will be of the
form O26(OH)4(F,O,OH). Calculation of bond-valence
sums for the anions in the structure of magnesium
astrophyllite (Shi et al. 1998) indicates 13 sites in general positions occupied by divalent anions [O(1) to
O(13)], and two sites in general positions occupied by
monovalent anions [O(14) and O(15)]. As F does not
play a significant role in magnesium astrophyllite (0.07
apfu F; Shi et al. 1998), the two monovalent anions are
assumed to be OH–. The main difference between the

FIG. 4. Average quadrupole splitting, <QS>, versus the fraction of F (XF) for members of
the astrophyllite-group and micas of the biotite series.
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structure of magnesium astrophyllite and that of other
members of the group is the presence of a TiO5 tetragonal pyramid, unlike the D6 octahedra present in other
species. The presence of such a coordination polyhedron results in the absence of one anion [i.e., a vacancy
at (16)] in the formula for magnesium astrophyllite
relative to that of other members of the group. As such,
the corresponding anionic scheme for magnesium
astrophyllite should be written O26(OH)4䡺, rather than
O24(OH)4(OH,F)2 [as reported by Shi et al. (1998)].
Given this situation, calculated H2O contents should
approach 3.00 wt.%, with an additional maximum F
content of 1.00 wt.%. Direct determinations of volatile
components by thermal decomposition indicate contents
between 3.55 and 4.00 wt.%, attributable mainly to
OH–, although portions of these are known to include
adsorbed, absorbed or molecular H2O weakly bound in
the interlayer. Results of thermogravimetric analyses,
which indicate (H2O + F) ≈ 4.00 wt.%, and of NRA
(3.9–5.0 apfu H) also support the anionic scheme
O26(OH)4(F,O,OH). No evidence exists in support of the
currently accepted anionic scheme, O24(OH,F)7, which
would correspond to (H2O + F) ≈ 5.00 wt.%.

RESULTS OF THE CURRENT STUDY:
CATIONIC COMPOSITION
The detailed crystal chemistry of each component
of the structure can be found below under Site Chemistry; details given here is a summary of the site populations.
The interlayer
Results from single-crystal X-ray refinements show
that A and B are crystallographically distinct: [10]–[13]A
and [10]B. Potassium is the dominant cation at A, with
variable incorporation of Cs, Rb and Sr. There is no
evidence for H3O+, as was suggested by proponents of
hydroastrophyllite (Hubei Geologic College 1974). The
B site hosts only Na and Ca. Vacancies at A are common, with cation totals often as low as 1.71 apfu (ideally 2.00 apfu). There is no evidence for the presence of
vacancies at B.
The O sheet (C)
The O sheet contains four distinct octahedral sites,
M(1) to M(4), in a 2:2:2:1 proportion ( C = 7.00 apfu).
The largest of the four octahedra, M(1), has been found
to be occupied by Mn, Fe2+ and Na; M(2), M(3) and
M(4) are occupied by Mn, Fe2+, Fe3+, Mg and Zn. There
is no evidence for [6]Al. Mössbauer spectroscopy indicates that all Fe occurs in the O sheet, with Fe3+/Fetot
ranging from 0.01 to 0.21, corresponding to 0.05 to 0.56
apfu Fe3+.
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The H sheet (D and T)
The H sheet has the ideal composition [TiSi4O12]4–,
with extensive Ti ⇔ (Nb,Zr) substitution. It consists of
open-branched zweier [100] single chains of [Si4O12]8–
(Liebau 1985), which are in turn cross-linked by corner-sharing D 6 octahedra in triclinic species and
kupletskite-Ma2b2c, and by TiO5 tetragonal pyramids
in magnesium astrophyllite (Shi et al. 1998). There are
four distinct T sites ( T = 8.00 apfu) occupied dominantly by Si, with only minor Al-for-Si substitution.
Mössbauer spectroscopy has indicated that Fe3+ is not
present at the T sites of the structure. Similarly, neither
Fe2+ nor Fe3+ are found to occur at D, which is occupied
predominantly by Ti, Zr and Nb, with minor incorporation of Hf and Ta ( D = 2.00 apfu).

FOR

PROPOSED GENERAL FORMULA
ASTROPHYLLITE-GROUP MINERALS

The general formula proposed for any astrophyllitegroup minerals, based on the results described above,
is:
A2BC7D2T8O26(OH)4X0–1

(6)

where [10]–[13]A = K, Rb, Cs, Na, H2O and 䡺; [10]B = Na
or Ca; [6]C = Mn, Fe2+, Fe3+, Na, Mg, or Zn; [5]–[6]D =
Ti, Nb, or Zr; [4]T = Si and Al; and X =  = F, OH, O or
䡺. Calculation of general formulae should be based on
a total of 31 anions with 26 O and 5(OH,F,O,䡺). For
magnesium astrophyllite, which has a vacant X site, the
formula should be based on 30 anions with O26(OH,F)4.
To account for the variability in X resulting from the Ti
+ F ⇔ Nb + O substitution, two methods of formula
calculation are proposed, depending on the Nb2O5 content in the sample in question. If Nb2O5 is less than 5.00
wt.% (~0.5 apfu Nb), the formula should be calculated
assuming 26O and 5(OH,F). If Nb2O5 is greater than
5.00 wt.%, the formula should be calculated assuming
26O, 4(OH) and one (F,O).
Considering results from single-crystal X-ray structure refinements and EMPA data, we recommend that
cations in the general formula be assigned to structural
sites according to the following scheme:
i) Sum T to 8.00 using Si, then Al;
ii) Sum D to 2.00 using Ti, Nb, Zr, Ta and Hf;
iii) Sum C to 7.00 using Mn and Fe2+, followed by
Fe3+, Mg, Zn, Ce, Y and Na;
iv) Sum B to 1.00 first with Ca, then with Na;
v) Sum A to 2.00 using excess Na from C and B,
then K, Rb, Cs, Sr and Ba.
Type specimens of zircophyllite, cesium kupletskite
and hydroastrophyllite could not be obtained for analysis and confirmation of their anionic scheme. Such species still have their formulae defined by 7(OH,F) in the
literature. Table 2 lists the original and revised general
formulae for AGM.
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SITE CHEMISTRY
Table 3 lists representative results of EMPA and
calculated formulae, based on the general formula proposed above, for 31 representative samples of astrophyllite-group minerals. Samples have been subdivided on
the basis of their geological environment into two categories: those from SiO2-undersaturated intrusions and
those from SiO2-oversaturated intrusions (OVER).
Owing to the wide range of chemical compositions that
is observed in the undersaturated category, samples have
been further divided into two separate populations on
the basis of their Mn# [i.e., Mn/(Mn + Fetot)]: (1) Fedominant (FEU) or the astrophyllite subgroup, and (2)
Mn-dominant (MNU) or the kupletskite subgroup.
Figure 5 shows the range in compositions observed in
this study. Table 4 lists the mean and range of compositions observed in the sample suite.
The interlayer sites (A and B)
All minerals studied are K-dominant at the A site(s).
Potassium contents range from 1.35 to 2.07 apfu, with
samples of the astrophyllite subgroup from undersaturated suites having the highest K contents (average: 1.76
apfu) and the samples from oversaturated intrusions
being the most depleted in K (average: 1.59 apfu). Other
cations substituting for K at A include Rb, Cs, Sr, Ba
and Na. Figure 6 shows the range of compositions observed in the interlayer for FEU, MNU and OVER
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samples. The presence of vacancies at A has been confirmed through single-crystal X-ray structure refinement, resulting in cation sums at A as low as 1.71 apfu
(i.e., 15% vacancies).
Rubidium occurs in concentrations up to 0.20 apfu,
with samples from oversaturated intrusions displaying
the highest average contents (0.11 apfu), whereas
samples from undersaturated intrusions display slightly
lower contents (0.06 and 0.08 apfu, respectively). As
shown by Ganzeyev et al. (1969), the extent of the Csfor-K substitution is more limited than that of Rb-forK. The highest Cs contents occur in samples from
undersaturated intrusions, with a maximum of 0.16
(astrophyllite subgroup) and 0.11 apfu (kupletskite subgroup). Cesium enrichments approaching those observed in astrophyllite from Dara-i-Pioz (10.08 wt.%
Cs2O, Ganzeyev et al. 1969) or in cesium kupletskite
(Efimov et al. 1971) were not observed in any of the
samples studied.
Ganzeyev et al. (1969) proposed that K and Na occur in crystallographically distinct sites and do not substitute isomorphously in the structure. This proposal is
confirmed by both single-crystal X-ray structure data
(which indicate that two crystallographically distinct
interlayer sites, A and B, host K and Na, respectively),
and by EMPA (which indicate that Na ⇔ K substitution
is limited, occurring up to a maximum of 24.5% of available A sites; 0.49 apfu Na in kupletskite from MSH).
Lithium occurs in trace concentrations in the samples
studied, with contents ranging from 43 to 453 ppm.
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However, Li contents up to 0.59 wt.% Li2O have been
noted in astrophyllite from Dara-i-Pioz, Russia
(Ganzeyev et al. 1969).
Ten-coordinated Na (B) is located in the interlayer
in a cage between bridging (16) anions. The average
Na content for all samples in this study is 0.83 apfu, and
Na is the dominant cation at B in all cases. The only
other cation observed to substitute for Na is Ca, up to a
maximum occupancy of 48%. The Ca content in samples
from undersaturated intrusions ranges from zero to 0.48
apfu, with an average of 0.14 apfu in members of the
kupletskite subgroup and 0.28 apfu in members of the
astrophyllite subgroup. Samples from oversaturated in-
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trusions show a range in Ca content from 0.01 to 0.40
apfu, the average being 0.08 apfu. The Ca content of all
samples correlates negatively with Na content, the two
being related by the coupled substitution Ca + Al ⇔ Si
+ Na.
Figure 7 shows the correlation between (K + Natot),
the dominant interlayer cations, and the substituting
cations (Rb + Cs + Sr + Ba + Ca). All points plotting
above the 1:1 line represent cases in which the sum of
cations at A and B exceeds the ideal value of 3.00 apfu.
This discrepancy is generally due to an excess of Na,
which must be subsequently allocated to the [6]-coordinated C sites, a feature discussed in the following
section.
The O sheet: C and Fe2+/Fe3+ values
The substitution of Mn for Fe2+ at C results in a complete solid-solution series (96% observed) between
astrophyllite and kupletskite (Fig. 8). This is the dominant mechanism of substitution observed in all

FIG. 5a. Diagram depicting members of the astrophyllite
group on the basis of the predominant cation at A. All samples in this study represent K-dominant species. Ast:
astrophyllite, Kpt: kupletskite.

FIG. 5b. Diagram depicting members of the astrophyllite
group on the basis of the predominant cation at C.
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FIG. 5c. Diagram depicting members of the astrophyllite
group on the basis of the predominant cation at D. Kpt:
kupletskite, Zrt: zircophyllite, Nbkpt: niobokupletskite,
Fe–Zrt: Fe-dominant analogue of zircophyllite, Nbt:
niobophyllite, Ast: astrophyllite.
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astrophyllite-group minerals, regardless of the bulk
composition of the O sheet or petrogenetic affinity. As
noted by other authors (Macdonald & Saunders 1973,
Layne et al. 1982), minerals of this group from undersaturated intrusions show the strongest enrichment in
Mn (up to 6.34 apfu; Fig. 9). However, they also show
the strongest enrichments in Fe2+ (up to 6.71 apfu), leading to an extensive range of possible compositions in
undersaturated environments alone (0.09 ≤ Mn# ≤ 1.00).
Astrophyllite-group minerals from oversaturated environments show a variable but restricted range of Mn#
(0.03 to 0.69) and tend toward Fe-enrichment; only
samples from the Gjerdingen (0.38 ≤ Mn# ≤ 0.51) and
Point of Rocks (0.65 ≤ Mn# ≤ 0.69) intrusions show
slight enrichment in the kupletskite component.
The Fe3+/Fetot values in the samples studied, as determined by Mössbauer spectroscopy, range from 0.01
to 0.21, corresponding to 0.05 to 0.56 apfu Fe3+ and
accounting for a maximum of 8% of C (Table 5). Although Fe3+ enrichment is minor relative to Fe2+ and
Mn, a difference in Fe3+/Fetot is observed between members of the kupletskite and astrophyllite subgroups. The
lowest Fe3+/Fetot values are observed in near-end-member astrophyllite (average: 0.04, range: 0.01 to 0.08)
from both over- and undersaturated rocks, whereas the
highest values occur predominantly in members of the
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kupletskite subgroup (average: 0.10, range: 0.04 to
0.21), in particular in Nb-bearing kupletskite and
niobokupletskite. The enrichment of Fe 3+ in such
samples is consistent with the “oxidizing” coupled substitution Ti + F ⇔ Nb + O proposed for incorporation of
Nb into the astrophyllite structure (Piilonen et al. 2000).
It is well documented in other rock-forming minerals
(e.g. biotites, amphiboles; Czamanske & Mihálik 1972,
Czamanske & Wones 1973) that an increase in oxygen
fugacity, f(O2), in alkaline systems results in a decreased
activity of Fe2+, increased activity of Fe3+, and a subsequent enrichment in Mn and Mg, concomitant with a
decrease in Ti, Al and F. In particular, the dominant
magmatic process controlling the distribution of Mn in
silicates is the degree of oxidation (Czamanske &
Mihálik 1972). It is therefore not surprising that in the
astrophyllite group, we observe the highest Fe3+/Fetot
values in Mn-rich samples, suggesting that crystallization proceeded under oxidizing conditions.
Assuming only typical divalent and trivalent cations
(e.g., Mn, Fe2+, Fe3+, Mg, Zn, etc.) at C generally results in low cation sums ( C ≈ 6.70 apfu). Conversely,
in all analytical results, the total Na content is greater
than the ideal sum of 1.00 apfu for the B site. Singlecrystal X-ray refinements of the structure of 20 samples
indicate the presence of [6]Na at the large M(1) site
(Piilonen et al. 2003). Such refinements have shown that
all Ca should be assigned to B, with Na added to a sum
of 1.00 apfu. All excess Na should be assigned to C, up
to the ideal sum of 7.00 apfu. The presence of [6]Na is
most likely the result of the extreme peralkalinity and
Na activity of the parental melt. Astrophyllite-group
minerals from oversaturated rocks show the highest
[6]
Na content (average: 0.26 apfu), with a range from
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FIG. 6. Boxplots, similar to histograms, are useful tools to graphically depict population distributions and associated statistics
(e.g., range, median, mean). Shown here are boxplots depicting the distribution of interlayer cations in astrophyllite-group
minerals from silica-undersaturated and silica-oversaturated intrusions. FEU: Fe-dominant, undersaturated; MNU: Mn-dominant, undersaturated; OVER: oversaturated. The central horizontal line of each box represents the median of the sample. The
length of each box represents the range within which the central 50% of the values fall (box edges and hinge: 1st and 3rd
quartile). Lower and outer fences represent lower and upper hinge ± (1.5•interquartile range). Whiskers represent lower/upper
hinge ± (3•interquartile range). Open circles are outliers.

0.07 to 0.43 apfu. Kupletskite- and astrophyllite-subgroup samples from undersaturated rocks have slightly
lower [6]Na contents (average: 0.11 and 0.09 apfu, respectively). In magnesium astrophyllite, Na is the dominant cation at a single [6]-coordinated site within the O
sheet (average: 1.10 apfu), crystallographically equivalent to M(1) in triclinic members of the group and
kupletskite-Ma2b2c.
Other cations assigned to C include Mg and Zn
(Fig. 9). Elevated Mg contents occur in samples from
undersaturated environments (up to 0.70 apfu), with the
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highest Mg content being observed in magnesium
astrophyllite from the Khibina massif, Russia (2.00 apfu
Mg), a member of the high-alkali subgroup. The presence of a high Mg content appears to require a modification of the structure from triclinic to monoclinic in
order to accommodate the smaller Mg cation, with a
concomitant occupation of a single M site by Na. This
modification is not the result of polytypic stacking (i.e.,
the structure of magnesium astrophyllite cannot be simply related to that of other members of the group by
stacking of HOH layers; Piilonen et al. 2001). Magne-
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sium astrophyllite should therefore be considered as a
completely different structure-type. As such, the structural differences between magnesium astrophyllite and
either astrophyllite- or kupletskite-subgroup members
are significant, thus inhibiting extensive solid-solution
between them.
Astrophyllite-group minerals from undersaturated
environments, in particular members of the kupletskite
subgroup, show an extensive range of Zn contents;
kupletskite from syenite pegmatites at MSH contain up
to 0.91 apfu Zn. The presence of high Zn contents supports the observation that astrophyllite-group minerals
are concentrators of Zn (Macdonald & Saunders 1973).
The positive correlation between Zn and Mn has also
been noted in amphiboles from the Strange Lake granite (Quebec; Hawthorne et al. 2001) and from the Virgin Canyon pluton (New Mexico; Hawthorne et al.
1993, 1994), suggesting a petrogenetic link between
elevated Zn contents and oxidizing, Mn-rich alkaline
environments. Furthermore, there is evidence that the
presence of elevated Zn contents in such environments
is not the result of an interaction with host sediments,
but that the Zn has a primary magmatic origin; primary
Zn minerals such as sphalerite, wurtzite and genthelvite,
as well as secondary hemimorphite and hydrozincite, are
common in intrusions such as Ilímaussaq (South
Greenland) and Mont Saint-Hilaire (Quebec). As was
discussed by Piilonen et al. (2000), the presence of elevated Zn contents in astrophyllite-group minerals, and
possibly in related silicates such as amphiboles, may

FIG. 7. (K + Natot) versus (Rb + Cs + Sr + Ba + Ca) in the
interlayer of astrophyllite-group minerals. The dashed line
represents the 1:1 substitution line for an ideal A + B sum
of three apfu. Points that plot above the line represent samples with excess Na. Circles: OVER, closed diamonds:
MNU, open diamonds: FEU.
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indicate that the prevailing sulfur fugacity, f(S2), at the
time of crystallization was too low to allow for the crystallization of a distinct Zn–S species (e.g. sphalerite,
wurtzite).
The H sheet: D site
The D site is dominated by high-field-strength elements (Fig. 10). Other elements at D include Ta (maximum 0.13 apfu) and Hf (maximum 0.04 apfu). There is
a strong positive correlation between (Zr + Nb) and Ti
(Fig. 11), yet correlations between levels of Zr and Nb
are poor. This phenomenon has also been noted in
eudialyte-group minerals (Johnsen & Gault 1997) and
is suggestive of extensive Ti ⇔ Nb and Ti ⇔ Zr substitution, but a lack of Nb ⇔ Zr substitution. Niobium can
occupy up to 75% (1.50 apfu Nb) of the D site in
kupletskite-subgroup samples, as observed in niobokupletskite from MSH, and, up to 84% (1.68 apfu Nb) of
the D site in niobophyllite from Letitia Lake (Labrador,
Canada). Niobium-bearing kupletskite and niobokupletskite samples from MSH are common hosts of
pyrochlore inclusions (up to ~40 m) in fractures and
along cleavages, the result of remobilization of Nb from
earlier Nb-bearing silicates by oxidizing, F-rich postmagmatic fluids.
Zirconium shows limited substitution for Ti and Nb
(maximum: 1.02 apfu in zircophyllite from MSH), an
explanation for which may be provided on both crystalchemical and geochemical grounds. With respect to the

FIG. 8. The content of Mn versus that of Fe2+ at the C site of
astrophyllite-group minerals (linear regression, R 2 =
0.977). The 1:1 line is indicated. Circles: OVER, closed
diamonds, MNU, open diamonds: FEU.

3/24/03, 10:37

NOMENCLATURE AND FORMULA OF ASTROPHYLLITE-GROUP MINERALS

19

FIG. 9. Boxplots depicting the distribution of O-sheet cations (apfu) in astrophyllite-group minerals from silica undersaturated
and silica-oversaturated intrusions. Paragenesis and boxplots are defined as in Figure 5.

crystal structure, limited substitution of Zr for Nb may
be due to the significant (18%) difference in ionic radii
between the cations (r[6]Ti4+: 0.61 Å, r[6]Nb5+: 0.64 Å,
r[6]Zr4+: 0.72 Å, Shannon 1976). The crystal-chemical
control on (Ti + Nb) ⇔ Zr and its effects on the O sheet
will be presented in a future paper. Limited incorporation of Zr into the structure may also be the result of
crystallization of environments depleted in Zr. It is of
interest to note that in the petrological environments in
which these minerals are found, the only commonly
associated zirconosilicate is early-formed eudialyte;
late-stage zirconosilicates characteristic of peralkaline
environments, such as catapleiite, elpidite, gaidonnayite
and lemoynite or natrolemoynite, are curiously absent,
suggesting two phases of crystallization from geochemi-
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cally distinct melts. The presence of limited Zr contents
in astrophyllite-group minerals may be the result of alteration and mobilization of Zr from earlier Zr-bearing
silicate minerals such as aegirine and amphiboles,
whereas crystallization of late-stage zirconosilicates
may require the introduction of a separate Zr-rich hydrothermal fluid.
Variations in Nb and Zr between environments are
best represented by Nb – Zr versus Ti and Nb – Zr versus Mn#. As shown in Figures 12 and 13, kupletskitesubgroup samples (with the exception of four specimens
from MSH) have strongly positive Nb – Zr values, indicating Nb > Zr. Astrophyllite-subgroup samples from
undersaturated environments show negative values of
Nb – Zr, indicating enrichment in Zr. Astrophyllite-
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group minerals from oversaturated intrusions tend to
have slightly positive Nb – Zr values, indicating slight
enrichments in Nb over Zr. Such samples also have the
lowest Zr contents (average: 0.20 apfu, range: 0.03 to
0.35 apfu). The lack of Zr in astrophyllite-group minerals from such oversaturated environments is directly
related to the alkalinity and degree of SiO2 saturation of
the melt from which they crystallized. At an alkalinity
index [AI = molar (Na + K)/Al] of 1.0 in SiO2-saturated
magmas, saturation in a Zr-bearing phase occurs early
in the crystallization sequence, promoting early crystallization of zircon and inhibiting the formation of either
Zr-rich alkali silicates. With increasing alkalinity and
increased degree of undersaturation, alkali zirconosilicates are the dominant Zr-bearing minerals to form.

Zirconium-poor astrophyllite containing inclusions of
zircon have been noted from oversaturated dikes at
Mount Rosa (Colorado) and on Kræmers Island
(Kangerdlugssuaq, East Greenland; Layne et al. 1982),
supporting this hypothesis.
The T sites
The dominant cation occupying all four unique T
sites in minerals of this group is Si. Results from
Mössbauer spectroscopy of many samples indicates the
absence of [4]Fe3+. Similarly, site-scattering refinements
of all four T sites during single-crystal X-ray refinements of the structure do not indicate significant departures from unity, implying the absence of any heavier

FIG. 10. Boxplots depicting the distribution of D cations (apfu) in astrophyllite-group minerals from silica-undersaturated and
silica-oversaturated intrusions. Paragenesis and boxplots are defined as in Figure 5.
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X-ray scatterers (e.g., Ti, Fe3+). Silicon contents range
from 7.12 to 8.08 apfu, with Al ranging from below the
detection limit to 0.73 apfu. As expected, a positive
correlation exists between Si and Al (Fig. 14). Samples
from oversaturated alkaline intrusions show the least

extent of Al-for-Si substitution (average: 0.21 apfu Al),
likely reflecting crystallization under SiO2-enriched
conditions, whereas kupletskite- and astrophyllite-subgroup samples from undersaturated environments show
the greatest Al-for-Si substitution (average: 0.25 and

FIG. 11. The content of Ti versus that of (Nb + Zr) in D of
astrophyllite-group minerals (linear regression: R2 = 0.986,
n = 659).

F IG . 12. The content of Ti versus (Nb – Zr) in D of
astrophyllite-group minerals. Circles: OVER, closed diamonds: MNU, open diamonds: FEU. In general, MNU and
OVER samples have Nb > Zr, whereas FEU samples have
Zr > Nb.

FIG. 13. Mn# versus (Nb – Zr) of astrophyllite-group minerals. Circles: OVER, closed diamonds: MNU, open diamonds: FEU. In general, MNU and OVER samples have
Nb > Zr, whereas FEU samples have Zr > Nb.

FIG. 14. The content of Si versus that of Al at the T sites in
astrophyllite-group minerals. Circles: OVER, closed diamonds: MNU, open diamonds: FEU (linear regression: R2
= 0.745).
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0.32 apfu Al, respectively). In general, Al is a minor
component in such minerals from both over- and undersaturated environments, perhaps the result of depletion
of the melt in Al due to early crystallization of Al-bearing minerals such as sodalite and feldspathoids.

SUBSTITUTIONS AND SOLID-SOLUTION SERIES
IN THE ASTROPHYLLITE-GROUP
In light of the chemical variations described above,
solid-solution series have been confirmed, either wholly
or in part, between the following pairs of astrophyllitegroup minerals.
1. astrophyllite – kupletskite (complete, Fe2+ ⇔ Mn)
2. kupletskite – niobokupletskite (complete, Ti + F
⇔ Nb + O)
3. astrophyllite – niobophyllite (partial, Ti + F ⇔
Nb + O)
4. kupletskite – zircophyllite (partial, Ti ⇔ Zr)

5. astrophyllite– Fe-dominant analogue of zircophyllite (partial, Ti ⇔ Zr).
The dominant mehanisms of substitution observed
in the samples studied are outlined in Table 6. The most
complex of the solid solutions involves species in which
Nb is incorporated into the astrophyllite-group structure.
Incorporation of a pentavalent cation at D requires a
number of considerations with respect to charge balance.
Abdel-Rahman (1992) suggested that Nb enters the
structure via the substitution Nb ⇔ Ti + 䡺, and Birkett
et al. (1996) subsequently suggested the coupled substitutions Nb + Fe3+ ⇔ 2R4+ and Nb + (Mn,Fe)2+ ⇔
3Ti4+. Problems with the proposed schemes include the
absence of charge balance, the creation of vacancies,
and the incorporation of Fe2+ and Fe3+ at D, all features
that are not supported by the EMPA data, single-crystal
X-ray refinements of the structure and Mössbauer spectroscopy.

FIG. 15. Content of Nb versus that of F in astrophyllite-group minerals. Substitution of Nb
into the structure occurs in niobokupletskite, niobophyllite and Nb-bearing kupletskite
as the result of the substitution Ti + F = Nb + O. Samples of the astrophyllite subgroup
and those from oversaturated rocks do not show significant enrichment in Nb and can
therefore be expressed by the substitution Ti + F ⇔ Zr + (F,OH). In MNU samples, Nb
= 0.50 apfu represents the limiting value at which these two mechanisms of substitution
exchange dominance in the structure. The regression line (R2 = 0.7601) demonstrates
the strong negative correlation between Nb and F only in kupletskite-subgroup samples. Circles: OVER, open diamonds: MNU, closed diamonds: FEU.
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Incorporation of Nb5+ into the structure in niobokupletskite, niobophyllite and Nb-bearing kupletskite is
best modeled by the coupled substitution Ti + F ⇔ Nb
+ O (Piilonen et al. 2000). In astrophyllite-subgroup
samples, the proportion of Zr exceeds that of Nb, and
the dominant mechanism of substitution involves Zr and
not Nb, which can thus be expressed as Ti + F ⇔ Zr +
(F,OH). When calculation of the general formula was
discussed in earlier sections, we showed that Nb = 0.50
apfu is used as a limiting value to determine the preferred method to calculate the formula of an astrophyllite-group mineral. This value seems to represent a
limiting value at which the two mechanisms of substitution above exchange dominance in the structure
(Fig. 15).
Incorporation of Nb into the astrophyllite structure
is facilitated by oxidizing conditions in the melt from
which minerals of this group crystallized. This oxidation of the melt also results in increased Fe3+ ⇔ M2+
substitution in the O sheet. To maintain charge balance,
the incorporation of Fe3+ must also be accompanied by
substitution of Na for M2+, which has been shown by
single-crystal X-ray structure refinements to occur at
M(1). The Fe3+ must therefore be incorporated either at
M(2) or M(3) in order to satisfy the bond-valence requirements of the O(2) oxygen, to which M(1), M(2),
M(3) and D are bonded. As such, a more complex
scheme of substitution has been developed for Nb-rich
samples, incorporating Fe3+ contents derived from
Mössbauer spectroscopy (Fig. 16):
M(1)2+ + M(2,3)2+ + (Zr,Ti) + F ⇔
M(1)
Na + M(2,3)Fe3+ + Nb + O

(7).
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posed general formula has been developed taking into
consideration the wide range of isomorphous substitutions possible, and under the assumption that new species will be discovered in the future. Although a
complete crystal-chemical description of any member
of the astrophyllite group requires both detailed chemical data and a single-crystal X-ray determination of its
structure, we can make a number of generalizations
about astrophyllite-group minerals:
1) The standardized general formula for all members of the astrophyllite group can be written as
A2BC7D2T8O26(OH)4X0–1, where [10]–[13]A = K, Rb, Cs,
H3O+, H2O, Na or 䡺; [10]B = Na or Ca; [6]C = Mn, Fe2+,
Fe3+, Na, Mg, or Zn; D = [6]Ti, Nb, or Zr; [4]T = Si or Al,
X =  = F, OH, O, or 䡺.
2) Calculation of the formula of members of the
group with >5.00 wt.% Nb2O5 is best based on 26O +
4(OH) + (F,O). For those with <5.00 wt.% Nb2O5, the
calculation is best based on 26O + 5(OH,F). Formula
calculation for magnesium astrophyllite is best based on
26O and 4(OH,F).
3) We have shown that F orders preferentially at
(16), the bridging anion position between D6 octahedra, and not into the two monovalent anion sites located in the O sheet [OH(4) and OH(5)].
4) The interlayer in all minerals of this group is
dominated by [13]K and [10]Na. Other elements to be incorporated in A and B include Rb, Cs, Sr, Ba, H2O and
Ca. No evidence for H3O+ exists in the suite of samples
studied. No mineral studied contains essential Li.
5) The dominant mechanism of substitution in the
O sheet is Mn ⇔ Fe2+, resulting in complete solid-solution between astrophyllite- and kupletskite-subgroup

SUMMARY
Members of the astrophyllite group display a wide
range of chemical compositions, the result of having a
complex and accommodating structure, with a variety
of sites at which substitutions may take place. The pro-

FIG. 16. Mechanism of substitution for the incorporation of
Nb5+ into the structure: M2+ + M4+ + F– ⇔ (Na,Fe3+) + Nb5+
+ O2– (linear regression, R2 = 0.870).
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species. Results from Mössbauer spectroscopy indicate
Fe3+/Fetot values in the range from 0.01 to 0.21, corresponding to 0.05 to 0.56 apfu Fe3+, confirming that Fe2+
is the dominant valence state of iron in the structure.
Both Fe2+ and Fe3+ are restricted to the O sheet. Other
cations present in the O sheet include Na (up to 0.43
apfu), Mg and Zn.
6) The D site is dominated by Ti, Zr and Nb, with
trace concentrations of Hf (up to 0.04 apfu) and Ta (up
to 0.13 apfu). Substitution of Nb for Ti appears to be
extensive (84% solid solution), resulting in both
niobokupletskite and niobophyllite. The incorporation
of Nb into the structure is the result of a coupled substitution, Ti + F ⇔ Nb + O. Substitution of Zr for Ti appears to be limited (51% solid solution), resulting in both
zircophyllite and a potentially new mineral, the Fedominant analogue of zircophyllite.
7) Aluminum is a minor component of the structure;
substitution of Al for Si in the T sites ranges from zero
to 0.47 apfu. There is no evidence of [4]Fe3+.
8) The principal substitutions in the astrophyllitegroup include K ⇔ (Cs,Rb), Si + Na ⇔ Al + Ca,
Ti = Nb, Ti ⇔ Zr, Mn ⇔ Fe2+, (Mg,Zn) ⇔ (Mn,Fe2+)
and (Mn,Fe) ⇔ Na.
9) Astrophyllite-group minerals from silica-oversaturated intrusions show enrichments in Rb, Fe2+, Ti,
Si and F. Kupletskite-subgroup samples from silicaundersaturated intrusions show enrichments in Na, Mn,
Fe3+, Zn, Zr and Nb, whereas astrophyllite-subgroup
samples from silica-undersaturated intrusions show enrichments in K, Ca, Fe2+, Ti, Zr and Al.
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