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Abstract High-temperature X-ray powder-diffraction
study of astrophyllite, K,NaFe,**Tiy(Si;0,,),0,(0OH),F,
and investigation of the samples annealed at 600 and
700°C, reveal the occurrence of a phase transformation due
to the thermal iron oxidation coupled with (1) deprotonation
according to the scheme Fe’* + OH™ — Fe** + 0%~ +14H, 1,
and (2) defluorination according to the scheme
Fe** + F~—Fe** 4+ 0?". The phase transformation occurs
at 500°C, it is irreversible and without symmetry changes.
The mineral decomposes at 775 °C. Both astrophyllite and
its high-temperature dehydroxylated (HT) modification are
triclinic, P-1. The unit-cell parameters are a=5.3752(1),
b=11.8956(3), c¢=11.65543) A, a=113.157(3),
f=94.531(2), y=103.112(2)°, V=655.47(3) A3 for
unheated astrophyllite, and a=5.3287(4), b=11.790(1),
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c=114332(9) A, a=112.530(8), [=94.539(6),
y=103.683(7)°, V=633.01(9) A® for the HT (annealed)
modification of astrophyllite. The oxidation of iron is
confirmed: (1) by the presence of an exothermic effect
at 584°C in the DTA/TG curves in an Ar—O atmosphere
and its absence in an Ar—Ar atmosphere and (2) by ex situ
Massbauer spectroscopy that showed the oxidation of Fe?*
to Fe** in the samples heated to 700°C. Deprotonation
was detected by the evolution of IR spectra in the region
3600-3000 cm™! for astrophyllite and its HT modifica-
tion. Defluorination was detected by the presence of F in
the electron microprobe analysis of unheated astrophyllite
and the absence of F in the analysis of unpolished heated
astrophyllite. The significant difference between astrophyl-
lite and its HT modification is in the reduction of the M-O
interatomic distances after heating to 500°C and the dis-
tortion indices of the MOg and D@y octahedra. Thermal
behaviour of astrophyllite in the 25-475°C temperature
range can be described as a volume thermal expansion with
maximal coefficient of thermal expansion in the direction
perpendicular to the plane of the HOH layers. In contrast,
the HT phase experiences a strong contraction in the 600-
775 °C temperature range, again in the direction perpendic-
ular to the plane of the HOH layers.

Keywords Astrophyllite - Thermal iron oxidation -
Dehydroxylation - Defluorination - Crystal structure -
Mossbauer spectra

Introduction

Astrophyllite, K,NaFe,**Ti,(Si,0,,),0,(OH),F, has been

known as a «brown mica» since 1844 (Weibye 1848),
when it was found at Laven island (Larvik complex of
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the Oslo Rift Valley, Norway) (Piilonen et al. 2003a).
The general formula of the astrophyllite-supergroup min-
erals is AzpBrC7D2(T4O12)ZIX°D2X°A4XP pnWaz Where
A=K, Cs, Ba, H,0, Li, Rb, Pb’", Na or OJ; B=Na, Ca,
Ba, H,0, O; C=Fe*", Mn, Na, Mg, Zn, Fe**, Ca, Zr, Li
(cation sites M(1-4)); D=Ti, Nb, Zr, Sn**, Fe’*, Mg, Al;
T=Si; X°,=0; X°,=0H; X”,=F, 0, OH; W,=H,0 or
O, I represents the composition of the central part of the
I block (Sokolova et al. 2017a). In general, titanosilicates
are considered as both accessory and rock-forming miner-
als in alkaline and nepheline syenites and associated peg-
matites and metasomatic rocks. Minerals of the astrophyl-
lite group are found mainly in alkaline intrusions (Piilonen
et al. 2003a). To date, the astrophyllite supergroup consists
of three mineral groups and includes 12 minerals (Sokolova
et al. 2017a): astrophyllite (Weibye 1848; Woodrow 1967,
Piilonen et al. 2003a, b), niobophyllite (Nickel et al. 1964;
Céamara et al. 2010), zircophyllite (Kapustin 1972, 1973;
Sokolova and Hawthorne 2016), tarbagataite (Stepanov
et al. 2012), nalivkinite (Agakhanov et al. 2008, 2016;
Uvarova et al. 2008), bulgakite (Agakhanov et al. 2016),
kupletskite (Semenov 1956; Piilonen et al. 2001; Piilonen
et al. 2006), niobokupletskite (Piilonen et al. 2000), kuplet-
skite-(Cs) (Yefimov et al. 1971; Bayliss 2007; Camara et al.
2010), devitoite (Kampf et al. 2010), sveinbergeite (Kho-
myakov et al. 2011), and lobanovite (former “magnesioas-
trophyllite”) (Shi et al. 1998; Sokolova and Camara 2008;
Sokolova et al. 2017b).

Astrophyllite has the space group P-1, whereas kuplet-
skite, K,NaMn,Ti,(51,0,,),0,(OH),F, has two polytypes,
triclinic (P-1) and monoclinic (C2/c) (Piilonen et al. 2001).
The crystal structure of astrophyllite consists of three struc-
tural units: (1) edge-sharing octahedral O layers (formed by
the C-group cations); (2) heteropolyhedral H layers con-
structed from zweier [T,0,,]*~ chains of TO, tetrahedra
(Liebau 1985) and D-centered octahedra (Dgg); the H and
O layers are stacked along [001] with the H:O ratio equal
to 2:1 to form HOH blocks (Woodrow 1967, Piilonen et al.
2003a, b; Camara et al. 2010; Sokolova 2012); (3) alkali
A and B cations located in the interlayer space (Fig. 1). In
the crystal structure of astrophyllite, the HOH blocks are
related by the inversion center. An important structural
aspect of astrophyllite is that each D site has octahedral
coordination and D@, octahedra from the adjacent HOH
blocks share corners to form a three-dimensional frame-
work (Fig. 1) (Sokolova 2012).

A preliminary high-temperature X-ray powder-diffrac-
tion study of astrophyllite showed the occurrence of a phase
transformation and the formation of a high-temperature
(HT) modification in the temperature range 500-775°C.
The present paper reports the results of the study of the
high-temperature behaviour of astrophyllite from the Khib-
iny complex using in situ high-temperature diffraction
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Fig.1 The crystal structure of astrophyllite: within the layer (a)
and along the layer stacking (b); the orientation of figure of thermal
expansion/contraction coefficients relative to the structure of astro-
phyllite (calculated in the range 25-275°C) (¢) and its high-tempera-
ture (HT) modification (calculated in the range 525-700°C) (d)

(25-1000°C) and differential scanning calorimetry with a
thermogravimetric analysis (25-1000°C), ex-situ single-
crystal X-ray diffraction (natural and heat-treated mate-
rial), electron microprobe analysis (natural and heat-treated
material), Mossbauer and IR spectroscopy (natural and
heat-treated material). In the course of our study, we have
observed the iron oxidation process in astrophyllite, which,
to our knowledge, has not been reported for layered titano-
silicates to date.

In general, temperature-induced iron oxidation had been
observed for several groups of minerals, including micas
[Fe-rich phlogopite (Russell and Guggenheim 1999; Chon
et al. 2006; Ventruti et al. 2008; Zema et al. 2010), illite
(Murad and Wagner 1996), biotite (Giittler et al. 1989)
and vermiculite (Veith and Jackson 1974)], clay minerals
(Brindley and Lemaitre 1987), tourmaline-supergroup min-
erals (Korovushkin et al. 1979; Ferrow et al. 1988; Bacik
et al. 2011; Filip et al. 2012), magnetite (Lepp 1957), stau-
rolite (Caucia et al. 1994) and amphibole-supergroup min-
erals (Oberti et al. 2015; Della Ventura 2015; Susta et al.
2015; and references therein). The process of thermal iron
oxidation is of interest because of the changes in the prop-
erties of oxidized material associated with the redistribu-
tion of charge in a crystal structure, e.g., changes of ion-
exchanged properties in annealed micas and clay minerals.
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In some minerals, iron oxidation couples with deprotona-
tion under natural conditions as observed for hydrotalcite-
supergroup minerals: fougerite, trebeuderite and moss-
bauerite (Mills et al. 2012; Génin et al. 2013, 2014a, b). It
should be noted that the study of iron oxidation in miner-
als is a challenging task due to the cation disordering com-
bined with thermal expansion/contraction (Oberti et al.
2015) and the possible reduction of crystallinity. X-ray
diffraction analysis provides only indirect evidence of the
deprotonation process via the reduction of interatomic
distances associated with the O sites experiencing depro-
tonation. Thus characterization of dehydroxylation usually
requires the use of both crystal-structure refinement and
vibrational and Mossbauer spectroscopy.

Materials and methods

The samples studied in this work (A25 and A25-2) origi-
nate from the Khibiny alkaline complex (Kola peninsula,
Russia), where astrophyllite occurs as a characteristic
accessory mineral in nepheline syenites. Within the com-
plex, the mineral was found at the Marchenko Peak, Mts.
Eveslogchorr, Kukisvumcorr, Niorkpakhk, Yuksporr and
Koashva. It forms reddish- and golden-brown lamellae
and stellar aggregates (Yakovenchuk et al. 2005). In order
to characterize the HT modification of astrophyllite, the
following heating strategy was used for the sample A25:
heating from room temperature to 700 °C over 30 min and
constant heating at 700 °C for 1 h 30 min followed by slow
cooling (to obtain a phase denoted as A700). This material
was used for electron microprobe, Mossbauer and IR spec-
troscopy studies. A set of A25 single-crystals was heated
to 600°C over 30 min and then kept at 600°C in air for
1 h followed by slow cooling and this material (hereafter
denoted as A600) was used for single-crystal X-ray dif-
fraction (XRD). Different regimes of heating were tested,
special conditions (T=600°C, t=1 h) were chosen based
on the crystal quality (appropriate scattering power) suffi-
cient for single-crystal X-ray diffraction experiments. The
natural A25-2 sample differs significantly from A25 by its
chemical composition (see below), since it is much richer
in Mn. The study of A25-2 was done in order to compare
data for astrophyllite samples with different Fe>* content.
The sample A25-2 was annealed in air at 700°C (further
denoted as A700-2) using the same strategy as used for
A700. The A25-2 and A700-2 samples were studied by
Mossbauer spectroscopy (annealed powder) and electron-
microprobe analysis (annealed crystals).

Selected grains of samples A25, A700 (grain size
of ~1000x500 pm), A25-2 and A700-2 (grain size of
~2000%400 um) were mounted in epoxy and polished.
In addition, we analysed unpolished A25-2 and A700-2

carbon-coated samples. The examination of unpolished
grains is important because of the possible difference in
the kinetics of the Fe reduction between annealed pow-
der (used for the HTXRD, DSC and TG measurements),
relatively large grains used for the SEM/EDS analysis
(~250-500%750-1000 pum), and smaller crystals used for
the single-crystal XRD (~140-200 um in three dimen-
sions). The chemical composition of all samples was
determined with a scanning electron microscope S3400N
equipped by AzTec analyzer Energy 350 operating in the
EDS mode at 20 kV, 1.5 nA and a 5 um spot size. The
standards used were: NaCl (Na), MgO (Mg), AL,O; (Al),
SiO, (Si), KCI (K), CaSO, (Ca), Ti (Ti), Mn (Mn), FeS,
(Fe), StF, (Sr), Zr (Zr), Nb (Nb), BaF, (Ba), BaF, (F).
Other elements were also checked including, in particular,
Ta, Sn, and Cs that can be found in astrophyllite.

The thermal behaviour of A25 was studied by in situ
high-temperature X-ray diffraction (HTXRD) in the
25-1000°C temperature range in air with a Rigaku Ultima
IV powder X-ray diffractometer (Cu Ko, , radiation,
40 kV/30 mA, Bragg-Brentano geometry, PSD D-Tex
Ultra) with Rigaku HT 1500 high-temperature attachment
in air. A thin powder sample was deposited on a Pt sample
holder (20x 12x2 mm?) from a heptane suspension. Sili-
con was used as an internal standard. The temperature step
and the heating rate were 25 °C and 4°/min, respectively,
the collection time at every temperature step was about
30 min. The reversibility of the observed phase transfor-
mation was checked by re-recording of powder patterns for
sample A25 heated above 500 °C and then cooled to room
temperature.

The unit-cell parameters were refined by the Rietveld
method using Topas 4.2 (Bruker AXS 2009), and the atom
coordinates, site scattering and isotropic-displacement
parameters were kept fixed (the data are provided in Online
Resource 1). The refinement of the unit-cell parameters was
done in the temperature ranges 25-475 and 525-775°C.
Broadening of some reflections for the patterns recorded
at 475 and 525°C indicates the coexistence of astrophyl-
lite and its HT modification with the predominance of the
former at 475 °C and the latter at 525 °C. Due to the coex-
istence of astrophyllite and its HT modification at 475, 500
and 525°C, the unit-cell parameters in this temperature
range could not be determined reliably. Neutral scatter-
ing factors were used for all atoms. The background was
modeled using a Chebychev polynomial approximation of
20th order. The peak profile was described using the fun-
damental parameters approach. Zero shift was refined at
every step and it increased by about 0.025° 26 because of
the expansion of the Pt sample holder on heating from 25
to 750°C. Refinement of preferred orientation parameters
confirmed the presence of a significant preferred orienta-
tion along the [001] direction.
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The main coefficients of the thermal-expansion tensor
were determined using a second-order approximation of
temperature dependencies for the unit-cell parameters in
the range 25-450°C for astrophyllite and 600-725°C for
its HT modification by the DTC program (Belousov and
Filatov 2007; Bubnova et al. 2013). The DTC program was
also used to determine the orientation of principal axes of
the thermal-expansion tensor with respect to the crystallo-
graphic axes. The thermal-expansion tensor was visualized
using the TEV program (Langreiter and Kahlenberg 2014).

Crystals of A25 and A600 were examined in air at room
temperature using a single crystal diffractometer Bruker
SMART APEX operated at 50 kV/40 mA, equipped with

a CCD area detector and graphite-monochromatized MoKo
radiation (MoKa, A=0.71073 A). The data were collected
and processed using the Bruker software APEX2 (Bruker-
AXS 2014), details of data collection are listed in Table 1.
The intensity data were reduced and corrected for Lor-
entz, polarization and background effects using the Bruker
software APEX2 (Bruker-AXS 2014). A semi-empirical
absorption-correction based upon the intensities of equiva-
lent reflections was applied (SADABS, Sheldrick 2008).
Differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TG) were done using a DSC/TG
Netzsch STA 449 F3 instrument in the 30-1000°C tem-
perature range at the ramp rate of 10°C min~!, gas flow

Table 1 Crystallographic data, data collection and refinement parameters for astrophyllite (A25) and its high-temperature modification (A600)

A25

A600

Ideal formula

Crystal system

Space group

Unit-cell dimensions a, b, ¢ (10\)

a By (°)

Unit-cell volume (10\3)

zZ

Calculated density (g/cm™>)
Absorption coefficient

Crystal size in three dimensions (um)

Diffractometer

Temperature (K)

Radiation, wavelength (A)

20 range (°)

h, k, [ ranges

Detector distance

Axis, frame width (°), time per frame (s)
Total reflections collected

Unique reflections (R;;,)

Unique reflections F > 40(F)

Refinement method

Weighting coefficients a, b
Data/restrains/parameters

R, [F>40(F)]

WR, [F>46(F)]

R, all, wR, all

Goodness-of-fit on F?

Largest diff. peak and hole (¢ A*)

Crystal data

K,NaFe,2*Ti,(Si,0,,),0,(OH) F

K,NaFe,**Ti,(Si,0,,),0,0,0

Triclinic Triclinic
P-1 P-1
5.3752(1) 5.3287(4)
11.8956(3) 11.790(1)
11.6554(3) 11.4332(9)
113.157(3) 112.530(8)
94.531(2) 94.539(6)
103.112(2) 103.683(7)
655.47(3) 633.01(9)
1 1

3.299 3.482
4.932 5.417

Maximum size of 200
Data collection

Maximum size of 140

Bruker APEX 11

293 K 293 K

MoKa MoKua
3.88-60.00 3.91-60.00
-7—-7,-16—>16,—-16—16 -7—7,-14—16,-15—16
40 40

w, 1,30 w, 1,100
15,460 9735

3827, 0.0396 3519, 0.0646
3424 2224

Structure refinement

Full-matrix least-squares on F>

0.05,1.3 0.04,5.9
3827/2/261 3519/0/243
0.0314 0.0678

0.0793 0.1197
0.0362, 0.0825 0.1265, 0.1438
1.027 1.043

0.73, —0.67 1.15, -1.02
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Fig. 2 The XRD patterns of astrophyllite in the temperature range
(25-1000°C, with a 25 °C temperature step) under heating in air

20 ml/min by heating the samples under Ar—Ar and Ar-O
atmospheres.

Mossbauer spectra were collected for A25, A700 and
A25-2, A700-2 at room temperature (RT) using a S’Co(Rh)
source. The spectrometers were calibrated using the
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Fig. 3 Temperature dependen-
cies of the unit-cell parameters
and d,y), spacing of astrophyllite
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the symbols). See text for details
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spectrum of a-Fe at RT. Powdered absorbers containing
~4 mg Fe/cm? were prepared by mixing the sample with
powdered sugar. The spectra were analyzed using a Voigt-
based quadrupole-splitting distribution (QSD) analysis.
To account for absorber-thickness effects, the Lorentzian
linewidth (I') of the symmetrical elemental doublet of the
QSD was allowed to vary during the spectrum fitting.

Infrared (IR) spectra of A25 and A700 were recorded
using a Bruker Vertex IR spectrometer. The experiment
was done on the same material that was used for the Moss-
bauer spectroscopy study. The measurements were done at
room temperature using the KBr pellet technique.

Results
Chemical composition

Table 2 provides the mean analytical results on the chemi-
cal composition of the astrophyllite samples averaged for
3-6 crystals. Empirical chemical formulae were calculated
on the basis of Si+ Al=28 (Table 2). The main difference in
the chemical composition of these grains concerns the oxi-
dation state of Fe as measured by the Mossbauer method
and the corresponding change in the O:OH ratio. How-
ever, the unpolished coated samples (A25-2 and A700-2,
Table 2) show a decrease in F content after heating and an
excess of alkali cations (Na and K) that result in the larger

VA

.. 646

10.60

100 300

T, °C
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total (103.02 wt%) for the heated sample than in other
analyses. The excess of alkali cations may be the result
of analyzing an irregular surface or the presence of a con-
tamination from the decomposition of grains. The study of
unpolished grains of A700-2 on dozens of spots indicated
significant decrease in the F content compared to unpol-
ished A25-2: 1.41 wt% (0.94 a.p.f.u.) and 0.17 wt% (0.13
a.p.f.u.) for A25-2 and A700-2, respectively (Table 2). The
decrease of the F content in unpolished grains indicates
substitution of F by O on heating, which was not detected
in the polished grains. This inconsistency may be explained
by the size of the grains used for SEM, which are much
larger than those used for other methods.

X-ray diffraction

X-ray powder diffraction (XRD) patterns of different sam-
ples under study are shown in Fig. 2. In the XRD pattern
obtained at 500 °C, some reflections are split with the new
reflections shifted to higher angles, indicating a phase
transformation. In the temperature range 550-775 °C, only

reflections of the high-temperature phase remain in the
patterns (Fig. 2). The transformation is irreversible, and
the mineral grains and powder become dark when heated
above 500 °C. The high-temperature modification of astro-
phyllite decomposes above 775 °C to FeTiO; and Mg,SiO,,.
The temperature dependencies of the unit-cell parameters
are shown in Fig. 3. There are two dependencies that cor-
respond to the behaviour of astrophyllite (25—450°C) and
its HT modification (550775 °C). The eigenvalues of the
thermal-expansion/contraction coefficients along the crys-
tallographic axes and the orientation of the principal axes
of the thermal-expansion tensor are given in Table 3.

The diffraction data obtained during single-crystal
X-ray experiments were indexed in a standard triclinic
unit-cell (Table 1). Crystal structures were refined with
the SHELXL program package (Sheldrick 2008). No twin-
ning was detected in the experiment. The atom coordinates,
isotropic-displacement parameters and site occupancies
are given in Table 4, anisotropic-displacement parameters
are provided in Table 5. Selected bond distances are listed
in Table 6. The significant difference between normal and

Table 3 The main characteristics of thermal expansion/contraction of astrophyllite

T,°C  ay ay a3 <apa  <apb  <ape  a, a, a, ay, ag a, ay

Astrophyllite
25 14.1 2.4 11.7 618 63.7 48.8 9.5(9) 11.2(7)  8.8(7) 4.4(5) -2.8(5) -3.209 28(1)
50 13.0 3.1 11.1  68.5 64.0 52.7 8.8(8) 10.8(6)  8.7(6) 3.8(4) -2.6(4) —2.6(8) 27(1)
75 12.0 3.7 103 782 64.5 58.9 8.0(7) 10.4(5) 8.7(6) 3.2(4) 244 =207 26(1)
100 11.1 43 9.5 889 65.7 66.0 7.3(6) 10.0(5)  8.6(5) 2.6(3) -2.23) —1.46) 25.009)
125 4.8 8.6 104  42.1 75.5 404 6.6(5) 9.6(4) 8.54) 2.03) -2.03) —0.8(5)  23.9(8)
150 5.0 7.9 9.8 293 63.9 37.5 5.8(4) 9.23) 8.5(3) 1.5(2) -1.8(2) —-0.24) 22.8(6)
175 4.7 7.7 93 168 54.3 34.3 5.1(3) 8.73) 8.4(3) 0.9(2) -1.6(2) 0.44)  21.7(5)
200 39 8.0 88 18.6 43.1 25.7 4.4(3) 8.3(2) 8312 0.29(2) -1.4(2) 1.03)  20.7(4)
225 2.8 8.1 87 233 10.7 28.0 3.6(2) 792) 8.3(2) -0.3(1) -1.2(1) 1.6(2) 19.6(4)
250 1.7 7.6 92 26.6 242 429 2.9(2) 752) 8.2(2) -0.9(1) -1.0(1) 2.2(2) 18.5(4)
275 04 9.9 72 289 66.8 46.4 2.2(3) 712) 8.1(2) -1.4(2) -0.8(2) 2.8(3) 17.5(4)
300 -0.8 105 6.7 30.6 65.4 449 1.5(3) 6.73) 8.1(3) -2.0(2) -0.6(2) 3.4(4) 16.4(5)
325 -2.0 112 62 318 64.7 44.1 0.7(4) 6.33) 8.0(3) -2.6(2) -0.4(2) 4.0(4) 15.3(6)
350 -33 119 57 328 64.3 43.7 0.0(5) 594) 7.94) -3.2(3) -0.2(3) 4.6(5) 14.3(8)
375 -45 126 52 336 64.0 434 -0.7(6)  5.4(5) 7.9(05) -3.8(3) 0.0(3) 5.2(6) 13.209)
400 -58 133 47 342 63.8 43.1 -1.5(7)  5.005) 7.8(6) —4.3(4) 0.2(4) 5.8(7) 12(1)
425 -7.1 139 42 348 63.7 43.0 -2.2(8) 4.6(6) 7.7(6) —4.9(4) 0.4(4) 6.3(8) 11(1)

HT modification of astrophyllite
600 =72 29 11.7 492 64.6 37.3 0(3) 4(2) 8(11) 3(3) -5(6) 8(5) 7(12)
625 -125 10.1 -25 624 6.4 53.7 —4(2) 10(1) —4(7) 5(2) 2(4) 3(3) =5(7)
650 -4.8 159 =285 219 11.0 36.8 =8(1) 15.1(7) -16(4) 6.7(1) 9(2) -2(2) -17(4)
675 =75 233 456 210 16.3 339 —12(1) 20.5(7)  —28(4) 8.4(1) 16(2) -6(2) -30(4)
700 -104 31.1 —-629 213 19.0 32.7 -16(2) 26(1) —41(7) 10(2) 23(4) -11(3) —42(7)

a—coeffecient of thermal expansion [a,;, @,,, @3;—eigenvalues (main values); a,, a,, a—values along crystallographic axes], <a,,a—angle
between axes a;, and a
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Table 4 The atom coordinates, isotropic displacement parameters and site occupancies for A25 (denoted as «—25») and its high-temperature
(HT) modification (A600) (denoted as «—600»)

Atom Ref. s.s. X y z Site occupancy Calc. s.s. Ueq

M(1)-25 23.69 0.84943(7) 0.20651(3) 0.48073(4) Mng o Fe**, 13Fe**; 0sNag 13710 0 23.69 0.0085(1)
M(1)-600 21.14 0.8541(2) 0.2036(1) 0.4847(1) Mng o Fe**; ,1Nag 13710 0 23.69 0.0153(4)
M(2)-25 25.06 0.28070(6) 0.06790(3) 0.48961(3) Fe?*;.9;Mg( 00 24.74 0.0084(1)
M(2)-600 23.01 0.2544(2) 0.0635(1) 0.4834(1) Fe**) 0;Mgg 00 24.74 0.0197(4)
M(3)-25 24.18 0.42319(7) 0.35309(3) 0.48682(3) Fe?*; 93Mg( 07 25.02 0.0089(1)
M(3)-600 24.28 0.4235(2) 0.3611(1) 0.4805(1) Fe*t) 93Me( 07 25.02 0.0160(4)
M(4)-25 23.51 0 Ya %) Fe*; 0o0Mgg 10 24.60 0.0083(2)
M(4)-600 24.15 0 Ya %) Fe**, 0o0Mgg 10 24.60 0.0131(5)
D-25 23.67 0.07965(7) 0.08721(3) 0.19952(3) Tig 9sNbg 0471 o1 22.94 0.0062(1)
D-600 23.01 0.0822(2) 0.0871(1) 0.1909(1) Tig 9sNbg 04Z1 ;1 22.94 0.0178(4)
T(1)-25 0.6773(1) 0.27203(6) 0.23215(6) Si 0.0080(1)
T(1)-600 0.6916(4) 0.2729(1) 0.2253(2) Si 0.0148(4)
T(2)-25 0.8147(1) 0.54602(6) 0.25328(6) Si 0.0086(1)
T(2)-600 0.8103(4) 0.5457(2) 0.2468(2) Si 0.0150(5)
T(3)-25 0.3801(1) 0.67505(6) 0.25575(6) Si 0.0085(1)
7(3)-600 0.3810(4) 0.6750(2) 0.2531(2) Si 0.0148(4)
T(4)-25 0.5066(1) 0.93210(6) 0.23617(6) Si 0.0079(1)
T(4)-600 0.4983(4) 0.9328(2) 0.2366(2) Si 0.0151(4)
A(1)-25 17.87 0.1342(2) 0.26702(9) 0.99573(8) Ko 5800012 16.72 0.0446(4)
A(2)-25 0.79 0.090(3) 0.187(1) 0.997(1) Oy .8sNag 1o 1.32 0.028(5)
A-600 18.03 0.1576(5) 0.2750(2) 0.9876(2) Ko ssNag 1o 18.04 0.0418(8)
B-25 13.92 %) 0 0 Nay 53Cay 3000, g 13.63 0.0079(3)
B-600 15.51 %) 0 0 Nay 53Cay 3000, g 13.63 0.014009)
O(1)-25 0.7257(3) 0.3188(2) 0.3852(2) o 0.0100(3)
O(1)-600 0.7296(9) 0.3221(5) 0.3830(5) o 0.017(1)
0(2)-25 0.1468(3) 0.1608(2) 0.3716(2) o 0.0112(3)
0(2)-600 0.165(1) 0.1695(5) 0.3790(5) o 0.023(1)
0(3)-25 0.1275(3) 0.3920(2) 0.5932(2) o 0.0098(3)
0(3)-600 0.133(1) 0.3959(5) 0.5964(5) o 0.017(1)
04)-25 0.2984(3) 0.4621(2) 0.4010(2) o 0.0112(3)
0(4)-600 0.292(1) 0.4707(5) 0.4111(5) O 0.019(1)
0O(5)-25 0.9900(3) 0.1163(2) 0.5916(2) 0} 0.0123(3)
0O(5)-600 0.995(1) 0.1110(5) 0.5865(5) 0} 0.022(1)
0(6)-25 0.5560(3) 0.2571(2) 0.5893(2) (6] 0.0098(3)
0(6)-600 0.553(2) 0.2597(5) 0.5890(5) (6] 0.019(1)
O(7)-25 0.5728(3) 0.0156(2) 0.3894(1) (6] 0.0098(3)
0O(7)-600 0.558(1) 0.0126(5) 0.3933(5) (6] 0.023(1)
O(8)-25 0.0749(4) 0.5897(1) 0.2007(2) (6] 0.0231(4)
0O(8)-600 0.072(1) 0.5950(6) 0.1969(5) (6] 0.031(1)
0(9)-25 0.2472(5) 0.0406(2) 0.8278(2) (6] 0.0338(6)
0(9)-600 0.258(1) 0.0245(5) 0.8236(6) O 0.030(1)
0(10)-25 0.4258(4) 0.4138(2) 0.8003(2) O 0.0226(4)
0(10)-600 0.436(1) 0.4175(5) 0.8072(5) O 0.026(1)
O(11)-25 0.1291(5) 0.8084(3) 0.8314(2) O 0.0333(6)
O(11)-600 0.096(1) 0.7968(6) 0.8328(6) (0] 0.030(1)
0(12)-25 0.2654(5) 0.9577(2) 0.1709(2) (0] 0.0334(6)
0(12)-600 0.244(1) 0.9524(5) 0.1742(6) o 0.031(1)
O(13)-25 0.2691(5) 0.6078(2) 0.8065(2) o 0.0251(5)
0O(13)-600 0.273(1) 0.6087(5) 0.8158(4) (0} 0.027(1)
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Table 4 (continued)

Atom Ref. s.s. X y z Site occupancy Calc. s.s. Ueq

0(14)-25 0.5732(25) 0.2205(2) 0.8022(2) o 0.0264(5)
0(14)-600 0.559(2) 0.2197(5) 0.8060(6) o 0.028(1)
0O(15)-25 0.3827(4) 0.1906(3) 0.1675(2) o 0.0335(6)
0O(15)-600 0.404(1) 0.1813(5) 0.1595(5) o 0.028(1)
O(17w)-25 0.72 0.18(1) 0.365(5) 1.1004(5) O0.9100.00 0.72 0.08(2)
xP,-25 8.91 0 0 0 Fy7900.21 8.79 0.0128(6)
X -600 7.83 0 0 0 O, 00 8.00 0.018(2)
H(1)-25 0.26(1) 0.422(5) 0.310(2) H 0.06(2)
H(2)-25 1.03(1) 0.154(6) 0.684(2) H 0.08(2)

heat-treated material is in the reduction of the unit-cell
parameters after transformation (Table 1), whereas sym-
metry does not change on heating (Table 1). The Crystal-
lographic Information Files are given for A25 and A600 as
Online Resources 2 and 3, respectively.

DSC and TG

An exothermic effect was detected at 584 °C during heating
in air (Fig. 4), whereas this effect was absent in an Ar—Ar
atmosphere. Taking into account the different kinetics of
the process, the temperatures determined by DSC (584 °C)
and XRD (500°C) are in good agreement. The slight cur-
vature of the TG curve is within calibration error; no mass
gain or loss was detected.

Mossbauer and IR spectroscopy

The Mossbauer spectra of astrophyllite (samples A25 and
A25-2) and its high-temperature modification (samples
A700 and A700-2) are shown in Fig. 5, and selected hyper-
fine parameters are given in Table 7. Both spectra of astro-
phyllite (A25 and A25-2) show absorption peaks due to
both Fe?* (the dominant species) and Fe** (Fig. 5a, c). The
spectra were fit to a QSD model having two/three gener-
alized sites, one for Fe>* (with two Gaussian components)
and one/two for Fe’* (one with two Gaussian components
and the other with one Gaussian component) for A25 and
A25-2, respectively. Assuming equal recoil-free fractions
for Fe?* and Fe?*, the Fe**:Fe! ratios are 0.03 and 0.24
for A25 and A25-2, respectively. The spectra of A700
and A700-2 show absorption peaks due to Fe** only, and
accordingly it was fit with two Fe** QSD sites, each with
one Gaussian component (Fig. 5b, d). It can be seen from
Fig. 5 and Table 7 that the Fe** content in the initial mate-
rial was ~97 and 76% (for A25 and A25-2, respectively),
whereas samples A700 and A700-2 contain only Fe',
indicative of complete Fe’>* — Fe** oxidation.

IR spectra of A25 and A700 are shown in Fig. 6. The
IR spectrum of the fresh material contains a broad band at
3600-3000 cm™", which is almost absent in the spectrum of
A700, showing that the sample experienced at least partial
deprotonation.

Discussion
Oxidation

The thermal behaviour of astrophyllite can be explained in
terms of iron oxidation and is described by the following
reactions:

Oxidation-dehydroxylation/deprotonation:
Fe* + OH™ —Fe’* + 0% + 12 H,1.

Oxidation-defluorination: Fe’™ + F~— Fe*t + 0%,

Oxidation via defluorination requires the presence of
O, in the ambient atmosphere, and the exothermic effect
observed at 584°C in the DSC spectrum (Fig. 4) meas-
ured in an oxygen-bearing atmosphere and absent in the
inert atmosphere confirms that oxidation via defluorination
indeed occurs when oxygen is available. Mossbauer spec-
tra provide quantitative proof of the Fe’*— Fe®* reaction
(Table 7). Almost complete dehydroxylation is shown by
the evolution of the IR spectra (Fig. 6).

Thermal expansion

The thermal expansion of astrophyllite in the 25-475°C
range can be described by a volume expansion coefficient
(ay) ranging from 28 to 11°C~! (Table 3). The theory of
thermal expansion predicts that maximal thermal expansion
should be along the direction of weakest bonding. Thus for
layered structures, we expect that the highest thermal expan-
sion () is in the direction perpendicular to the plane of the
layers, as observed for astrophyllite (Fig. 1c). The variation
in cell dimensions of astrophyllite is strongly anisotropic
with a:a;:a,=1:4.5:4.9 at 300°C (Table 3). The contraction
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Table 5 Anisotropic
displacement parameters (A%
for astrophyllite (A25) (denoted
as «—25») and its high-
temperature (HT) modification
(A600) (denoted as «—600»)

@ Springer

Atom Un Un, Us; Uss Uy U,

M(1)-25 0.0072(2) 0.0078(2) 0.0118(2) 0.0048(1) 0.0024(1) 0.0027(1)
M(1)-600 0.0120(7) 0.0124(7) 0.0243(8) 0.0087(5) 0.0059(5) 0.0060(5)
M(2)-25 0.0076(2) 0.0088(2) 0.0121(2) 0.0058(1) 0.0031(1) 0.0030(1)
M(2)-600 0.0173(7) 0.0191(7) 0.0287(8) 0.0119(6) 0.0089(5) 0.0112(5)
M(3)-25 0.0074(2) 0.0085(2) 0.0127(2) 0.0056(1) 0.0031(1) 0.0034(1)
M(3)-600 0.0126(6) 0.0156(6) 0.0247(7) 0.0106(5) 0.0068(5) 0.0079(4)
M(4)-25 0.0068(3) 0.0067(3) 0.0113(3) 0.0038(2) 0.0012(2) 0.0018(2)
M(4)-600 0.0089(8) 0.0115(8) 0.021(1) 0.0076(6) 0.0046(6) 0.0051(6)
D-25 0.0044(2) 0.0065(2) 0.0085(2) 0.0034(1) 0.0013(1) 0.0023(1)
D-600 0.0105(6) 0.0152(7) 0.0345(9) 0.0147(6) 0.0072(5) 0.0073(5)
T(1)-25 0.0088(3) 0.0068(3) 0.0089(3) 0.0039(2) 0.0015(2) 0.0023(2)
T(1)-600 0.014(1) 0.0102(9) 0.022(1) 0.0077(8) 0.0044(8) 0.0044(7)
T(2)-25 0.0087(3) 0.0072(3) 0.0105(3) 0.0042(2) 0.0013(2) 0.0022(2)
T(2)-600 0.014(1) 0.0098(9) 0.023(1) 0.0076(8) 0.0048(8) 0.0046(7)
T(3)-25 0.0088(3) 0.0077(3) 0.0104(3) 0.0050(2) 0.0018(2) 0.0026(2)
7(3)-600 0.0013(1) 0.0126(9) 0.022(1) 0.0091(8) 0.0038(8) 0.0060(7)
T(4)-25 0.0092(3) 0.0064(3) 0.0086(3) 0.0039(2) 0.0013(2) 0.0022(2)
T(4)-600 0.013(1) 0.0127(9) 0.0235(1) 0.0110(8) 0.0049(8) 0.0049(7)
A(1)-25 0.0693(7) 0.0350(5) 0.0248(4) 0.0111(3) 0.0052(4) 0.0100(4)
A-600 0.038(1) 0.045(1) 0.049(2) 0.025(1) 0.011(1) 0.011(1)
B-25 0.0146(6) 0.0058(5) 0.0019(5) 0.0008(3) 0.0000(3) 0.0020(4)
B-600 0.021(2) 0.010(1) 0.014(2) 0.005(1) 0.004(1) 0.011(11)
O(1)-25 0.0109(8) 0.0101(7) 0.0079(7) 0.0029(6) 0.0011(6) 0.0030(6)
O(1)-600 0.012(2) 0.018(3) 0.018(3) 0.040(2) 0.002(2) 0.005(2)
0(2)-25 0.0124(8) 0.0102(7) 0.0101(7) 0.0038(6) 0.0015(6) 0.0028(6)
0(2)-600 0.016(3) 0.028(3) 0.025(3) 0.008(2) 0.005(2) 0.009(2)
0(3)-25 0.0099(8) 0.0104(7) 0.0098(7) 0.0046(6) 0.0024(6) 0.0035(6)
0(3)-600 0.014(2) 0.016(2) 0.021(3) 0.008(2) 0.002(2) 0.005(2)
0(4)-25 0.0118(8) 0.0107(7) 0.0115(8) 0.0045(6) 0.0024(6) 0.0039(6)
0(4)-600 0.014(2) 0.023(3) 0.024(3) 0.011(2) 0.007(2) 0.009(2)
0(5)-25 0.0120(8) 0.0130(8) 0.0128(8) 0.0062(7) 0.0020(6) 0.0040(6)
0(5)-600 0.017(3) 0.023(3) 0.024(3) 0.007(2) 0.006(2) 0.009(2)
0(6)-25 0.0103(8) 0.0091(7) 0.0101(7) 0.0043(6) 0.0014(6) 0.0029(6)
0(6)-600 0.018(3) 0.019(3) 0.020(3) 0.008(2) 0.001(2) 0.005(2)
O(7)-25 0.0109(8) 0.0112(7) 0.0070(7) 0.0034(6) 0.0013(6) 0.0034(6)
0O(7)-600 0.011(2) 0.032(3) 0.022(3) 0.009(2) 0.006(2) 0.003(2)
0(8)-25 0.0164(9) 0.030(1) 0.0144(9) 0.0060(8) 0.0031(7) —0.0038(8)
0(8)-600 0.026(3) 0.035(3) 0.028(3) 0.013(3) 0.005(3) 0.003(3)
0(9)-25 0.025(1) 0.037(1) 0.015009) —0.0008(9) 0.0098(8) —0.017009)
0(9)-600 0.020(3) 0.032(3) 0.032(3) 0.013(3) 0.008(3) —0.004(2)
0(10)-25 0.0275(1) 0.030(1) 0.0147(9) 0.0074(8) 0.0026(8) 0.0208(9)
0(10)-600 0.027(3) 0.031(3) 0.025(3) 0.011(2) 0.004(2) 0.018(3)
0(11)-25 0.056(1) 0.048(1) 0.0172(9) 0.016(1) 0.015(1) 0.047(1)
0O(11)-600 0.034(3) 0.033(3) 0.034(3) 0.019(3) 0.013(3) 0.023(3)
0(12)-25 0.047(1) 0.036(1) 0.0162(9) —0.0007(9) —0.0080(9) 0.035(1)
0(12)-600 0.031(3) 0.025(3) 0.035(3) 0.007(3) 0.000(3) 0.018(3)
0(13)-25 0.050(1) 0.0083(8) 0.0149(9) 0.0060(7) 0.0023(9) 0.0035(8)
0(13)-600 0.041(4) 0.013(3) 0.030(3) 0.012(2) 0.004(3) 0.008(2)
0(14)-25 0.052(1) 0.0096(8) 0.0163(9) 0.0077(7) 0.0033(9) 0.0032(8)
0(14)-600 0.040(4) 0.017(3) 0.037(3) 0.015(3) 0.015(3) 0.013(3)
0O(15)-25 0.020(1) 0.048(1) 0.0156(9) 0.015(1) —0.0052(8) —0.0206(9)
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Table 5 (continued)

Atom Uy Uy, Us; Uy Uz Ui,

0O(15)-600 0.014(3) 0.028(3) 0.030(3) 0.007(3) —-0.001(2) -0.007(2)
XPD—25 0.016(1) 0.013(1) 0.009(1) 0.0039(8) 0.0020(7) 0.0034(8)
XPD-600 0.015(4) 0.023(4) 0.015(4) 0.006(3) 0.004(3) 0.006(3)

along the a axis starting at 7=300°C (Table 3) is assigned to
a shear stress, which is relatively common in low-symmetry
structures.

There is a phase transformation at ~500-550 °C marked by
sharp changes in the positions of some reflections in the pow-
der pattern (Fig. 2) and a decrease in the unit-cell parameters
(Fig. 3). In contrast to the thermal behaviour of astrophyllite,
the HT phase shows a strong contraction in the 600-775°C
range, with the volume thermal expansion coefficient (ay)
ranging from 7 to —42°C~! in the interval 600-725°C
(Table 3). There is a slight increase of the unit-cell param-
eters in the temperature range 550-600°C (Fig. 3), indicat-
ing that, in this region, the rate of thermal expansion coun-
teracts the rate of decrease of unit-cell parameters caused by
iron oxidation. The strongest contraction is perpendicular to
the plane of the HOH layers (Fig. 1d) and the variation in
unit-cell parameters of the HT modification of astrophyllite
is strongly anisotropic, with a0, =—1:1.9:=2 at 650°C
(Table 3).

Structural distortions accompanying oxidation

There are several quantitative parameters for the characteri-
zation of structural distortion: octahedron flattening angle
(V) (Donnay et al. 1964), quadratic elongation (A) (Robinson
et al. 1971) and distortion index (Baur 1974). These param-
eters and some crystal-chemical details: polyhedron volumes,
bond lengths, tetrahedron rotation angles, departures from
co-planarity of the basal O atoms, interlayer thicknesses, etc.
are commonly used for the characterization of thermal Fe?*
oxidation and simultaneous deprotonation, as was done for
micas (Russell and Guggenheim 1999; Chon et al. 2006;
Ventruti et al. 2008; Zema et al. 2010).

The following parameters are used to describe structural
changes in the M(1-4)O4 and D, octahedra, T(1-4)0, tet-
rahedra, A@,; and Bg,, polyhedra between astrophyllite and
its HT modification: polyhedron volume, distortion index and
quadratic elongation calculated with the Vesta program (Baur
1974; Momma and Izumi 2011) (Table 8). Quadratic elonga-
tion was calculated according to the formula:

n l 2
A= L) /n], 1
;[ < L ) /n] ¢
where [, is the center-to-vertex distance of a regular polyhe-
dron of the same volume, /; is the distance from the central

atom to the ith coordinating atom, and » is the coordination

number of the central atom (Robinson et al. 1971; Hazen
et al. 2000). For ideal polyhedra, quadratic elongation is 1
and increases with distortion.

Distortion index was calculated as:

_1 . |li_lav|
D_;;—lav , 2

where /; is the distance between central atom and ith coor-
dinating atom, [,,=the average bond length (Momma and
Izumi 2011).

In addition, the following parameters were calculated

(Fig. 7):

1. Octahedron thickness (%) and octahedron flattening
angle (V) for the O layer; octahedron thickness (Z,)
was calculated as a difference between the average z
coordinate of the upper and lower oxygen atoms in the
O layer multiplied by the value of the ¢ unit-cell
parameter; octahedron flattening angle (W) was calcu-
lated by the formula cos¥ = ;"7“;, dy=M-0 distance

(Table 8);

2. Despite the fact that the main structural changes occur
in the O layer, polyhedra in the H layer have to match
these changes. This implies variation in the geometry
of silicate tetrahedra and D octahedra. The Si—-O-Si
angles were chosen as a parameter for characteriza-
tion of the linkages of the T sites (Fig. 8) [the geom-
etry of the Si,O,, ribbons in the crystal structures of
astrophyllite-supergroup minerals was discussed by
Sokolova (2012)], and the D site was characterized by
the D-02 and D-X", distances due to the significant
differences in the regularity of the D4 octahedra (dis-
cussed further in the text) (Table 8);

3. The intermediate block can be characterized by several
interatomic distances and angles shown in Fig. 8 and
listed in Table 8.

Assignment of site occupancies

Site occupancies are difficult to assign in astrophyllite-
supergroup minerals as the range of scattering and size of
the constituent cations are small, and the four M octahe-
dra have intrinsically different sizes for the stereochemical
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Table 6 Selected interatomic
distances (A) for astrophyllite
(A25) and its high-temperature
(HT) modification (A600)

@ Springer

A25 A600 A25 A600

M(1)-0(6) 2.145(2)  2.151(6) D-0(2) 1.811(2) 1.952(7)

M(1)-0(2) 2.154(2)  2.153(6) D-0(9) 1.954(2) 1.924(5)

M(1)-0(5) 2.167(2)  2.082(4) D-0(12) 1.957(2) 1.933(5)

M(1)-0(3) 2.177(2)  2.206(4) D-O(11) 1.962(3) 1.926(6)

M1)-0(7) 2.195(2)  2.215(4) D-0(15) 1.964(3) 1.950(5)

M(1)-0(1) 22192)  2.303(4) D-X"p 2.100(4) 1.982(2)

M(1)-0 2.176 2.185 D—¢ 1.958 1.945

M(2)-0(5) 2.0852)  1.933(6) T(1)-0(15)  1.599(2) 1.579(4)

M(2)-0(7) 2.092(2)  2.0723(6) T(1)-0(11)  1.601(2) 1.591(6)

M(2)-0(5) 2.126(2)  1.978(6) T()-0(1)  1.625(2) 1.647(7)

M(2)-0(6) 2.183(2)  2.271(4) T(1)-0(13)  1.634(2) 1.612(6)

MQ2)-0(7) 2208(2)  2.226(4) 7(1)-0 1.615 1.607

M2)-0(2) 2244(2)  2.132(4)

M@2)-0 2.156 2.102 T(2)-0(13)  1.616(2) 1.610(5)
T(2-03)  1.617(2) 1.628(7)

M(3)-0(1) 2.106(2)  2.089(6) 7(2)-0O(8) 1.630(2) 1.617(5)

M(3)-0(4) 2.107(2)  1.979(4) T(2)-0(10)  1.637(2) 1.624(5)

M@3)-0(3) 2.115(2)  2.127(6) 7(2)-0 1.625 1.620

M(3)-0(6) 2.133(2)  2.201(4)

M@3)-0(4) 2.173(2)  2.041(4) T(3)-0(14)  1.615(2) 1.609(5)

M@3)-0(2) 2229(2)  2.147(4) T(3)-0(6) 1.631(2) 1.638(7)

M@3)-0 2.144 2.097 T(3)-0(10)  1.642(2) 1.628(5)
T(3)-O(8) 1.643(2) 1.623(5)

M@#)-0(4)x2  2.0782)  1.951(6) 7(3)-0 1.632 1.624

M@#)-O(1)x2  2.142(2)  2.093(3)

M#)-03B)x2  2.163(2)  2.133(4) T(4)-0(12)  1.599(2) 1.590(6)

M(4)-0 2.128 2.059 T(4)-0(9) 1.601(2) 1.585(5)
T(4)-0(7) 1.627(2) 1.635(7)

A(1)-O(11) 2.857(2)  2.828(4) T(4)-0(14)  1.630(2) 1.615(6)

A(1)-0(15) 2.859(2)  2.958(4) T(4)-0 1.614 1.606

A(1)-0(12) 2.861(2)  2.836(4)

A(1)-O(9) 2.870(1)  3.031(4) B-0(12) 2.5902)x2  2.660(4)x2

A(-x"p 3.115(1)  3.213(3) B-0(15) 2.5902)x2  2.416(4)x2

A(1)-0(14) 3.3783)  3.104(7) B-0(9) 2.596(2)x2  2455(5)x2

A(1)-0(14) 3.416(3)  3.441(7) B-0O(11) 2613(2)x2  2.724(4)

A(1)-0(13) 34333)  3.275(7) B-x"} 2.6876(1)x2  2.6644(2)x2

A(1)-0(13) 3.433(3)  3.485(7) B—¢ 2615 2.584

A(1)-0(8) 3.598(1)  3.356(4)

A(1)-0(10) 3.625(1)  3.352(4)

A(1)-0(10) 3.688(1)  3.507(4)

A(1)-0O(8) 3742(1)  3.771(4)

A(l)—¢ 3.298 A-@ 3.243

AQ)-x", 2.19(2)

A(2)—-0(11) 2.39(2)

A(2)-0(12) 2.39(2)

A(2)-0(9) 2.42(2)

A(2)-0(15) 2.42(2)

AQ)-0(17w)  2.03(6)

AQ)—¢ 231
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Fig. 4 DTA and TG curves of astrophyllite. The slight bending of the
TG curve is within calibration error

reasons discussed by Sokolova (2012). Inspection of site
populations in published structure refinements shows that
Mn?* tends to order at M(1) whereas Fe?* tends to order
at M(2), M(3) and M(4), as indicated by variations in the
mean bond-length as a function of bulk chemical compo-
sition; thus we assign Mn** to M(1). Na*, Fe**, Zr** are
also assigned to M(1) which is the largest octahedra among

M(1-4)Og4 and the least affected by heating (Table 8). Mg
is distributed over M(2), M(3) and M(4) according to the
refined site-scattering values (Table 4).

The interstitial alkali- and alkaline-earth-metal cations
K*, Na* and Ca®" (Table 2) need to be assigned to the
interstitial A(1), A(2) and B sites. In accord with previous
work (summarized by Sokolova et al. 2017a), Ca’* was
assigned to the B site, together with sufficient Na* to satisfy
the refined site-scattering value. K* was assigned to the
A(1) site in accord with its high coordination number and
long bond-lengths (Table 6), and the remaining Na* was
assigned to the A(2) site in accord with its smaller coordi-
nation number and shorter bond lengths. For the HT phase,
the A(1) and A(2) sites are not distinct and K* plus residual
Na* were assigned to a single A-site (Table 4).

Changes in site occupancies on heating

The crystal-structure refinement shows shortening of the
interatomic distances in three of the four symmetrically
independent octahedra within the O layer (Table 6). Con-
versely, for the M(1) octahedra, the (M(1)-O)bond length

a C
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Fig. 5 Mossbauer spectrum of A25-2 (a), its high-temperature (HT) modification A700-2 (b), A25 (c) and its high-temperature modification

A700 (d)
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Table 7 Mossbauer parameters

for astrophyllite (A25 and O (mm/s) o, Component A (mm/s) o, (mm/s) Rel. Area (%)
A25-2) and its high-temperature A25
rzr;"diﬁcation (A700 and A700- F*  1.158 0.020 Component 1 2.380 0.362 97
Component 2 2.380 0.349
Fe** 0.423 0 Component 1 0.692 0.377 3
A700
Fe** 0.400 0 Component 1 0.961 0.470 67
Fe** 0.371 0 Component 1 1.633 0.460 33
A25-2
Fe** 1.083(49) 0.028(19) Component 1 2.07(28) 0.19(14) 76(1)
Component 2 2.447(68) 0.144(45)
Fe** 0.411(32) —0.050(86) Component 1 0.382(49) 0.12(12) 21(1)
Component 2 0.9(11) 0.61(68)
Fe** 0.601(34) 0 Component 1 1.698(79) 0.0(27) 3(1)
A700-2
Fe** 0.3060(45) 0 Component 1 0.712(13) 0.370(35) 25(7)
Fe’* 0.368(14) 0 Component 1 1.51(20) 0.63(14) 75(7)

increases only slightly (Table 6) and volume of the M(1)
octahedron remains almost unchanged (Table 8). Refined
and calculated site-scattering factors are given in Table 4;
the differences between these values for the M(1-4) sites in
A25 and A700 are <2.5 e, indicating slight differences in
the Fe:Mn:Mg:Na ratio confirmed by the chemical analysis
of different crystals. The M(2), M(3) and M(4) octahedra
show a reduction in their volumes (Table 8) and reduction
of the <M-O> bond lengths, with the shortening increas-
ing from M(2) to M(4) (Table 6). The strongest decrease is
for the M—O(4) and M—O(5) bonds (Table 6), in agreement

A25

A700

3800 3300 2800 2300 1800 1300 800 300

Wavenumber, cni’

Fig. 6 IR spectra of astrophyllite (A25) and its high-temperature
(HT) modification (A700)

@ Springer

with the assignment of the O(4) and O(5) atoms to hydroxyl
ions.

Table 9 provides a bond-valence analysis (Brown 2009)
for the O(4) and O(5) atoms, taking M(1-4) as Fe’* for
astrophyllite and as Fe** for its HT modification (A600).
These data show the increase of incident bond valence
sums for the O(4) and O(5) sites from ~1 v.u. (v.u.=valence
units) (A25) to ~1.6 v.u. (A700) accompanying oxidation-
deprotonation. The change in the incident bond-valence
sum from 1.06 to 1.64 v.u. at the X” p site (Table 9) is in
agreement with the replacement of F~ by O?~ during the
oxidation-defluorination process.

Changes in geometry on heating

The M(1)-O bonds elongate (2.176 —2.185 A), while the
octahedron flattening angle changes from 55.90° (astrophyl-
lite) to 57.50° (HT modification), resulting in the reduction
of octahedron thickness (7,) from 2.44 to 2.35 A, and the
same effect is observed for the M(2—4) octahedra (Table 8).
Therefore, the main contribution to the contraction of the ¢
parameter and the interplanar dy,; spacing during the phase
transformation (Fig. 3) is the flattening of the O layer.
Another significant structural difference between
astrophyllite and its HT modification is in the geometry
of the D octahedron (Fig. 7h, i). In our sample, the D
site is occupied mainly by Ti (Table 4). Usually, the Dgg
octahedra are distorted owing to the electronic second-
order Jahn—Teller effect (Kunz and Brown 1994) with the
shift of the Ti** cation from the center of an octahedron
and the formation of a short titanyl Ti—¢ bond and the
opposite long Ti—¢ bond. This is the situation observed
in unheated astrophyllite (A25), where the respective
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Fig. 7 Atomistic model of
the astrophyllite structure (a),
M-0O interatomic distances,
M(1)-O(2)-D angles and the
half octahedron thickness (l
hy) for astrophyllite (b, d, f)
and its high-temperature (HT)
modification (c, e, g); bond
lengths in the Dgg octahedra
of astrophyllite (h) and its HT
modification (i)

O-M1 O-M2 @-M3 O- M4
@-T @-D e-0 0-X, @-A O-B

astrophyllite

HT modification

bond lengths (D-O(2) and D-X") are 1.811 and 2.100 A
(Tables 6, 8; Fig. 7). In the crystal structure of the HT
modification, D octahedron is nearly regular with almost
identical D—¢ distances: the D—O(2) and D-X* p bond
lengths are 1.952 and 1.982 A, respectively (Tables 6,
8; Fig. 7i). This is reflected in the significant decrease of
the distortion indices of the D@ octahedra (Table 8). The
refined site-scattering factor for the X", site decreases
from 8.91 (A25) to 7.83 ¢ (A700) after heating. It is
apparent that O®~ substitutes for F~ on heating, promot-
ing Fe?* oxidation. This mechanism is in accord with the
results of the chemical analysis on the unpolished A25-2
and A700-2 samples, which indicates a dramatic reduc-
tion in the F content after annealing.

Sample A25 has ~5 Fe?* a.p.f.u. (Table 2) in accord with
its Mossbauer spectrum (Fig. 5c), which shows negligible
amount of Fe’* in this sample. However, deprotonation of
the (OH), anionic component can compensate only for the
oxidation of 4 a.p.fu of Fe?*. The additional oxidation is
charge-compensated by the F— O substitution at the X’}
site. The process of F— O replacement is controlled by the
grain size and the consequences of this effect were detected
by Maossbauer spectroscopy on annealed powder sample,
by single crystal X-ray diffraction (change in site-scattering

@ Springer

bond lengths
bond angles

power) and by the electron-microprobe analyses on the
unpolished grains.

The previous and our structure refinements show that
the A site is commonly split into the A(1) and A(2) sites
(Table 4) located at the distance <1.0 A one from another
(Piilonen et al. 2003a; Camara et al. 2010). In our model,
the distance is 0.934 A. The A(2) site is six-coordinated,
similar to its coordination in the crystal structures of
nafertisite (Camara et al. 2014), bulgakite and nalivkinite
(Agakhanov et al. 2016) and in agreement with the nomen-
clature of astrophyllite-supergroup minerals reported by
Sokolova et al. (2017a). In contrast, no splitting of the A
site was observed for the HT modification, indicating
that rearrangement of the interlayer cations takes place.
The data provided in Table 6 show the shortening of the
mean A—¢ (3.298—3.243 A) and B—¢ (2.615—2.584 A)
bond lengths. It is important that the data given in Table 8
indicate the contraction of polyhedron volumes for both
A@; and B, polyhedra and an increase in their distor-
tion indices. The rearrangement of interlayer cations in the
HT modification can be governed by the redistribution of
the charge in the octahedral (O) layer and the decreasing
repulsion between H* and K* (A site) after deprotonation
as reported for phlogopite (Russell and Guggenheim 1999;
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Fig. 8 The zweier [T,0,,]%" chains (a, b) and the A@,5, Bo,, poly-
hedra (c¢)

Tutti et al. 2000; Ventruti et al. 2008). For instance, the
distance between the deprotonated oxygens and interstitial
cations shortens for K-O(5) from 4.262 to 4.161 /ok, but
increases for K—-O(4) from 4.275 to 4.402 A.

The Fe?* — Fe** thermal oxidation couples with depro-
tonation in astrophyllite at ca. 500 °C. Thermal iron oxida-
tion from astrophyllite to its HT oxidized modification is
similar to the iron redox reaction observed in tourmalines
and micas (Russell and Guggenheim 1999; Chon et al.
2006; Ventruti et al. 2008; Zema et al. 2010; Korovushkin

et al. 1979; Ferrow et al. 1988; Bacik et al. 2011; Filip et al.
2012), in that the HT oxidized modification has the same
structure topology and symmetry as the initial structure. As
for many other ferrous-iron minerals, reduction of the unit-
cell parameters was observed (Caucia et al. 1994; Zema
et al. 2010; Filip et al. 2012). The main structural changes
for astrophyllite and its HT modification involve the intera-
tomic distances and the associated distortion indices of the
MOg and D@g polyhedra. It is of interest to compare the
unit-cell volume (A3) of initial (V,;) and thermally oxidized
(Vyr) modifications at room temperature (Vy— Vi, (Bt

)): Fe-rich phlogopite 496.4—491.1, (0.011) (Zema et al.
2010), Ti-rich phlogopite 494.70 —489.38, (0.011) (Ven-
truti et al. 2008), schorl 1604.5—1588.5 (0.010) (Filip
et al. 2012), astrophyllite 655.5—633.0 (0.034) (present
study), indicating significant contraction of the unit cell of
astrophyllite after deprotonation and defluorination. Our
data and the results reported by Ventruti et al. (2008) show
the irreversibility of thermal iron oxidation coupled with
deprotonation. Iron oxidation commonly occurs with col-
our changes (Murad and Wagner 1996; Filip et al. 2012)
that can serve as a visual sign of a phase transformation. In
the case of astrophyllite, significant darkening of the mate-
rial was observed. The change in the expansion rate and the
increase of anisotropy of thermal behaviour between the
initial and HT oxidized modifications were reported for
phlogopites, indicative of the changes of their physical
properties (Ventruti et al. 2008). The difference in the ther-
mal behaviour and anisotropy is much more pronounced for
astrophyllite.

Conclusions

1. Astrophyllite oxidizes on heating by a
bination of (1) oxidation-dehydroxylation:
Fe** + OH™ —Fe** + 0%~ +%H,1, and (2) oxidation-
defluorination: Fe** + F~— Fe’* + 07",

com-

Table 9 Bond-valence analyses

(v.w.) for the O(4), O(5) atoms Sample Atom MM M@ MG M&® z
and X”}, sitfe in thehcrlslf_stalAzs A25 04) - - 0.36, 0.30 0.40 1.06
e 0w oa 0w - -
modification (A600) A600 04) - - 0.55,0.47 0.60 1.62
0(5) 0.88 0.45,0.59 - - 1.61
Site D A B
A25 X7 0.40%x2 0.05%2 0.08x2 1.06
A600 X7 0.62x2 0.15%2 0.05x2 1.64

Bond-valence parameters taken from (Brown 2009), assuming M(1-4) as Fe>* for astrophyllite and as Fe**
for HT modification, D, A and B site-occupancies from Table 4

axP,=F for A25 and O for A600
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2. There is a high-temperature phase that forms above
~500°C and retains the topology and symmetry of the
astrophyllite structure.
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